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PREFACE 

It is my great pleasure to hold the AAA+ (Answers to Asian Aquatic Problems) 2013 

International Symposium here at the International Conference Hall of Tokyo Metropolitan 

University (TMU) on 16 November 2013. This symposium is an achievement of our AAA+ 

Research Project at TMU entitled “Solutions for the water-related problems in Asian 

metropolitan areas”, which started in 2009 with a 5-year span as one of the first Asian 

Advanced Research Projects financially supported by Tokyo Metropolitan Government 

(TMG). TMG established the “Asian Human Resources Fund” in 2008 in order to implement 

policies aiming at fostering excellent human resources that will contribute to the development 

of Asia in the future. Under the “Asian Human Resources Fund” program, the Graduate 

Schools of TMU started accepting excellent international students from Asian countries for 

their Ph.D. courses, and conducting advanced research contributing to development and 

solutions for a wide range of problems in Asia. I am confident that the scholarship granted for 

the selected outstanding Ph.D. students is one of the best ones in Japan including tuition 

exemption, housing assistances, and reasonable research expenses.  

There is a great regional diversity in water issues and their relationship with human activities. 

The water issues in Asian regions are not always adequately recognized and addressed in the 

world’s water-related societies. Especially in Asian metropolitan areas, people are 

concentrated mainly on alluvial plains formed by flood sediments transported from the fragile 

upper river basins. Further, Asia has a unique monsoon climate. Besides these natural 

conditions, Asia is the most densely populated area in the world, supporting about 60% of the 

present world population which is still growing. One out of five persons in the region has no 

access to safe drinking water, and half of the population has no access to sanitation facilities. 

The rapid growth and concentration of population, industries, residences and energy 

consumption has drastically increased the living standard, as a consequence, the water demand. 

The threat of recent global warming and heat island phenomenon will surely make water 

problems even more serious in the world. Consequently, we have many water issues and 

research topics particular to Asian metropolitan areas. 

In AAA+ Research Project, 12 professors at the Graduate School of Urban Environmental 

Sciences, TMU, along with 11 Ph.D. course students from various Asian countries such as 

Vietnam, Korea, Philippines, Indonesia, and India have been dedicated to examine 

water-related problems in Asian metropolitan areas. The objectives have been to propose 

practical solutions, policy scenarios and possible technological methods that can be adopted by 

each metropolitan area from the various viewpoints of society, economy, history, law, culture 

etc. Especially in this AAA+ Research Project, our target water-related problems have fallen 

under two categories. One is water environmental problems concerning groundwater resources, 
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hygienic drinking water supply, water quality deterioration of rivers and reservoirs, and the 

other is water disaster problems associated with torrential rainfall, urban flooding, and coastal 

erosion. 

 

AAA+2013 International Symposium aims to offer multi-disciplinary discussions among 

water experts and non-experts including students, from inside and outside the Asian region, to 

exchange their views and research findings on a wide range of water problems in Asian 

metropolitan areas. I am very pleased to have two excellent keynote speakers and four invited 

presenters as well as five presentations by Asian Ph.D. course students according to the 

objectives of the AAA+ Research Project.  

 

Coincidentally, the United Nations General Assembly declared 2013 as the United Nations 

International Year of Water Cooperation. The objective of this year is to raise awareness, both 

on the potential for increased cooperation, and on the challenges facing water management in 

light of the increase in demand for water access, allocation and services. 

 

I would like to extend my appreciation to the AAA+2013 Executive Committee members, who 

are playing an important role in organizing and steering this symposium. I hope that 

AAA+2013, which is being organized in a cordial atmosphere with the spirit of friendship, 

mutual understanding and cooperation, will be a successful completion of the project and 

benefit all valued participants, as well as enhance good collaboration between them. I do 

expect that this AAA+2013 will lead to fruitful and promising results that lay the foundation 

for the next step of the AAA+ Research Project. 

 

Finally, I wish to acknowledge the Tokyo Metropolitan Government for their warm 

understanding of our activities, and also for its generous financial support. 

 

November 2013 

 

 

 

Akira Kawamura 

AAA+2013 Chair of the Executive Committee 

Professor, Dr. of Engineering 

Department of Civil and Environmental Engineering 

Graduate School of Urban Environmental Sciences 

Tokyo Metropolitan University 
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Modeling Coupled Atmospheric-Hydrologic Processes in 
Ungauged/Sparsely Gauged Watersheds, Accounting for Heterogeneity and 

Nonlinearity of the Processes 

M. Levent Kavvas1 

Department of Civil & Environmental Engineering, University of California, Davis, CA 95616, USA 
mlkavvas@ucdavis.edu 

The atmospheric model MM5 was coupled to the watershed hydrology model WEHY to form a 
watershed-scale coupled atmospheric-hydrologic model, called “WEHY-HCM”. WEHY-HCM is 
especially useful for producing nonexistent atmospheric data as input to the modeling of surface and 
subsurface hydrologic processes at sparsely-gauged/ungauged watersheds in order to be able to 
simulate the hydrologic conditions at those watersheds. However, in modeling hydrologic processes in 
watersheds it is also necessary to deal with the effect of land heterogeneity and nonlinearity of the 
hydrologic processes. In this paper the coupled modeling of atmospheric and hydrologic processes 
within a watershed, along with an approach for dealing with the heterogeneity and nonlinearity of the 
hydrologic processes is presented. 

Keywords: coupled atmospheric-hydrologic modelling, land heterogeneity, nonlinearity, WEHY-HCM 

1. Introduction
A major use of the regional coupled atmospheric-hydrologic hydro-climate models at the 

watershed scale is the quantification of the change in water balances and hydrologic 
conditions. In order to account for the impact of the changing climatic conditions in 
watersheds on the hydrologic conditions it is necessary to employ hydrologic models that are 
coupled to atmospheric models in order to be able to utilize the atmospheric models’ 
simulation results automatically and seamlessly for their necessary climatic inputs. 
Furthermore, under changing future land conditions the parameters of the hydrologic models 
could also change. Such a change could be accommodated by physically-based models whose 
parameters are physically-based and can be estimated directly from the land characteristics. 
One such model is Watershed Environmental Hydrology Hydro-Climate Model (WEHY-
HCM), and shall be described in the following. An important issue in the modeling of 
hydrologic processes over landscapes with heterogeneous characteristics is how to represent 
the spatial variation in the hydrologic processes within a computational unit of the model. 
Furthermore, the governing equations of the hydrologic processes are fundamentally nonlinear. 
Hence, the modeling of the sub-grid (sub-computational unit) variability of the nonlinear 
hydrologic dynamics over a watershed emerges as a fundamental modeling problem. An 
approach to the solution of this problem will also be reported in the following. 

2. Watershed Hydro-climate Modeling Framework
Watershed Environmental Hydrology Hydro-Climate Model (WEHY-HCM) models the 

precipitation and resulting runoff processes at watersheds of varying spatial scale as a coupled 
system of atmospheric processes coupled with the atmospheric boundary layer processes, land 
surface processes, and surface and subsurface hydrologic processes. WEHY-HCM models the 
earth system at watershed scale as a coupled atmospheric-land hydrologic system interacting 
dynamically through the atmospheric boundary layer. As opposed to a standard RCM 
(regional climate model) which takes vegetation/soil patches as its fundamental modeling 
units, WEHY-HCM takes hillslopes as its fundamental model computational units (MCUs) in 
order to consider lateral flows such as overland flow, subsurface stormflow, and groundwater 
flow at hillslopes. As such, WEHY-HCM models the vertical interactions with the atmosphere 

[1]
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(precipitation, radiation, wind, sensible heat flux, evaporation/ET, vertical soil water flow) 
and lateral hydrologic processes (subsurface stormflow, overland flow, groundwater flow) at 
hillslope scale mostly as hillslope-scale averages. The open channel flow and groundwater 
flow are also modeled in dynamic interaction at the watershed scale. WEHY-HCM may be 
used at sparsely-gauged/ungauged watersheds for producing nonexistent atmospheric data as 
input to the modeling of hydrologic processes at such watersheds because a non-hydrostatic 
three-dimensional atmospheric model, PSU/NCAR MM5 (Fifth Generation Mesoscale 
Model) (Grell et al. 1995), is coupled to the watershed hydrology model WEHY (Kavvas et al. 
2004; Chen et al. 2004a,b) through the atmospheric boundary layer, to form the WEHY-HCM.  

The WEHY-HCM consists of several model components: an atmospheric model 
component, a land surface model (LSM) component which also includes the atmospheric 
boundary layer, and a watershed hydrology module that includes a hillslope process model 
component and a coupled groundwater flow-river channel flow routing model component. 
These processes are mutually interacting within the WEHY-HCM.  

The PSU/NCAR Fifth Generation Mesoscale Atmospheric Model MM5 (Grell et 
al.1995) was employed for the climate model component in WEHY-HCM. MM5 is capable of 
atmospheric process simulations at any grid scale, limited only by the data resolution, data 
quality, and computational resources available. The innermost MM5 model domain is 
equipped with an interaction between the areally-averaged land surface model (LSM) 
component within the WEHY watershed hydrology model and the first layer of the MM5 
atmospheric model. In WEHY model, in order to account for the effect of topography on the 
runoff process, it is necessary to quantify the atmospheric inputs at each of the MCUs within 
the modeled watershed. Accordingly, a translation of the grid point fluxes of MM5 to the 
average flux values over each WEHY MCU area is performed based on a weighted average of 
the fraction of the MCU area occupied by the corresponding MM5 grids (Yoshitani et al., 
2009).  

In the WEHY-HCM, the land surface component of the WEHY model was employed 
instead of the surface schemes and PBL schemes of MM5 in order to couple MM5 directly to 
the WEHY model. The Land Surface Model (LSM) of the WEHY-HCM, as developed in 
Kavvas et al. (1998), employs the following two unique schemes. One is a land surface 
parameterization (modeling) of areally-averaged sensible heat and evapotranspiration (latent 
heat) fluxes which is based on areally-averaged soil water flow and soil heat flow 
conservation equations in order to account for heterogeneity of land surface characteristics. 
The other is the coupling between the atmospheric boundary layer and the regional 
atmospheric model’s first layer. The land surface hydrologic flow processes in the WEHY-
HCM are described by five model components: an atmospheric boundary layer model which 
does the coupling between the land surface and the atmosphere, a heat balance model for 
computing the temperature of the top soil layer, a vegetation model for precipitation 
interception by vegetation, an evapotranspiration model, and a soil water flow model for 
infiltration and direct runoff. The first two models deal with both moisture fluxes and heat 
fluxes while the last three models deal only with moisture fluxes. Since the moisture fluxes 
and heat fluxes are closely related, all five models are coupled with each other and are solved 
together within WEHY-HCM. The vegetation model computes interception of precipitation 
by vegetation, throughfall to the ground, and direct evaporation from vegetation leaves which 
requires the temperature values that are estimated from the boundary layer model.  The heat 
balance model requires the evapotranspiration values which are estimated by the 
evapotranspiration model which, in turn depends on the state of atmospheric boundary surface 
layer humidity, surface layer wind and soil water content. The soil water flow model predicts 
the ground surface water content, soil water content and the soil water storage, and the direct 
runoff volumes at the land surface which are calculated from the infiltration excess of rainfall 

[2]
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by means of the areally-averaged Rectangular Profile Variable Saturation (RPVS) model 
(Chen et al. 1994a,b) 

WEHY-HCM’s boundary layer model uses a modified Monin-Obukhov similarity theory 
(Kavvas et al.1998) to describe the temperature, wind, and specific humidity distributions in 
the vertical direction between the lower atmosphere and the land surface. This boundary layer 
model, together with WEHY-HCM’s atmospheric module and the land surface heat balance 
model, supplies the land surface water flow model with the temperature and specific humidity 
of the air above the plant canopy, the ground surface temperature, the bulk transfer coefficient, 
and the surface pressure which are used to determine the saturated mixing ratio at the ground 
surface. The boundary layer parameters are dependent upon the aerodynamic roughness height, 
the potential temperature of the first layer of the atmospheric model, and the temperature of 
the land surface. The land surface moisture flux to the atmosphere (evapotranspiration) is 
estimated from the turbulent velocity scale and the specific humidity of the atmospheric 
boundary surface layer on one hand, and from the soil water flow processes and plant 
physiology that dictate the soil moisture availability, on the other. Consequently, in order to 
be able to predict the future evapotranspiration (ET) fluxes (latent heat fluxes) from the land 
surfaces to the atmosphere under various atmospheric boundary layer states (unstable, neutral, 
etc.), it is necessary to have a coupled atmospheric boundary layer-land surface hydrology 
model that is then coupled to the model of the upper atmosphere (MM5’s atmospheric 
module). The feedbacks, described above, may be summarized in Figure 1 below. As can be 
seen from Figure 1, the state of the atmospheric boundary layer, in terms of velocity scale u* 

and temperature scale * and its momentum, temperature and humidity profiles, are 

dependent on land surface temperature Tsurf . However, Tsurf is an outcome of the heat 
budget of the land surface which, in turn, varies with ET (denoted by “E” in the figure) and 
sensible heat flux H, as well as with the ground heat flux G which itself is a function of the 
state of soil moisture. As such, the land-atmosphere system is a nonlinear system with strong 
feedbacks between the land surface processes and atmospheric processes. Consequently, a 
realistic way for the prediction of the ET and sensible heat fluxes is to solve all the land-
atmosphere system equations together. This is the approach taken in WEHY-HCM. 

 
3. Modeling heterogeneity and nonlinearity of the hydrologic processes 

It is a well-known fact that soil over a hillslope has strong spatial heterogeneity, 
consisting of various soil patches with various dominant soil texture classes. Furthermore, 
within each soil patch one finds substantial variation of the soil hydraulic parameters although 
they may belong to the same texture class. While the well-known mosaics scheme accounts 
for the spatial variation in soil texture classes with respect to various soil patches over a 
hillslope, it does not account for the fundamental within-texture-class-variability. In order to 
account for such variabilities, the soil within a single model computational unit (a hillslope in 
the case of WEHY-HCM) may be conceptualized as in Figure 2.  As seen from Figure 2, since 
every soil column has different soil parameters (such as different hydraulic conductivities), 
the wetting front in each of those columns may vary substantially over an MCU. By taking an 
ensemble average (called “stochastic averaging” in the figure) of the point-location scale soil 
water flow governing equation, one can represent the behavior of soil water flow within one 
MCU by means of a single soil water content profile whose scale will be consistent with the 
scale of the MCU (Chen et al. 1994a,b). The ensemble averaging of the hydrologic governing 
equations can be applied to any hydrologic process (Kavvas, 2003) in order to represent the 
behavior of the process at the computational grid scale that is being considered for the 
modeling of the process. Hence, one answer to the question of how to upscale the existing 
point-scale hydrologic conservation equations for mass, momentum (and/or energy) to the 
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increasingly larger spatial scales, in order to have the process simulations be consistent with 
the scale of the grid areas over which they will describe the hydrologic processes may be 
answered by the ensemble averaging of these equations. 

The ensemble averaging approach recognizes that the point-scale hydrologic governing 
equations become uncertain (stochastic PDEs) due to the uncertain values of their point-scale 
parameters and boundary conditions at the computational-grid-area scale. Accordingly, the 
goal of ensemble averaging is to obtain an ensemble average form of the original point-scale 
hydrologic governing equation (as a stochastic PDE) which will represent its upscaled form at 
the scale of the modeling computational unit area. 

 
 

 
Fig. 1 Interactive evolution of atmospheric processes aloft, atmospheric planetary 
boundary layer, and land surface processes in WEHY-HCM; in the figure q(.) denotes 
specific humidity profile, P denotes precipitation, RN denotes net radiation, ws denotes 
water content at the soil surface,  and q are the potential temperature and specific 
humidity at the first atmospheric layer, and F and Fq1 are respectively the vertical 
turbulent heat and moisture flux divergences at the first atmospheric layer which is 
taken at =0.995 atmospheric pressure in WEHY-HCM 
 
 

 
Fig. 2 Concept of areal-averaging of soil water profiles in an MCU of WEHY-HCM 
based on the ensemble average Rectangular Profile Variable Saturation (RPVS) model 
of Chen et al.( 1994a,b) (from Yoshitani et al. 2011) 
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A further complication in the hydrologic conservation equations is that they are mostly 
nonlinear due to their nonlinear functional forms or due to the parameters in these equations 
being dependent on the values of the equations’ state variables. Therefore, most point-scale  
hydrologic conservation equations are nonlinear stochastic partial differential equations 
(SPDEs) or nonlinear stochastic ordinary differential equations (SODs). Hence, in the 
ensemble averaging of any governing equation for a hydrologic process one must also deal 
with the nonlinearity of the equation. 

Any hydrologic process with a state variable h, a parameter vector a, and a forcing 
function g, may be described by a conservation equation in the operator ordinary differential 
equation form  

(1) 

As an example, one may consider the Richards equation for one-dimensional vertical 
unsaturated soil water flow in the soil vadose zone: 

(2) 

One can express the right-hand-side of this equation by the operator function 3 where 

(3) 

so that the Richards equation (2) can be expressed in an operator ODE form 

(4) 
which is in the generic form (1) for any hydrologic governing equation. 

The differential equation for the ensemble averaging of any original point-scale 
hydrologic governing equation as a stochastic differential equation can be expressed in terms 
of the ensemble average state variable <h>  (Kavvas, JHE, 8(2), 2003) as 

 (5) 

The problem with this exact second order closure form to the ensemble averaging of any 
hydrologic governing equation is that it is a nonlinear integro-differential equation in general. 
As such, its solution is practical only in linear cases as in the case of conservative solute 
transport. In the general case of nonlinear hydrologic governing equations it is necessary to 
seek another avenue. 
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One approach to deal with nonlinear hydrologic governing equations as stochastic PDEs 
in general is to obtain their equivalent linear Fokker-Planck-Kolmogorov equation for the 
time-space evolution of the probability density of the state variable of the hydrologic process. 
Such a Fokker-Planck-Kolmogorov equation (FPE) that has one-to-one correspondence with 
any specified stochastic nonlinear hydrologic conservation equation, in the form of Eqn.(1), 
was developed in a special Eulerian-Lagrangian form (Kavvas, J. Hydrol. Engg., 8(2), 2003), 
and is shown below:  

 (6) 

This linear deterministic PDE can be solved in order to determine the probabilistic 
(ENSEMBLE) behavior of the upscaled hydrologic process as long as the process has finite 
time correlation. However, one important complication that emerges in the solution of the 
linear PDE (6) is the spatial gradient terms that are hidden in the  terms in Eqn. (6). These 
gradients must be known in order to be able to solve the Eqn. (6). However, they are not 
known prior to the solution of Eqn.(6). In order to resolve this important problem it is 
necessary to transform the original hydrologic governing equation, in general a multi-
dimensional nonlinear PDE, into a generally nonlinear ODE in order to eliminate the spatial 
gradients in the original governing equation in the transform space. Then, using the above 
one-to-one correspondence Eqn. (6) with the obtained ODE in the transform space, one can 
solve the equation in order to obtain the probability density evolution of the hydrologic 
process state variable in the transform space, and then make the necessary back-transforms to 
obtain the solution in the real time-space. A general approach to this problem is by means of 
Lie symmetry groups (Cayar and Kavvas, 2009) that shall be described below.  

4. Lie Group symmetry approach to modeling nonlinear stochastic hydrologic processes
in terms of their governing equations (Cayar and Kavvas, JHE 2009) 

For a multi-dimensional nonlinear stochastic partial differential equation system with its 
initial and boundary conditions that models a stochastic nonlinear hydrologic process: 

1) First, identify the Lie group of symmetry transformations that translate the original
multi-dimensional stochastic space-time problem to a new space where the original
problem is transformed into a (usually nonlinear) stochastic ODE problem whose
pathwise solution is the same as that of the original problem;

2) Second, after making the Lie group of symmetry transformations and ending up with
a stochastic nonlinear ODE problem, determine the equivalent mixed Lagrangian-
Eulerian Fokker-Planck-Kolmogorov equation (Kavvas, 2003) for the ensemble
solution of the problem in terms of its evolutionary probability density function
(PDF);

+ ds
0

t

Cov o[  
 (h( x t ,t), a (x t ,t),g( x t ,t) )

h
;(h( x t-s ,t-s), a (x t-s ,t-s),g( x t-s ,t-s) )] ]}

+1
2

2

h2 {2P (h(x t ,t),t )

  ds
0

t

Covo[(h(x t,t), a(x t,t),g( x t,t));(h(x t-s ,t-s), a(x t-s ,t-s),g( x t-s ,t-s) ) ]}

[6]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

3) Then back-transform to the original space-time to obtain the ensemble solution to the
original problem in the original space-time in terms of the space-time evolving PDF
of the process state variable/variables;

4) From the space-time evolutionary PDF of the nonlinear stochastic hydrologic process
obtain the statistical functions of the process that are of practical interest (mean
function, variance function, covariance function, etc.).

As an example, consider the stochastic 2-D Boussinesq equation for groundwater flow in 
heterogeneous unconfined aquifers (Cayar and Kavvas, 2009) where the hydraulic 
conductivity  is taken as uncertain (taken to have lognormal distribution):  

      (7) 

The following initial and boundary conditions are assigned to this problem:  

h(x,y.0) = h0 for  x>0 y>0  and  t=0 
h(0,0,t) = h1  for x=0 y=0  and t≥0 
h(∞ , ∞,t)= h0 for x=∞  y= ∞ and t≥0 (8) 

The schematic description of this example problem is shown in Figure 3 below. 

Fig. 3 Schematic description of the 2D unconfined groundwater flow problem above 

After the appropriate Lie group of symmetry transformations (Cayar and Kavvas, JHE 2009): 

              (9) 

the original stochastic PDE may be reduced to the following nonlinear stochastic ODE 
(Cayar and Kavvas, JHE 2009) 

 
                 (10) 
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The above second-order nonlinear stochastic ODE can be transformed into a set of two first-
order stochastic nonlinear ODEs (Cayar and Kavvas, JHE 2009) as follows: 

 
 

    (12) 
 

whose equivalent mixed Lagrangian-Eulerian Fokker-Planck-Kolmogorov Equation (FPE) 
may be expressed after some simplifications, as (Cayar and Kavvas, JHE 2009): 
 

          (13) 

When the above FPE (13) is solved under the appropriate initial and boundary conditions in 
the probability space of the transform coordinates, and this solution is then transformed into 
the time-2D space of the original problem, described by Eqns. (7) and (8), it is possible to 
compare this theoretical solution against the Monte Carlo solutions of the Eqns. (7) and (8) 
system. A sample comparison is shown below in Figure 4. After obtaining the evolutionary 
probability density behavior of the state variable h (hydraulic head) under uncertain hydraulic 
conductivity (taken as lognormally distributed), it is then possible to obtain the time-space 
evolutionary behavior of any statistical moment of the uncertain hydrologic process. Figures 
(5) and (6) below show the evolutionary behavior of the hydraulic head h with respect to its 
mean and variance with variable longitudinal spatial location and variable time, resulting 
from the theoretical solutions and their corresponding Monte Carlo solutions. As may be seen 
from these figures, the proposed combined method of the special Fokker-Planck-Kolmogorov 
Equation (6) with the Lie symmetry group of transformations is a viable approach to the 
modeling of uncertain hydrologic processes as nonlinear stochastic PDEs in order to obtain 
their ensemble behavior in general, and their ensemble average (mean) behavior in particular.  

Fig.4 Probability density functions of stochastic Boussinesq unconfined heterogeneous 
aquifer flow in time and space (left-hand-side is FPE theoretical solutions and right-hand-
side is Monte Carlo (MC) solutions) (from Cayar and Kavvas, JHE 2009) 
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Fig.5 Mean hydraulic head comparison in x-direction (at y = 15) with variable time, for 
Cv =1.5 (From Cayar and Kavvas, JHE 2009) 

Fig.6 Comparison of variance of hydraulic head in x-direction (at y = 15) with variable 
time, for Cv =1.5 (From Cayar and Kavvas, JHE 2009)  

In WEHY-HCM at the scale of an MCU (a hillslope) the Rectangular Profile Variable 
Saturation (RPVS) soil water flow governing equation (Chen et al.1994) was ensemble 
averaged with respect to saturated hydraulic conductivity random field; transverse-averaged 
sheet overland flow equation was further ensemble-averaged with respect to roughness and 
bedslope; transverse-averaged subsurface stormflow equation was further ensemble-averaged 
with respect to saturated hydraulic conductivity; vertically-integrated snow conservation 
equations were further averaged with respect to aspect ratio; and bare soil evaporation and ET 
from vegetation were modeled by aerodynamic formulation in order to incorporate the 
evolution of atmospheric boundary layer, soil water flow and plant physical characteristics. 
Hillslope area-averaged model equations (Chen et al. 1994; Kavvas et al. 2004; Kim et al. 
2005) were then incorporated into the aerodynamic formulae (utilizing Monin-Obukhov 
similarity theory) in order to calculate vapor fluxes and sensible heat fluxes from each 
hillslope land surface of a watershed to the atmosphere. Within this framework, a fully-
coupled Watershed Hydro-Climate Model (WEHY-HCM) was developed where the 
atmospheric components of the nonhydrostatic regional atmospheric model NCAR MM5 
(Fifth Generation Mesoscale Model) were fully-coupled (two-way interaction)with the 
Watershed Environmental Hydrology (WEHY) model.  

5. Conclusion
In this article first the WEHY-HCM, a coupled hydrologic-atmospheric model at 

watershed scale, was described. Then a methodology for the ensemble modeling and 
ensemble-averaging of its governing process equations as nonlinear stochastic PDEs, was 
discussed as a possible approach to modeling sub-grid scale heterogeneity in hydrologic 
processes. 
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1. Introduction 
 The development and management of water resources involve several important scientific 
and technical questions, yet they may strongly depend on economic, social, political and 
ideological influences. The 20th century was marked with an unprecedented progress in both 
development and management of water resources in several countries in Europe and North 
America, as well as in Japan, whose water infrastructures development approached saturation. 
The situation is not the same in other countries, particularly in Asia, Africa and South 
America, where the building of infrastructures is only partial or, in some countries, 
insufficient to non-existent.  
 Will the developments in these countries in the 21st century benefit from the experiences 
in the already developed parts of the world and how? The answer to this question is not trivial. 
In the following sections it is attempted to study some aspects of the question, starting from 
politico-ideological ones, continuing with logico-philosophical, and ending with scientific and 
technical. 
 
2. Political and ideological influences: Soft path and hard hypocrisy 
 Societies of the 20th century worldwide adopted a problem-solving approach, in which 
engineering solutions to real world problems had a prominent position. By modifying the 
natural environment using engineering means, societies benefited substantially. This allowed 
increase of the population and its wealth, better quality of life, more hygienic life style and, 
most importantly, spectacularly increased life expectation. Toward the end of the 20th century, 
as the infrastructures were completed to a large extent in the developed world, engineering 
started to lose importance and engineering solutions to existing problems were opposed, while 
virtual reality games gained the interest of the societies in the developed world. 
Environmentalism, the now dominant ideological current and social movement, focusing on 
environmental conservation and improvement, and emphasizing a duty to save the planet 
from diverse threats, has also determined the social views of water related problems and 
solutions. Most of these views are regarded “politically correct”, but sometimes this 
“correctness” may be a euphemism, if not a synonym for irrationality.  
 Interestingly, this ideology that was developed in the richest countries tried to influence 
the less developed world. This particularly concerns the dilemmas on water resources 
development and the questions about the appropriate scale of development in areas of the 
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world not already developed. Certainly, the negative (and the positive) experiences from the 
already developed areas should be taken into account in exploring the opportunities and 
directions in less developed areas. However, just applying currently dominant ideological 
views, developed by people who live in the luxury of advanced (and in effect not questioned) 
infrastructure, brings in mind a land owner who, after building his villa, inhibits the 
neighbours to build in their own lands, which he regards as an extension of his garden.  
 The hypocrisy behind the promotion of this ideology is illustrated by the discussions that 
dam removal has significant environmental benefits for restoration of aquatic ecosystems and 
native fisheries. While the discussions are intensifying, what happens in reality diverges. An 
internet search will gather information from multiple sources that hundreds of dams have 
already been dismantled in an attempt to restore the health and vitality of rivers. However, 
more careful examination of specific data or photos of “dams removed” will reveal that these 
are small and rather old constructions that could be rather called barrages or embankments 
(with heights from less than a metre to a few metres). Magnifying stories of embankment 
demolition (necessary due to aging of the constructions), while at the same time keeping the 
luxury provided by the advanced large-scale infrastructures, has provided a fictitious element 
of realism of the environmentalist ideology, which may be necessary for its conservation.  
 This promoted perspective for water management of 21st century has become known by 
the name “soft path” (Gleick, 2002, 2003). According to Gleick (2002), the soft path: 

“by investing in decentralized facilities, efficient technologies and policies, and human 
capital […] will seek to improve overall productivity rather than to find new sources of 
supply [and] will deliver water services that are matched to the needs of end users, on 
both local and community scales”. 

This has been promoted as a contrasting alterative to engineering solutions to problems that 
rely on infrastructure development, which Gleick (2002) calls the hard path and criticizes for: 

“spawning ecologically damaging, socially intrusive and capital-intensive projects that 
fail to deliver their promised benefits”. 

Interestingly, the groups that discourage building new water projects and promote their soft 
path, at the same time highlight projections on threats like bigger floods and droughts of 
greater duration due to climate change, as well as the need for adaptation to climate change. 
The soft path concept has become popular in several countries and international organizations 
(Brooks et al., 2009). Thus, it was argued that some “major shortcomings of conventional 
water management [are] avoided by using the ‘soft path’” (Wagner, 2008—an UNESCO 
publication) and that “the soft path opens new avenues for accessing capital” (Leflaive, 
2008—an OECD publication).  
 On the other side, in one of the rare instances that the concept was criticized, Stakhiv 
(2011) found it wholly inadequate for the needs of most of the developing world. An 
important very recent (July 2013) development is that the World Bank (2013) decided to 
re-engage in large-scale hydropower infrastructure after having withdrawn from it for the past 
two decades. The report of the World Bank (2013) highlights the fact that nearly 3/4 of 
potential hydropower resources in the developing world are yet to be realized, including more 
than 90% in Sub-Saharan Africa and about 70% in South Asia. The report now recognizes 
that for many countries, hydropower is the largest source of affordable renewable energy and 
that reservoir hydropower can pave the way for the later introduction of other forms of 
renewable energy. Furthermore it recognizes the unique ability of hydropower to instantly 
offset variability of other parts of the electric power system, as well as the potential for 
pumped storage to store, for example, wind power during periods of surplus. It is very 
positive that these unique abilities of hydropower (Koutsoyiannis et al., 2008, 2009; 
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Koutsoyiannis, 2011) are now understood by the World Bank and this creates hopes that it 
may be understood by others too. While this strategic change of World Bank has been 
carefully assessed and reported by some groups (Appleyard, 2013), naturally it disappointed 
other groups (Bosshard, 2013). 
 
3. Philosophical aspects: Certainties and uncertainties, inflation and parsimony, 
monomeric and holistic approaches  
 Naturally, infrastructure development has also negative consequences. Perhaps the most 
adverse one is the implied delusion for elimination of uncertainty. Certainly infrastructure 
reduces the high variability of the natural processes and enables exploitation of natural 
resources, including water, in controllable, almost constant, rates that correspond to the human 
demand rates. However, this does not mean that uncertainty is, or can be, eliminated. If it 
could, this would have destructive effects as evolution and progress have been made possible 
because of change and the implied uncertainty. Also, uncertainty makes our world liveable. 
Were the future predictable without uncertainty, it would also be controllable and this would 
give an enormous power to an elite of scientists and technocrats for whom the future had no 
secrets.  
 Several modern thinkers (Ravetz, 1986; Funtowicz and Ravetz, 1993; Casti, 1994; 
Rescher, 1995; Peterson, 1998; Chaitin, 2005; Taleb, 2007) point to randomness and 
uncertainty as intrinsic to science, nature and life. In addition, radical advances in physics, 
mathematics and natural sciences of the 20th century teach us similar lessons, i.e. 
(Koutsoyiannis et al., 2009): 

(a) The dynamical systems theory has shown that uncertainty can emerge even from pure, 
simple and fully known deterministic (chaotic) dynamics, and cannot be eliminated.  

(b) Quantum theory has emphasized the intrinsic character of uncertainty and the necessity 
of probability in the description of nature.  

(c) Statistical physics used the probabilistic concept of entropy (which is nothing other 
than a quantified measure of uncertainty defined within the probability theory) to 
explain fundamental physical laws (most notably the Second Law of Thermodynamics), 
thus leading to a new understanding of natural behaviours and to powerful predictions 
of macroscopic phenomena, despite microscopic uncertainty. 

(d) Developments in mathematical logic, and particularly Gödel’s incompleteness theorem, 
challenged the almightiness of deduction (inference by mathematical proof) thus 
paving the road to inductive inference, characterized by uncertainty.  

(e) Developments in numerical mathematics highlighted the effectiveness of stochastic 
methods in solving even purely deterministic problems, such as numerical integration 
in high-dimensional spaces (where a Monte Carlo method is more accurate than a 
classical deterministic method, and thus preferable for numerical integration, in spaces 
with more than four dimensions) and global optimization of non-convex functions 
(where stochastic techniques, e.g. evolutionary algorithms or simulated annealing, are 
in effect the only feasible solution in complex problems that involve many local 
optima).  

(f) Advances in evolutionary biology emphasize the importance of stochasticity (e.g. in 
selection and mutation procedures and in environmental changes) as a driver of 
evolution.  

 Despite these advances, the deluded philosophical view pointing to the opposite direction, 
i.e. to the quest of certainties, which has its roots in the 19th century, dominantly affects 
science even today. The aspiration of deterministic predictability, based on perfect 
understanding of natural processes, is still regarded by many as the ultimate goal of science, 
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while uncertainty has been regarded as the enemy of science. The current modelling attempts 
in all geophysical disciplines seek certainties. Specifically, it is hoped that, by cutting the 
natural systems into small nearly-homogeneous pieces and by describing the natural processes 
in each piece using differential equations, it would be possible to perfectly model and predict 
the system behaviour in detail and without the need of data. The differential equations could 
be, in principle, solved numerically thanks to the ever increasing power of computers. The 
prediction horizon has no limits then. In this vein, climate modellers cast routine predictions 
(albeit calling them projections) for the next hundreds of years, while there is no shortage of 
publications predicting the climatic state on Earth for the next thousands of years. 
 However, pragmatism and experience help us see that the more complex a system is, the 
more unpredictable it becomes. Also, the more detailed an approach is, the more data it needs 
to calibrate and the less reliable its predictions become. History of science teaches that feasible 
and convenient macroscopic views can better be achieved using the principle of parsimony, 
supported by the probability theory (e.g. the law of large numbers and the principle of 
maximum entropy) or even by conceptual and systems approaches. Parsimony in process 
description is paramount and much more powerful, particularly for prediction (Gauch, 2003). 
There are several examples of complex hydrological systems where simpler and more 
parsimonious models gave better fits and better predictions than inflationary detailed models 
(Koutsoyiannis, 2013).  
 Often, such detailed (at a micro-scale) models for complex systems are in fact detailed 
only for parts of the system (those ones for which theories allow inflationary description), 
while for other parts oversimplified models or rough and naïve assumptions are used. Such 
approaches, which have been called monomeric (from the Greek “μόνος”, i.e. “solely” and 
“μέρος”, i.e. “part”), can be misleading because of the uneven treatment of the different 
system elements. Conversely, when all parts of the studied system are modelled in similar 
detail and are linked via feedback mechanisms, the approach is called holistic (from the Greek 
“όλον”, which means “whole). A holistic modelling strategy involves model integration for all 
processes for all system parts (instead of isolation of certain system parts and study thereof as 
individual entities), parsimonious parameterization and hybrid manual-automatic parameter 
optimization based on multiple objectives. Clearly, a holistic approach is superior compared to 
a monomeric one (Nalbantis et al., 2011). 
 
4. Technical aspects: Modelling and management of hydrosystems  
 Time horizons for planning and design of water infrastructures are several decades long. 
Even in (rational) water management the required time horizon is decade-long because a 
decision made today may affect the state of the hydrosystem for the next several years. A 
current widespread practice, encouraged by the climate change Zeitgeist, to use deterministic 
projections for such horizons (or even for the next centuries) is flawed as it underestimates the 
natural uncertainty and hence increases the risk (Koutsoyiannis et al., 2007, 2009).  
 However, proved methodologies exist which can work in complex systems under 
uncertain conditions and for long time horizons. Such methodologies are consistent with the 
philosophical principles mentioned in the previous section, i.e. full respect of uncertainty, 
parsimony and holistic approach, and are in effect based on stochastic simulation. The 
reasoning to prefer a stochastic approach is summarized as follows:  

 In water resources engineering and management decisions are made with reference to 
the future. 

 The future is (and will always be) unknown. 
 Methods assuming known future conditions are common but inappropriate. 
 Only stochastic approaches offer a scientifically rigorous method to cope with future 

uncertainty. 
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 In stochastic simulation of input variables, such as rainfall and runoff, it is essential to use 
models (stochastic processes) consistent with the observed natural behaviour. It is particularly 
important to ensure consistency with the “trendy” character seen in time series of observations 
of natural processes. Such behaviour, in which excursions from the statistical mean are high 
and last long, is ubiquitous in nature and has been known with several names such as long 
term persistence or Hurst-Kolmogorov dynamics. Methods to generate synthetic series or 
fields respecting this behaviour in univariate, multivariate or even two-dimensional setting 
exist (Koutsoyiannis, 2000, 2001, 2002, Koutsoyiannis et al. 2011).  
 For the simulation of the internal state and the outputs of hydrosystems, as well as the 
optimization of their design and operation, the following notes could be considered.  

 Hydrosystems are nonlinear with respect to their dynamics, operation constraints and 
objectives. Thus, linear programming methods, despite their fast and accurate 
algorithms, are inappropriate except for simple sub-problems within water 
management. 

 Water management problems cannot be divided into sequential stages. The overall 
reliability and performance cannot be assessed unless a global view is acquired. Thus, 
dynamic programming methods are inappropriate. 

 Water control problems may involve many variables. However, a parsimonious 
representation, in which the number of control variables is kept at a minimum has 
advantages. 

 Typical problems are highly nonconvex in terms of objective functions and constraints, 
so that numerous local optima appear very often. This renders classical (deterministic) 
optimization methods useless. 

 Uncertainty is always present, albeit often missed to include in modelling. 
 Deterministic methods cannot deal with the uncertainty of future conditions (inflows, 

demands, etc.); even stochastic extensions of these methods (e.g. 
linear-quadratic-Gaussian control) necessitate drastic oversimplifications that make the 
obtained results irrelevant to reality. 

 Problems may be multiobjective (may involve several performance criteria). 

 In seeking a general methodological scheme for water management, it can be noticed that, 
mathematically, water engineering and management problems include two sub-problems: 

 An integration problem to find the performance measure of the hydrosystem, J(μ, λ) := 
E[L(z(x(μ, ω), λ))]. Here x denotes the stochastic process of input variables, z denotes 
output variable, μ, λ and ω denote, respectively, parameters of the hydrological inputs, 
parameters of the hydrosystem operation, and random components, while E[ ] denotes 
expectation (which is integration over the feasible space of the random components). 

 A constrained optimization problem, in which we seek to determine the hydrosystem 
operation parameters λ (which become the control variables) that optimize the 
performance J(μ, λ).  

For both sub-problems the Monte Carlo method offers a feasible and consistent solution, while 
optimization in the second sub-problem is facilitated if the entire representation is 
parsimonious, i.e. if the number of control variables is kept at a minimum by involving a 
suitable system parameterization. The thus shaped general methodological framework is 
termed parameterization-simulation-optimization (PSO) (Nalbantis and Koutsoyiannis, 1997; 
Koutsoyiannis and Economou, 2003; Koutsoyiannis et al., 2002, 2003; Efstratiadis et al., 
2004). Table 1 provides some key characteristics of the PSO approach (last column) in 
comparison to classical approaches which are characterized by inconsistences, as listed in the 
table.  
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Table 1 Key characteristics of the PSO approach in comparison to classical approaches. 

Classical approach Inconsistency PSO approach 

Input time series are 
known 

Water management is made 
with reference to the future, 
which is unknown 

The parameters of a stochastic 
(Monte Carlo) model of inflows 
are known 

Control variables are 
the controlled water 
fluxes per time step 

This results in inflationary 
modelling which contravenes 
the principle of parsimony 
and is meaningless due to the 
uncertain future 

The parameterization approach, 
in which the control variables are 
the parameters of operation rules, 
radically reduces dimensionality 

The system 
representation is  
simplified, so that it 
can be handled by 
classical methods 

Common simplifications (e.g. 
discretization, avoidance of 
probabilistic constraints) 
annuls the optimality of the 
solutions determined 

A faithful system representation 
and assessment of performance 
via stochastic simulation is 
possible and not difficult within a 
Monte Carlo framework 

Simplified 
optimization methods, 
such as linear or 
dynamic program-
ming, are used 

Water management problems 
are highly nonlinear (except 
some simple sub-problems); 
dynamic programming is 
inappropriate 

The nonlinear stochastic 
optimization is a general method 
that gives results in reasonable 
computational time 

 
5. Concluding remarks 
 The plurality of ideas spanning all aspects related to water resources, from 
politico-ideological to scientific and technical, in principle enable a richness of approaches 
that can be chosen and adapted to confront the diverse water problems worldwide. On the 
other hand, the currently dominant ideas may obscure or create confusion about the nature of 
these problems and the proper solutions, particularly in developing countries. Hopefully, the 
above discourse can contribute in mitigating this confusion. The general analysis leads to the 
conclusion that more large-scale water infrastructures (dams, hydropower plans, water supply 
and irrigation systems) are needed worldwide to meet increased water and food supply needs. 
In particular, more hydropower plants, preferably reversible (pumped storage) are needed to 
meet energy needs using the most effective and efficient renewable technology, as well as to 
meet energy storage needs and to make possible the replacement of fossil-fuel-based energy 
with renewable (and, hence, highly varying and uncertain) energy. 
 From a more technical point of view, the approaches to be chosen should recognize the 
dominance of uncertainty in nature and faithfully model it through stochastic approaches, 
instead of using unreliable deterministic projections. The stochastic character of approaches 
should not be limited to the modelling of hydrological inputs but could be expanded to 
represent the entire function of hydrosystems and the optimization of their design and 
management. 
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Groundwater from the Holocene unconfined aquifer (HUA) and Pleistocene confined aquifer 

(PCA) is the major source of drinking and domestic water in Hanoi, Vietnam. A clear understanding of 
the groundwater hydrogeochemical properties, particularly their changes during dry and rainy seasons, 
is invaluable for the management and protection of this important water resource. In this study, the 
changes in the hydrogeochemical properties of groundwater during dry and rainy seasons were 
investigated by analyzing the major ions (Ca2+, Mg2+, Na+, K+, HCO3

-, SO4
2-, Cl-) that were recently 

obtained in 2011 from 13 conjunctive sampling wells for HUA and PCA in Hanoi. The 
hydrogeochemical assessment was carried out using the Piper diagram and the Gibbs diagrams. 
Results from the Piper diagram indicated changes in the hydrogeochemical facies of at least 30% the 
sampling wells for both aquifers during the dry and rainy seasons. The changes were particularly 
pronounced in the cation-type facies, while the anion-type facies remained unchanged. Moreover, the 
hydrogeochemical facies of HUA was found to be different from that of PCA by approximately 50% 
for both dry and rainy seasons. In addition, the Gibbs diagrams showed apparent differences in the 
weight ratios Cl/(Cl+HCO3) between PCA and HUA. The results revealed that rock weathering is the 
main processes in the evolution of chemical composition of groundwater, but agricultural activities and 
salt water intrusion are the other important factors that affect groundwater chemistry in the study area. 
 
 
Keywords: Hydrogeochemistry, Piper diagram, Gibbs diagrams, Holocence unconfined aquifer, 
Pleistocene confined aquifer, dry season, rainy season, Hanoi, Vietnam 

 
1. Introduction 

 In almost all modern civilizations, groundwater is considered a vital water resource of 
drinking and domestic use. In Hanoi, the capital of Vietnam, nearly the entire population 
depends on groundwater for daily water consumption. Recently, the rapid urbanization and 
drastic increase in the population of Hanoi, as well as industrialization, have led to the 
unmitigated decline of groundwater levels (Bui et al., 2012) and the deterioration of water 
quality (Duong et al., 2003). Sustainable management of groundwater is thus necessary to 
secure its future availability and ecological value. 

Hydrogeochemical facies, an important diagnostic chemical aspect of groundwater 
solutions occurring in hydrologic systems, is commonly examined in the assessment of 
groundwater quality. Hydrogeochemical facies analysis provides information on the distinct 
zones of cations and anions along different layers of aquifers (Christopher and Robert, 2005). 
Pollutants, such as heavy metals and organic compounds, generally interact with the ions 
present in groundwater. A clear view of the predominant ions can help understand the 
interaction and mechanisms of groundwater contamination. 

The availability of a comprehensive groundwater database in Hanoi has attracted the 
interest of several researchers who wanted to investigate the effect of groundwater extraction 
and consumption suitability. Spatial and temporal analyses of groundwater levels show 
evidence of subsidence in several parts of Hanoi, which is generally attributed to 
overextraction (Bui et al., 2012). Furthermore, the analysis of water quality revealed that 
several groundwater sources are contaminated by arsenic (Berg et al., 2008). The cause and 
mode of contamination, however, are not clearly understood. The presence of deleterious 
substances in the aquifers of Hanoi is of immediate threat to the population. It is thus 
imperative to understand the hydrogeochemical processes for formulating appropriate 
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groundwater management plans. There is, however, little available information regarding the 
groundwater hydrogeochemical properties in Vietnam, including Hanoi. 

Various researchers have carried out extensive hydrogeochemistry studies for assessing 
groundwater quality. Marghade et al. (2012) assessed the chemistry of the major ions of 
shallow groundwater to understand the groundwater geochemical evolution and water quality 
in Nagpur city, central India. Baghvand et al. (2010) studied the groundwater quality of the 
Kashan Basin, central Iran, and characterized the groundwater species by using the Piper 
diagram. Arumugan and Elangovan (2009) assessed the groundwater quality of the Tirupur 
region in India for drinking and irrigation purposes by using the Piper diagram and sodium 
percentage values. However, there are few references regarding the changes in the 
hydrogeochemical properties during the dry and rainy seasons. This is perhaps because it is 
often assumed that the hydrogeochemical properties generally remain the same during the 
different seasons. Groundwater interacts with surface hydrologic systems, such as rivers, 
lakes, and oceans, and is indirectly influenced by seasonal changes during recharge and 
discharge. Thus, the change in seasons can potentially affect the hydrogeochemical properties 
of groundwater, especially in areas that have two distinct dry and rainy seasons, like Vietnam. 
Investigation of seasonal changes in the hydrogeochemical properties may reflect the 
groundwater hydrodynamics and circulation, which may help improve the data collection 
programs for groundwater assessment and enable better use of groundwater supplies. In 
addition, many researchers have focused on the hydrogeochemical properties of shallow 
(unconfined) aquifers with high probability to be contaminated by pollutants from domestic as 
well as agricultural and industrial sources (Marghade et al., 2012; Magesh et al., 2012). In 
Hanoi, groundwater from the Holocene unconfined aquifer (HUA) and Pleistocene confined 
aquifer (PCA) is the major source of water supply.  High groundwater abstraction from PCA 
causes vertical percolation of water from HUA, leading to changes in groundwater chemistry. 
Therefore, the investigation of the different hydrogeochemical characteristics between the two 
aquifers, HUA and PCA, is critical for effective water management and water use planning.  

In Hanoi, through an initiative of the national government (National Hydrogeological 
Database Project), groundwater quality data of the unconfined and confined aquifers were 
collected in 2011 during dry and rainy seasons. To take advantage of this unique and 
comprehensive database, this paper is the first attempt to investigate the hydrogeochemical 
characteristics of groundwater in HUA and PCA in Hanoi. Especially, this study aims to 
detect the changes in the hydrogeochemical properties during dry and rainy seasons. The 
Piper diagram and Gibbs diagrams were used to investigate the hydrogeochemical facies and 
to determine which factors govern groundwater composition not only in the unconfined 
aquifer but also in the confined aquifer. This study will provide valuable insights in 
understanding the changes during the dry and rainy seasons, as well as the differences 
between two aquifers in the groundwater hydrogeochemical properties in Hanoi. 
 
2. Study area 

Figure 1 shows the geographical locations of Hanoi and the 13 conjunctive sampling 
wells for both HUA and PCA used in this study. Hanoi is located at north-eastern Vietnam. It 
covers a total area of about 3400 km2 and has a population of about 7 million (in 2011), which 
comprises approximately 7.5% of the total population of Vietnam. Hanoi is situated in the 
tropical monsoonal region with two distinct dry and rainy seasons. The rainy season starts in 
May and ends in October, while the dry season lasts from November until April. The annual 
average rainfall is about 1,600 mm, but in 2011, it was measured at 1,795 mm. The annual 
average humidity is about 80% and the average temperature is around 24 oC. The annual 
evaporation average is around 900 mm. The river network is quite extensive, with a network 
density of about 0.7 km/km2. More than 100 lakes can be found in Hanoi, with a total surface 
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area of more than 21.8 km2. In 2011, the recorded average discharge of the Red River at the 
Hanoi station, shown by the triangle in Figure 1, was 2182 m3/s during the flood season and 
927 m3/s during the dry season; both are lower than the average discharge in the past (3970 
m3/s and 1160 m3/s, respectively). High concentration of suspended solids is always present 
in the Red River. The lakes, ponds and canals in Hanoi are highly polluted because of 
untreated domestic and industrial wastewater. Because groundwater is relatively cleaner and 
remains generally unaffected by the surface environmental problems, it has become the most 
trusted water source (Bui et al., 2011).  

In terms of regional geology, Hanoi is underlain by the Pleistocene and Holocene 
sediments, with the latter being partly derived from postglacial marine transgressions and 
tectonic activity. According to our previos studies (Bui et al., 2011, 2012), there are two main 
aquifers, i.e. HUA and PCA, lying over the Neogene water- bering Layer and sandwiching the 
Holocene-Pleistocene aquitard. This aquitard is however completely missing in some places, 
which create hydrogeological windows, as indicated in Figure 2, resulting in total 
connectivity between the two aquifer systems. HUA mainly consists of silty clay and various 
sands mixed with gravel. The thickness of this layer varies greatly up to more than 35m with 
an average of about 15 m. The transmissivity in HUA is from 20 to 1,788 m2/day. PCA 
consists of sand mixed with cobbles and pebbles, and is situated lower in the stratigraphic 
sequence. The thickness of PCA fluctuates over a large range with an average of about 35m, 
and gradually increases from north to south. The transmissivity ranges from 700 to 2900 
m2/day and indicates very high potential of groundwater resources. Within the 5 km zone of 
the Red River, HUA and PCA are mainly recharged by the river. Outside the 5 km zone, PCA 
is predominantly recharged by the vertical percolation of water coming from HUA through 
hydrogeological windows. 

 
3. Data used 

Groundwater samples were collected from the two major aquifers (HUA and PCA) in 
Hanoi using 13 conjunctive observation wells for HUA and PCA (Figure 1). The samples 
were collected in February (dry season) and August (rainy season) of 2011 and were analyzed 
according to ISO standard test methods for the following physico-chemical parameters: TDS, 
pH, major cations (Ca2+, Mg2+, Na+, K+), major anions (HCO3

-, Cl- and SO4
2-), NH4

+, NO2
-, 

and NO3
-. The water analyses were conducted in the laboratories of the Ministry of Natural 

Resources and Environment. The carbonate ion (CO3
2-) was calculated from the observed 

bicarbonate (HCO3
-) and pH data (James 1982). 

 
Fig. 1 Study area and distribution of sampling wells 
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4. Results and Discussion 

Hydrogeochemical facies and water types 
The term “hydrogeochemical facies” is used to describe the occurrence modes of 

groundwater in an aquifer with respect to chemical composition. To determine the 
hydrogeochemical facies of groundwater, the percentages of the equivalents of each 
physico-chemical parameter are plotted on a Piper diagram (Piper, 1944) . This diagram is 
then used to identify the dominant cation and anion in each well by using the left and right 
ternary diagrams, respectively. The left ternary diagram is divided into three cationic 
classification regions, namely the [Ca2+], [Mg2+], and [Na+] types, whereas the right ternary 
diagram is divided into three anionic classification regions, namely the [HCO3

-], [Cl-], and 
[SO4

2-] types. Each observation has a dominant cation and anion type. The combination of 
these predominant ion types is the hydrogeochemical facies of the aquifer at a specific 
observation well. After plotting the data, the hydrogeochemical facies of each well was 
investigated for changes related to the dry and rainy seasons by comparing the dominant ions.  

Figure 2 shows the Piper diagram plot for HUA. The number symbols in this figure 
correspond to the locations of the observation wells in Figure 1. The non-circular symbols and 
circles indicate the dry and rainy seasons, respectively. As indicated in the left ternary 
diagram of Figure 2, the water samples identified as the [Ca2+], [Na+], and [Mg2+] types are 
19, 4 and 3, respectively. The right ternary diagram shows all water samples to be of the 
[HCO3

-] type. Thus, HUA is mostly of the [Ca2+-HCO3
-] type (calcium ion-bicarbonate ion 

type). To examine the differences in the hydrogeochemical facies between HUA and PCA, the 
Piper diagram for PCA was also created as shown in Figure 3. From the left ternary diagram, 
the numbers of the [Ca2+], [Na+], and [Mg2+] types are 19, 4 and 3, respectively. The right 
ternary diagram indicates that 24 out of the 26 samples are dominated by the [HCO3

-] type, 
while the remaining two samples (both in well P6) are of the [Cl-] type. Thus, like HUA, the 
groundwater in PCA is primarily of the [Ca2+-HCO3

-] type. Changes in the hydrogeochemical 
facies during the dry and rainy seasons are observed in both HUA and PCA. For instance, in 
well H13 of HUA, the water type during the dry season was [Ca2+-HCO3

-], but became 
[Mg2+-HCO3

-] during the rainy season. In P11 of PCA, it was of the [Na+-HCO3
-] type during 

the dry season and changed to the [Mg2+- HCO3
-] type during the rainy season. 

To have a better view of these changes, the hydrogeochemical facies of all observation 
wells in Figures 2 and 3 are summarized and tabulated as shown in Table 3. In HUA, the 
hydrogeochemical facies of 5 out of the 13 observation wells exhibited seasonal changes, 
particularly of the cation type. H5 and H13 changed from the [Ca2+] to [Mg2+] type and H12 

Fig. 2 Piper diagram for HUA GW    Fig. 3 Piper diagram for PCA GW 
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changed from the [Mg2+] to [Ca2+] type. This may be due to recharge from surface water such 
as rainfall, lake, or river. H2 and H8 changed from the [Ca2+] to [Na+] type, which suggests 
the influence from surface water to groundwater in HUA during the rainy season. Regarding 
PCA, 4 out of the 13 observation wells showed changes in the cation type during the dry and 
rainy seasons. P3 and P5 changed from the [Mg2+] to [Ca2+] type, P11 changed from the [Na+] 
to [Mg2+] type, and P13 changed from the [Na+] to [Ca2+] type. This implies that water 
infiltration from HUA may affect the concentrations of chemical constituents of the PCA 
groundwater during the rainy season through hydrogeological windows, as mentioned above.  

It is worth to note that the differences in the hydrogeochemical facies between the two 
aquifers are also observed in Table 3. For instance, the water in H3 of HUA was of 
[Na+-HCO3

-] type during the dry season, but concurrently of the [Mg2+-HCO3
-] type in P3 of 

PCA. Interestingly, during the rainy season, the water in H2 of HUA was of the [Na+-HCO3
-] 

type, but of the [Ca2+-HCO3
-] type in P2 of PCA. In total, 6 out of the 13 observation wells 

during the dry season and 7 out of the 13 during the rainy season exhibited differences in the 
water type between the two aquifers. These differences are possibly influenced by the 
materials in the two aquifers, as well as interaction with surface water and between the two 
aquifers, which affect the groundwater chemical characteristics and flow paths.  

Factors governing water chemistry 
A chemical diagram of the major natural mechanisms controlling the composition of the 

dissolved solids in surface water was proposed by Gibbs (1970). The weight ratios 
Na/(Na+Ca) and Cl/(Cl+HCO3) against the total dissolved solids (TDS) on a logarithmic axis 
were plotted separately in two diagrams, a Gibbs cation diagram and a Gibbs anion diagram. 
Although the Gibbs diagrams were originally applied to surface water, they are widely used to 
assess the functional sources of dissolved chemical constituents in groundwater in shallow 
(unconfined) aquifers, which have high potential for being influenced by surface water 
(Marghade et al. 2012, Raju et al. 2011, Nagarajan et al. 2010). This study is the first attempt 
to use the Gibbs diagrams as reference for assessing the factors governing groundwater 
chemistry in a confined aquifer as well as an unconfined aquifer in the study area. 

Figure 4 shows the Gibbs diagrams for groundwater in HUA. Gibbs (1970) found that the 

Table 1 Water types of groundwater samples in HUA and PCA 

Sampling wells 
HUA PCA 

Dry season Rainy season Dry season Rainy season
1 [Ca2+-HCO3

-] [Ca2+-HCO3
-] [Ca2+-HCO3

-] [Ca2+- HCO3
-]

2 [Ca2+-HCO3
-] [Na+-HCO3

-] [Ca2+-HCO3
-] [Ca2+-HCO3

-]
3 [Na+-HCO3

-] [Na+-HCO3
-] [Mg2+-HCO3

-] [Ca2+-HCO3
-]

4 [Ca2+-HCO3
-] [Ca2+-HCO3

-] [Ca2+-HCO3
-] [Ca2+-HCO3

-]
5 [Ca2+-HCO3

-] [Mg2+-HCO3
-] [Mg2+-HCO3

-] [Ca2+-HCO3
-]

6 [Ca2+-HCO3
-] [Ca2+-HCO3

-] [Na+-Cl-] [Na+-Cl-] 
7 [Ca2+-HCO3

-] [Ca2+-HCO3
-]3 [Ca2+-HCO3

-] [Ca2+-HCO3
-]

8 [Ca2+-HCO3
-] [Na+-HCO3

-] [Ca2+-HCO3
-] [Ca2+-HCO3

-]
9 [Ca2+-HCO3

-] [Ca2+-HCO3
-] [Ca2+-HCO3

-] [Ca2+-HCO3
-]

10 [Ca2+-HCO3
-] [Ca2+-HCO3

-] [Ca2+-HCO3
-] [Ca2+-HCO3

-]
11 [Ca2+-HCO3

-] [Ca2+-HCO3
-] [Na+-HCO3

-] [Mg2+-HCO3
-]

12 [Mg2+-HCO3
-] [Ca2+-HCO3

-] [Ca2+-HCO3
-] [Ca2+-HCO3

-]
13 [Ca2+-HCO3

-] [Mg2+-HCO3
-] [Na+-HCO3

-] [Ca2+-HCO3
-]
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composition of most of the world’s surface water falls in the boundaries, which the authors 
expressed in this study as boundary G+ on the Gibbs cation diagram (Figure 4a) and boundary 
G- on the Gibbs anion diagram (Figure 4b). The area inside these boundaries was subdivided 
into three domains (precipitation dominance, rock dominance, and evaporation dominance) by 
Gibbs (1970) on the basic of analytical chemistry data, which represent the three major 
natural mechanisms controlling surface water chemistry as indicated in Figure 4. In order to 
make these domains clear, Kumar (2009) delineated the boundaries of the rock-water 
interaction dominance field, which were also adopted by other researchers (Ravikumar et.al, 
2011, Raju et.al, 2011). For clarity in this study, these boundaries are presented by the 
boundaries K+ on the Gibbs cation diagram (Figure 4a) and K-

 on the Gibbs anion diagram 
(Figure 4b). As in the Piper diagram, the number symbols in the figures correspond to the 
locations of the observation wells in Figure 1. The the non-circular symbols and circles 
indicate dry and rainy season data, respectively. 

As shown in Figure 4, 12 out of the 13 groundwater wells fall inside not only G+, G- but 
also K+, K- boundaries, which suggests that rock-water interaction is the major source for 
dissolved ions in HUA. In general, there are no significant changes in the weight ratios 
Na/(Na+Ca) and Cl/(Cl+HCO3) between the dry and rainy seasons as well as TDS in HUA. 
Note that two groundwater samples from well H3 show the highest TDS and high weight 
ratios Na/(Na+Ca) and Cl/(Cl+HCO3) among the HUA wells for both seasons, and thus fall 
outside the K+ and K- boundaries. With closer inspection of land use, this well is located in an 
agricultural area of intensive irrigation (Nguyen, 2010). Therefore, it is reasonable to infer 
that agricultural activities cause the groundwater samples of H3 to fall outside the domain of 
rock dominance.   

To determine the functional source of the dissolved chemical components in the PCA 
groundwater, the Gibbs diagrams were also created as shown in Figure 5. This figure indicates 
that there are no significant differences between the dry and rainy seasons for the groundwater 
samples in PCA, which is similar to the result in HUA. However, from Figures 4b and 5b, it is 
interesting to note that the weight ratios Cl/(Cl+HCO3) of the PCA groundwater samples are 
obviously different from those in HUA. The ratios in the PCA samples are extremely low, less 
than 0.1 in 11 out of the 13 sampling wells, whereas the same ratios in the HUA samples reach 
values up to 0.4. This is consistent with the Piper diagram for PCA (Figure 3), where the 
[HCO3

-] type is exceedingly dominant in the PCA groundwater (except for sampling well P6 
as explained later). This observation implies that the PCA groundwater chemistry is controlled 
by the dissolution of carbonate minerals, whereas the HUA groundwater composition is 

 

Fig.5 Gibbs diagram for HUA GW    Fig.6 Gibbs diagrams for PCA GW 
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affected by the dissolution of carbonate minerals and surface water. Figure 5 also shows that 
the PCA groundwater samples were plotted mostly inside the G+, G-, K+, and K- boundaries. 
This suggests that rock-water interaction is the main factor controlling the chemical 
composition of the PCA groundwater. However, two groundwater samples from well P6 
clearly deviate from the others by falling outside the boundaries G+ and K+ in Figure 5a and 
outside boundary K- but inside G- in Figure 5b. On the other hand, the Piper diagram for PCA 
(Figure 3) shows that the [Na+] and [Cl-] types dominated in this sampling well in both 
seasons. Another noteworthy point emerging from the Gibbs diagrams for HUA (Figure 4) is 
that the HUA groundwater samples at the same location (well H6) have low weight ratios 
Na/(Na+Ca) and Cl/(Cl+HCO3). Presumably, in the area of the P6 well, salt water intrusion 
affects the deeper aquifer (PCA), whereas the HUA groundwater is affected by rainfall and 
surface water. 

  
4. Conclusion 

 The main objectives of this study are to investigate the changes during dry and rain 
seasons in hydrogeochemical facies and to determine factors governing water chemistry of 
groundwater not only HUA but also in PCA. In this paper, taking advantage of the unique 
database, hydrogeochemical parameters from 13 conjunctive sampling wells for HUA and 
PCA in Hanoi acquired during dry and rainy season in 2011 were comprehensively analyzed.  

In terms of hydrogeochemical facies, from analysis of the Piper diagrams for HUA and 
PCA, the following generalizations were obtained as the groundwater properties in Hanoi: the 
[Ca2+] type groundwater is quite abundant in both aquifers; almost all groundwater in the 13 
conjunctive observation wells is of the [HCO3

-] type during the dry and rainy seasons in both 
aquifers. A change in the hydrogeochemical facies was detected from the dry to the rainy 
season in at least 30% of the sampling wells in both aquifers. The change particularly occurs 
in the cation type (i.e., [Ca2+] to [Mg2+] or [Na+], [Mg2+] to [Ca2+], [Na+] to [Ca2+] or [Mg2+]), 
whereas the anion type remains unchanged. Differences in the hydrogeochemical facies 
between HUA and PCA were also observed in the majority of the observation wells (6 out of 
the 13 observation wells during the dry season and 7 out of 13 during the rainy season).  

The Gibbs diagrams suggest that rock dissolution is apparently the dominant process 
affecting the groundwater composition in both aquifers. The results from the Gibbs diagrams 
show no significant changes in the weight ratios Na/(Na+Ca) and Cl/(Cl+HCO3) as well as the 
TDS of the groundwater samples in both seasons and both aquifers. The results also indicate 
that the PCA weight ratios Cl/(Cl+HCO3) are obviously different those in HUA. The weight 
ratios Cl/(Cl+HCO3) are extremely low in PCA, less than 0.1 in most of the samples, whereas 
in the HUA samples, they were scattered within the zone of rock dominance. Furthermore, it is 
reasonable to argue that agricultural activities and salt water intrusion are the additional factors 
that cause some samples to fall outside the zone of rock dominance. The findings of this study 
provide valuable information regarding the groundwater hydrogeochemical properties and 
hydrodynamics in Hanoi, Vietnam. 
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Water distribution network is the most expensive component of water supply system consequently the 
overall planning, installation and rehabilitation process should be implemented accurately and carefully. 
Developing countries are confronted main problems on water supply system, namely how to optimize 
the distribution network and at the same time meeting the increasing water demand. This paper proposes 
a new concept for rehabilitation and expansion of the water distribution network to meet increased water 
demand and to ensure cost-effectiveness and hydraulic stability at water distribution network. The 
main framework of the pipe network is formulated based on the concept of a ″Trunk/limb Mains 
Reinforced pipe system″ (TMR system). Genetic algorithms (GAs) model is applied to select an optimal 
design solution for pipeline and diameter of trunk/limb mains. To clarify effectiveness of this concept, 
this study represents cost analysis. Proper selection pipeline of trunk/limb main and to focus most of 
replacement at a specific pipeline as proposed by HGA is consistent with the TMR System. It is 
effective to ensure cost-effectiveness and water pressure in the network. The result of cost analysis also 
indicates that Installing large-diameter and long life span trunk/limb mains as proposed by this concept 
is more cost-effective due to being less affected by price escalation of material. In addition, the 
application of this method is also contributes for water authority to clarify the most cost-effectiveness of 
route and diameter of trunk/limb mains pipe in the network.  
 
Keywords: Trunk/Limb mains, genetic algorithms, rehabilitation and expansion, life cycle cost. 

 
1. Introduction 
 Water supply is of crucial importance for sustainability of human life and economic 
development. With growing population, water utilities face enormous challenges to meet 
water demand both of quantity and quality. Having rapid growing water demand, the pipes 
installed is no longer to allocate sufficient water and needs to be replaced with larger diameter 
or install new pipeline again. Water utilities must adapt the condition quickly with prepares 
adequate facilities of WDNs. Developing countries are confronted main problems in water 
supply system, namely how to optimize the distribution network and at the same time meeting 
the increasing water demand. Design and rehabilitation of pipe distribution network in 
developing countries attracted numerous studies. Vairavamoorthy 2008 presents guideline for 
design and control of intermittent water distribution network systems and in developing 
countries. It is also included a modified set of design objectives to be met at least cost. 
Application of the optimal design used to arrive at a least cost design of an alternative design 
with pressure controlled by strategically placed valves that could deliver an equitable water 
supply to all parts of the network. Sargaonkar 2012 et al. present a methodology to assist in 
determination of rehabilitation pipe network. The risk assessment methodology uses 
geospatial databases of the water supply network, while Fuzzy multi-criteria evaluation 
approach with qualitative and quantitative domain knowledge is employed in pipe condition 
assessment model. Mugabi et al. 2007 proposes a strategic planning framework to assist 
utilities in developing meaningful and useful performance improvement plans. This strategic 
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demonstrated its relevancy, cost-effectiveness and potential to transform poorly performing 
water utilities in Africa. In other hand, genetic algorithms (GAs) has been used successfully in 
optimal design of pipe distribution network in across the globe. The main approach have been 
taken is minimum cost, subject to hydraulic constraints such as flow velocity in pipe and 
water pressure at each node of the pipe network. Simpson and Dandy 1994 present a 
methodology for optimizing pipe networks using genetic algorithm and investigate a 
three-operator genetic algorithm comprising reproduction, crossover and mutation. Savic and 
Walters 1997 describe the development of a computer model GAs to the problem of least-cost 
design of water distribution networks. These algorithms share the favourable attributes of 
Monte Carlo technique over local optimization method. Dandy and Engelhard 2001 
demonstrate the use of the GAs technique to find a near optimal schedule for the replacement 
of the water supply pipes. It is a case study in Adelaide – Australia shows that GAs can be a 
powerful tool to assist in planning the rehabilitation of water pipes. Eusuff and Lansey 2003 
introduce Shuffled Frog Leaping Algorithm (SFLA) for solving discrete optimization 
problems. Babayan et al. 2005 present and then replace with a deterministic one, using 
standard deviation as a natural measure of the variability of nodal pressure heads caused by 
uncertainty in demands. The new model is then coupled to GAs to provide a method of 
obtaining robust and economic solution for water distribution network design. Kadu 2008 et 
al. 2008 optimize water distribution network using modified GAs. It proposes how to 
reduction space of diameter option using Critical Part Method.  
 This paper proposes a new concept for rehabilitation and expansion of a water 
distribution network in developing countries where water demand steadily increases. The pipe 
network is formulated based on the concept of a ″Trunk/limb Mains Reinforced pipe system″ 
(TMR system). Meeting unexpected water demand in the long term future, achieving 
cost-effectiveness, attaining simplicity of the pipe network and retaining sufficient water 
pressure at all customer taps are the main objectives of this concept. Hybrid genetic algorithm 
(HGA) model is applied to select an optimal design solution for pipeline and diameter of 
trunk/limb mains. To this end, life cycle cost analysis (LCCA) represents to clarify 
effectiveness of this concept. 
 
2. Study Area 
 The study was conducted in Kota Makassar, capital of South Sulawesi Province in the 
eastern part of the Republic of Indonesia. The area is developing rapidly as a centre of 
administration, industry, commerce and education in east Indonesia. Its population in 2010 
was 1,339,374 people, with an annual growth rate, 2.2% (2004-2010), much higher than 
Indonesia’s 1.6% national average growth rate, (BPS-Statistic Indonesia, 2000-2010). The 
water supply system in this area is serviced by PDAM Makassar (waterworks). Inadequate 
alignment of distribution pipelines due to the rapid increase in customers has led to numerous 
problems for the water supply system. Many people, particularly in the north and west parts of 
the city, suffer from chronic water shortage and low water pressure (0-0.5kg/cm2). They tend 
to have suction pumps on their premises to supplement the pressure. In the newly developing 
area, the PDAM has installed small diameter mains, which at 100-150 mm, are not sufficient 
to achieve stable and continuous water supply. The PDAM, although recognizing the urgent 
need for rehabilitation and reinforcement of the existing distribution pipe network, is not 
capable of allocating sufficient funds due to its weak financial condition with a large amount 
of long-term debts. The service area is currently divided into 46 supply zones as shown in 
Figure 1, covering almost all the administrative districts of Kota Makassar. This study intends 
to focus on analysis of the Somba Opu Distribution (SOD) system, one of two major 
distribution systems in Kota Makassar. Its service area includes the city center (commerce and 
administration) and newly developing residential areas. 
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 Many old pipes in the central area installed in the 1920s are still in use, while smaller 
mains of the PVC pipes are installed in the newly developing areas. Figures 2 and 3 show the 
existing pipe reticulation of the SOD system and its node demand respectively. Water demand 
in 2090 will be applied to analyze the effectiveness of the rehabilitation and expansion plan 
worked out under the concept of the TMR system. 
 
 
3. Methodology 
TMR – Pipe System  
 Replacement or reinforcement of the existing distribution pipe network at minimum cost 
is considered essential for overcoming all of the above problems. The pipe rehabilitation may 
be a good opportunity for the PDAM to establish flexible and durable distribution pipe 
network in the area. To attain this goal, we propose TMR (Trunk/limb Mains Reinforced). 
Basic concept of the TMR is to keep head loss at minimum, by replacing the existing 
distribution mains with larger diameter trunk/limb mains, and pipe system is to install quality 
trunk/limb mains of a long life span (Bakri, 2011). Meeting unexpected water demand in the 
long term future, achieving cost-effectiveness, attaining simplicity of the pipe network and 
retaining sufficient water pressure at all customer taps are the main objectives of this concept. 
In the study area, many existing trunk/limb mains run in parallel, under such circumstances, 
installation of an integrated pipeline in larger diameter is more cost-effective and hydraulically 
preferable than replacement of all mains for rehabilitation. It is necessary first to identify 
trunk/limb mains on the network and then to seek a solution of proper diameter mains to 
improve the overall network. Of the many possible alternatives for pipelines of limb/trunk 
mains in a network, to find the most optimal solution we applied genetic algorithms. To the 
next step, rehabilitation or reinforcement of pipeline is to stress in trunks/limbs mains with 
long life span of pipe material and larger diameter. 
 
Hybrid Genetic Algorithm (HGA) model 
 The general mathematical statement of the optimal design can be assumed to be a cost 
function of pipe diameters and lengths (Savic, 1997).  

 

Fig. 1 Study area. 

Fig. 2 Somba Opu Distribution System.   

Fig. 3 Node water demand in 2011 and 2090.  
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subject to constraint 
 

 
 Where Tc is the total cost of pipe with diameter Di and length Li and N is the total number 
of pipes in the system. Vi represents the flow velocity in pipe i while Hj is effective water head 
at node j. VMax is maximum flow velocity (m/s) in pipe i, and Hj

Min is the minimum effective 
water head needed to be allocated at node j. To retain sufficient water pressure at all customer 
taps the objective function set maximum velocity at all pipes is fixed at 3.0 m/s while 
minimum head requirement at limbs is fixed at 17 m. Meeting the objective function as 
expressed in equation 1 and subject the constraints, this paper developed a Hybrid Genetic 
Algorithm Model (HGA model). This model evaluate both of the optimization problem such 
as cost-effectiveness and hydraulic analysis simultaneously. Incorporation of pipe network 
analysis into a genetic algorithm has two advantages: First, it supports a combination of 
discrete decision variables and non-linear objective functions for the optimization problem. 
Second, parallel calculation of GA and hydraulic analysis establishes alternative planning that 
can be verified from the perspective of engineering utility (Arai, 2009).  
 A binary number is generated as the initial population of GA. This study takes a 2-bit 
binary number such as 0 and 1. The diameter pipe candidates Di for each pipeline i based on 
the present diameter with 16 pipe diameter options for changing diameter stage is shown in 
Table 1. Due to binary number consist of 2-bith then the maximum diameter option is 4 
diameter options. To find the most effectiveness solution, there are two kind of GA develop 
for the study area. The first is HGA I, this HGA aims to address increasing water demand thus 
the pipe diameter option may be equal or larger than the present diameter. The second is HGA 
II, selection and concentration of trunk/limb pipeline is main objective of this HGA. It will 
select the pipeline of trunk/limb mains and discard the others. At the same time, this HGA will 
also focus to search the optimal diameter solution for the pipe of trunk/limb mains. To find the 
objectives, setting a minimum diameter as one of the option is represented in this HGA. If the 
HGA II selects the option in a pipe, the pipe will be discarded for the next process. In this 
study, 150 mm is set as the minimum diameter option. In respect of the reducing pipe number 
due to there are number pipe will be discarded, it is need to be included larger diameter than 
existing as one of diameter options.  
   
 Table 1 Diameter and cost  

No Dia.(mm) Cost No Dia.(mm) Cost 

1 150 0.644 9 600 10.535

2 200 1.151 10 700 14.374

3 250 1.804 11 800 18.814

4 300 2.605 12 900 23.856

5 350 3.555 13 1000 29.500

6 400 4.653 14 1100 35.748

7 450 5.899 15 1200 42.601

8 500 7.295 16 1300 50.060
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Fig. 4 Methodology of HGA I-II. 
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Table 2 Diameter options and binary number 

Current pipe 
Pipe diameter candidates 

Option 1 Option 2 Option 3 Option 4 
HGA I Present dia. 1 up stage 2 up stage 3 up stage 

HGA II 
Min. diameter 

(150 mm) 
1 down stage Present of HGA I 1 up stage 

Binary number 11 10 01 00 
  
 Fitness function and penalty method used to evaluate merit and demerit of each generated 
individual is proposed by HGA II. Achieving of the highest fitness value is the objective of 
this model. Fitness value (FV) is calculated as inverse of the total network cost. If the FV of 
the new network (FVi) is higher than previously (FVi-1), re-analyze again network by HGA II 
with the new pipe number. Then if the FVi-1 is equal to or lower than FVi, the processes will 
end and the previous network is the most effective solution. Figure 4 shows methodology of 
HGA I and II, while Table 2 expresses diameter options and binary number of the HGA. 
 
Life Cycle Cost Analysis (LCCA) 
 To clarify cost-effectiveness of TMR System, this study presents a life cycle cost analysis 
(LCCA). In the analysis, overall costs of the alternatives, include those for initial pipe 
installation, replacement, and leak repair required up to the year 2090 (Bakri, 2012). To 
minimize the effects of price escalation, the present study assumes a social discount rate of 0% 
in the future.  
 
Pipe installation. Pipe installation costs include those for materials and civil work. The pipe 
materials PVC, HDPE, and DCIP are assumed in the current research to have a life span of 20, 
40 and 80 years respectively. Due to TMR system requires long life span, DCIP pipe is may 
more effective for trunks/limbs. Material costs (Cm) depend on the pipe materials and sizes as 
shown in Figure 5 (PDAM, 2009), while civil work costs per meter (Ccs) are given as a 
function of material costs and coefficient ɑ, a fixed ratio tentatively assumed to be 0.3 in the 
study. 

(4)cs mC a C       

Leakage repair cost. From the experience in Kota Makassar, pipe leaks are estimated to take 
place after installation at the following frequencies: PVC = 5.0 points/km/year, and HDPE = 
2.0 points/km/year while DCIP is 0.5 points/km/year in the period of 20 years before its life 
span expires. Average costs required per meter for leakage repair (Cls) may be expressed as a 
function of Cm, and Ccs and fixed ratio (b), tentatively assumed to be 2.0. 

  (5)ls m csC b C C    

Demolition cost. The present analysis considers demolition of the existing pipes for estimation 
of the overall cost. The demolition cost per meter (Cds) is assumed to be proportional to civil 
work costs at the fixed ratio c, tentatively set at 0.5.  

(6)ds csC c C   

 
 

 
 
 
 
 
 Fig. 5 Pipe cost based on material and diameter   
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a) HGA I Fv = 1.640147            b) HGA II (Iteration 1 Fv = 1.702976)    c) HGA II (Iteration 2 Fv = 1.753428) 
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d) HGA II (Iteration 3 Fv = 1.758723)   e) HGA II (Iteration 4 Fv = 1.768799) f) HGA II (Iteration 5 Fv = 1.778015) 

Fig.6 Solution of the network HGA I and HGA II. 

4. Results and Discussion 
HGA Analysis 
Figure 6 shows solution of the network and table 3 lists pipe diameter of existing, HGA I and .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Table 3 Pipe diameter of existing, HGA I and HGA II 
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 To obtain this result, individual and generation numbers of HGA 1 were set at 2000 and 
5000 respectively and for HGA II is 2000 and 1500 respectively. The optimal solution is given 
by crossover (Pc) at 0.8 and mutation (Pm) at 0.03. While verification of hydraulic analysis is 
shown in Figure 7. From the figure we can clarify that the diameter of existing network is not 
sufficient to coping increasing water demand while HGA I is success to meeting the objective 
function of hydraulic stability. Upon in this process, obtaining the solution proposed by HGA I 
would be far more difficult and time-consuming using the common method of network design 
with a number solution space. 
 
Effectiveness of TMR System 
Pipe alignment. The most optimal solution of the network is shown in Figure 6f. It is required 
5 times iteration of HGA II. The result is consistent with a TMR system, with an integrated 
single-alignment pipeline, for a reduction from 77 to 43 pipes. Reducing the number of pipe 
contributes to a substantial reduction in labor, procurement and operation and maintenance 
costs. Although water pressure at each node of HGA I and HGA II are nearly equal at each 
node, but the fitness value of HGA II is higher than HGA I. It is indicates that proper selection 
pipeline of trunk/limb main and to focus most of replacement at a specific pipeline is effective 
to ensure cost-effectiveness and water pressure in the network. Maintaining high water 
pressure in the trunk/limb mains will be desirable for stable and continuously supply. 
Depending on the situation, the water authority can install new service mains. The application 
of this method is also may be appropriate for the water authority to carry out planning in 
rehabilitation and expansion of water distribution network. They can easily to clarify the most 
proper route and diameter of trunk/limb mains pipe in the network and then replacement or 

 

Fig. 7a Pressure at node 

 

Fig. 7b Velocity at pipe 

Maximum velocity

Minimum pressure 
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expansion is to stress the pipeline that can improve the overall network without the 
replacement all pipe mains alignment.   
 
Pipe materials. Rapid population growth and economy may trigger robust and unexpected 
increase in water demand in future. Strengthened trunk/limb mains have sufficient capacity to 
cope with this situation. Table 4 presents the result of LCCA. Here three cases are considered 
for installed pipe based on the pipe materials and diameter required at installation time. They 
represent diameter size classes such as: large-, middle- and small-diameter pipe. The result 
indicates that for large-diameter trunks and middle-diameter limbs it is more cost-effective to 
install DCIP pipe. Although installation of DCIP pipe is slightly costlier than HDPE for 
small-diameter pipe, it may be more cost-effective in the long run due to being less affected by 
price escalation of material and labor in the future and requiring less pipe repair and 
replacement. A larger diameter is also flexible for meeting unexpected increases in water 
demand in the study area. 
 

Table 4 Result of LCCA 

   
 
4. Conclusions 
 The combination of genetic algorithms use and a TMR pipe system offers numerous 
advantages for rehabilitation and expansion of a water distribution network. TMR system is a 
methodology proposed to select and concentrate of trunk/limb mains pipe for rehabilitation 
and expansion of water distribution network. It is more cost effective than replacement of the 
overall pipeline in the network. While genetic algorithms is one of methodology has been used 
successfully in optimal design of pipe distribution network developed to obtain the objective 
of the concept. The GAs use is able to handle the complex design of a water distribution 
network while presenting a minimum cost solution and accounting for hydraulic constraints. 
HGA I is success to design pipe diameter for addressing increasing water demand while HGA 
II by proper selection and concentration route and diameter of trunk/limb mains pipe achieve 
the purpose of the concept not only meeting increasing water demand but also represent 
cost-effectiveness. Proper selection pipeline of trunk/limb main and to focus most of 
replacement at a specific pipeline as proposed by HGA is consistent with the TMR System. 
The result of LCCA also indicates that Installing large-diameter and long life span trunk/limb 
mains can cope effectively with increases in water demand and improve the overall network 
even in case of a three-fold in overall water demand, and it is also more cost-effective due to 
being less affected by price escalation of material and labor in the future and requiring 
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less-frequent pipe repair and replacement. In addition, the application of this method is also 
contributes for water authority to clarify the most cost-effectiveness of route and diameter of 
trunk/limb mains pipe in the network.   
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 Statistical modeling of extreme values is employed to investigate trends and changes in extreme 
rainfall in the Philippines for a century-long period (1911–2010). Annual maximum of daily rainfall 
(RX1day) are obtained from 23 meteorological stations across the country, and are fitted individually 
in generalized extreme value (GEV) distributions. Six variant GEV models are used; two of them 
assume stationary parameters, while four allow a time-varying location parameter of the GEV. The 
maximum likelihood method is used to estimate the unknown parameters of the GEV, and the Akaike 
information criterion (AIC) is employed to identify the best-fitting model. It has been determined that 
the RX1day for 8 out of the 23 stations can be fitted to GEV distributions with stationary assumptions 
on their parameters. On the other hand, the best-fitting model identified for the remaining 15 stations 
are GEV distributions with time-varying location parameter; 5 of them are best-fitted when the long-
term trends are incorporated, while 10 co-vary with the El Niño–Southern Oscillation index. High 
rainfall return levels are found at the stations located in the northwest section of the country, which 
reflects the influence of summer monsoon and orographic rainfall over the area. In contrast, low 
rainfall return levels are generally obtained in the southern Philippines. Further analysis is done for the 
stations exhibiting trends in extreme rainfall, and showed that if the trends will continue into the future, 
the waiting times for extreme rainfall events at four stations are expected to be shortened by 10.8%–
29.8 % in 2050 to as much as 22.9%–54.8% in 2100 relative to their waiting times in 2010. These 
findings should be considered in adaptation strategies to minimize disaster-related extreme rainfall 
events in the Philippines.  
 
Keywords: generalized extreme value distribution, extreme rainfall, climate change, the Philippines  

 
1. Introduction  
 Subsequent flooding caused by heavy rains has been observed in many countries in the 
recent decades. For example, the Philippines has experienced 74 flood-related disasters in the 
recent past ten years (2003–2012) (EM-DAT, 2013). Although there are several sources of 
flooding, this study focuses on the meteorological aspects that are likely to cause flood events. 
In particular, we are interested in one-day rainfall, which based on its extremity can 
potentially lead to flooding. Because of the observed eventualities of extreme rainfall that 
support the series of reports provided by the Intergovernmental Panel on Climate Change 
(IPCC) as a consequence of continuously accumulating greenhouse gases in the atmosphere, 
it is interesting to examine the trends and changes in extreme rainfall, which are based on 
return periods of several years (e.g., 30-, 50- and 100-year), that are referred as “rare” by 
Klein Tank et al. (2009).  
 Statistical estimates of rainfall or flood return levels (an amount of rainfall or flood 
discharge with a probability to be exceeded on average only once in a very high number of 
years, typically, 100 years) provides partly for the basis of infrastructure designs. However, 
for the under-developed countries like the Philippines, a 30-year, or even less rainfall or flood 
discharge, return level is used as a standard for infrastructure designs (see, for example, 
Liongson, 2008) to lessen the cost which may be spent if a design is based on a 100-year 
return level. Estimations of various return levels are commonly based on historical records of 
rainfall and/or flood discharges with stationary assumptions. This method is acceptable until 
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the recent occurrences of flood that led to disaster. This then caused an impression that 
perhaps the design; for example, of flood control facilities might not be appropriate for a 
changing climate. That is, the design that is aimed to withstand the extreme rainfall with 
probability to be exceeded once in 30 years on average,  may now be less or maybe half of the 
intended design; consequently, causing more occurrences of flood. 
 To address the above concern, this present study utilizes the recently digitized daily 
rainfall data that covers a span of 100 years to detect possible changes in the 30-, 50- and 100-
year rainfall return levels in the Philippines. The results here can provide basis for adaptation 
strategies if there exists a climate change, which may need to be considered for infrastructure 
designs.  
   
2. Datasets Used and Methods Employed 
 The primary data source used in this study is taken from the daily rainfall surface 
observations at 23 meteorological stations of the Philippine Atmospheric Geophysical and 
Astronomical Services Administration (PAGASA) (Figure 1). Earlier observations during 
1911–1940 are digitized from the paper copy of Monthly Bulletin of the Philippine Weather 
Bureau (now PAGASA), through the DIAS project of JAMSTEC, and connected to the 1951–
2010 available data of PAGASA to encompass an almost continuous century-long observation, 
except for the missing data during the 10-year period (1941–1950) because of the Second 
World War. The locations of these 23 stations are nearly similar to their current locations; thus 
reasonable for connecting the early and recent period of observations. Nevertheless, 
discontinuity detection and homogenization on these daily rainfall series are employed prior to 
the extreme rainfall analyses.  
 Daily rainfall annual maxima (RX1day) are obtained in every meteorological station. 
Then, the obtained RX1day are fitted to a generalized extreme value (GEV) distribution with a 
cumulative distribution function given by Coles (2001) as: 
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where the shape ξ, location μ and scale σ parameters satisfy –∞ < ξ < ∞, –∞ < μ < ∞ and σ > 0, 
respectively. A special case of the GEV distribution is when the ξ = 0 so that, by taking the 
limit of Equation (1) as ξ → 0 gives as the Gumbel distribution with a cumulative distribution 
function written as: 
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Equation (1) that assumes for stationarity (i.e., with fixed μ, σ and ξ) is referred as a stationary 
GEV model, hereafter, M1. Similarly, a stationary Gumbel model, Equation (2) with fixed μ 
and σ is referred here as M0.  
 With the potential presence of climate change, stationary assumptions (i.e., M0 and M1) 
may not be appropriate to represent fairly our data. We then allow the location parameter to 
vary over time that is,  
 
 μ(t) = a+b[(t–t )/s]          (3) 
 
where: µ is the location parameter that varies linearly in time t (year), a is the intercept, b is 
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the slope, the over bar for t stands for the 100-year long-term mean of t and s is the standard 
deviation of t. In other words, the variables inside the bracket in Equation (3) are the 
normalized time (year). We then refer to our model with varying μ linearly with time 
(Equation (3)), σ held fixed and has a ξ=0 (i.e., Equation (2)) as M2. A three-parameter model, 
M2, has unknown parameters namely, a, b and σ. On the other hand, our model with varying μ 
linearly with time (Equation (3)), σ and ξ both held fixed (i.e., Equation (1)) is referred 
hereafter as M3. By substituting Equation (3) in Equation (1), we form M3, which has four 
unknown parameters namely, a, b, σ and ξ.  
 In some cases, trends may not be present on extreme rainfall; however, extreme rainfall in 
the Philippines may be influenced by the El Niño–Southern Oscillation (ENSO). To consider 
the ENSO influence on extreme rainfall, we further allow µ to co-vary with the normalized 
November–January oceanic Niño 3.4 index (hereafter, ENSOI). So that, the time varying µ 
with year t in Equation (3) that co-varies with ENSOI becomes: 
 
 μ(t) = a + b(ENSOIt)         (4) 
 
Equation (4) leads to the remaining variant GEV models that allow μ to co-vary linearly with 
ENSOI; here we refer to M4 with parameter assumptions similar to M2, while M5 similarly 
with M3 except that both M4 and M5 use Equation (4) for μ. We then have a total of six 
models (M0–M5).  
 The maximum likelihood (ML) method is used to estimate the unknown parameters in 
M0–M5. The best model is then selected using the Akaike information criterion (AIC) (Wilks, 
2011), and is further visually inspected using probability and quantile plots. From the 
estimated parameters of the identified best model fit, the station’s rainfall return level ( p), 
rainfall amount that has to be exceeded each year with a probability p = 1/T, corresponding to 
T-year (i.e., 30-, 50- and 100-year) return periods can be obtained following Coles (2001): 
 

         (5)           
   
where: yp = –log(1 – p), 0 < p < 1 and the hat (^) on the parameters denote ML estimated 
values. 
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Fig. 1 Topographical map of the Philippines and the distribution of the 23 meteorological 
stations (black dots) used in this study. Stations marked with their names are mentioned 
in the text. 

 
3. Results  
 The identified best-fitting model by the AIC is shown in Figure 2a. Stationary Gumbel 
model (M0) is the best fit for the three stations. Five stations, on the other hand, require having 
the shape parameter not equal to zero (i.e., M1). Stationary assumptions could not be done for 
the remaining 15 stations; 5 of them are experiencing trends, while 10 co-vary with the ENSOI. 
Using Equation (5), the estimated 30-, 50- and 100-year return levels are shown in Figures 2b–
2d, respectively. High rainfall return levels can be observed generally at stations located in the 
northwest section of the country. These stations situated in the northwestern Philippines are 
primarily influenced by the summer monsoon (Cruz et al., 2013). Note also that the country’s 
topography plays an important role on its rainfall characteristics. The high rainfall return 
levels in northwest Philippines thus clearly illustrate the orographic effect on rainfall. On the 
other hand, three stations located south of the country have very small values of rainfall return 
levels. These stations have 30- to 50-year return levels of less than 200 mm/day. It perhaps 
reflects the fact that these stations are less influenced by the monsoons and are rarely affected 
by typhoons. However, there were recent extreme rainfall-disastrous events that affected these 
areas. For example, the passage of tropical storm “Sendong” (International name, “Washi”) in 
2011 claimed several people’s lives in Cagayan De Oro, southern Philippines. This perhaps, 
needs to consider the presence of trends when estimating rainfall return levels in these areas; 
as for the finding at Davao station (see, Figure 1 for its geographical location), the best model 
fit is M2 (see, Figure 2a).  
 The time series of RX1day at Davao together with the estimated 30-, 50- and 100-year 
rainfall return levels are shown in Figure 3a. We can see that by allowing the location 
parameter to incorporate the increasing trend, which is evidently present in the RX1day at 
Davao, the model (M2) represents the behavior of the data well. It is also supported by an 
acceptable probability and quantile plots shown in Figures 3b and 3c, respectively. 
Furthermore, by using M2, we find that the 30-, 50- and 100-year daily rainfall return level at 
Davao in 1911 has increased in 2010 by as much as 11.27%, 10.48% and 9.57%, respectively. 
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Another interpretation for these changes in return levels can be based on their corresponding 
changes in waiting times as what have been done by Kharin et al. (2007). For instance, the one 
in a 100-year rainfall event (165.71 mm/day; marked by a horizontal gray line in Figure 3(a)) 
in 1911 has approximately become a one in 50-year rainfall event in 2010, which means that 
the waiting time for this extreme rainfall has recently shortened by half at Davao. 
 As shown in Figure 2a, there are five stations which are best-fitted when the trends are 
incorporated on the GEV distribution; four of these stations (Davao, Catbalogan, Masbate and 
Tuguegarao) have increasing trends (see, Figure 1 for their locations). Assuming that the 
trends in extreme rainfall will continue into the future, return levels for future periods can be 
projected (Park et al., 2011). Since changes in return levels are not as easily and directly 
interpretable as the changes in waiting times, the latter is chosen here for projecting future 
conditions. Specifically, we look at the projected changes in waiting times (ΔT) for the most-
recent return values (i.e., 30-, 50- and 100-year return levels in 2010) by the years 2050 
(ΔT2050) and 2100 (ΔT2100) at the sites mentioned above. Recall that T = 1/p, then, by direct 
substitutions of the estimated parameters of the identified best-fitting model in Equation (5) 
and assuming that the trend will continue in the future, we can derive ΔT. Here, we express ΔT 
in percent and is written as,  
 
 ΔT = [(Tf − Ti)/Ti] × 100         (6) 
 
where Ti is the waiting time for each return level (i.e. 30-, 50- and 100-year return levels) in 
the most-recent year (2010) and Tf is the projected waiting time for the year 2050 and 2100 for 
ΔT2050 and ΔT2100, respectively.  
 By using Equation (6) we found that if the trends will continue into the future, the waiting 
times for these extreme rainfalls can be generally shortened by 10.8%–29.8% in 2050 to as 
much as 22.9%–54.8% in 2100 relative to their waiting times in 2010. These findings 
generally imply an expected increase in occurrences of extreme rainfall that should be taken 
into consideration for future infrastructure designs as well as adaptation strategies to minimize 
the impact of extreme rainfall at these sites. 
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Fig. 2 (a) Identified best-fitting model for the annual maximum of daily rainfall 
(RX1day) in every station; M0, M1, M2, M3, M4 and M5 stands for stationary Gumbel, 
stationary GEV, Gumbel with trend, GEV with trend, Gumbel with ENSOI as covariate 
and GEV with ENSOI as covariate of the location parameter, respectively; and estimated 
daily rainfall amounts corresponding to (b) 30-year return level, (c) 50-year return level 
and (d) 100-year return level (shadings, in mm/day); average values of return levels are 
shown for stations with non-stationary models (i.e. M2–M5). 
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Fig. 3 (a)Time series of RX1day at Davao together with the estimated daily rainfall 
amounts corresponding to 30-, 50- and 100-year return periods, solid, dashed and dotted 
black lines, respectively, and (b) and (c) diagnostic plots for the best fitting model for the 
RX1day at Davao. The horizontal gray line in (a) marks the estimated 100-year return 
level (165.71 mm/day) in 1911 at Davao. 

 
 

4. Conclusions 
 This present study has utilized the recently available rainfall data spanning 100 years 
(1911–2010) to investigate trends and changes in extreme rainfall in the Philippines. Six 
variant GEV models, two of them assume stationary parameters and four allow a time-varying 
location parameter, are used to fit statistically the RX1day for each of the 23 meteorological 
stations. Afterwards, the ML method is used to estimate the unknown parameters of the GEV 
models, and the best-fitting model is identified using AIC; consequently, estimating the 30-, 
50- and 100-year return levels of daily rainfall extremes at every station. It has been shown 
that out of the 23 stations, only 8 of them can allow stationary assumptions. On the other hand, 
5 of the stations are best fitted when the location parameter of the GEV is allowed to 
incorporate the long-term trends, while 10 stations are best fitted when their location 
parameter is allowed to co-vary with ENSOI. 
 High values of daily rainfall return levels are primarily obtained at the stations located in 
the northwest section of the Philippines. These stations are influenced by the summer 
monsoon and are located along the windward side of the prevailing south-westerly flow during 
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summer, which perhaps, contributes to the high rainfall return levels obtained at these sites. 
On the other hand, three stations located in the southern part of the country have low rainfall 
return levels, < 200 mm/day even for their 100-year return values, which is mainly because 
they are less influenced by the monsoons and are rarely affected by tropical cyclones. 
 The stations where extreme rainfall is exhibiting trends are further investigated. It has 
been shown that if the trends will continue into the future, the waiting times for an extreme 
rainfall event at four stations will be shortened by 10.8%–29.8% in 2050 to as much as 
22.9%–54.8% in 2100, which implies an expected more occurrences of extreme rainfall that 
should be taken into consideration for future infrastructure designs and other adaptation 
strategies to minimize extreme rainfall-related disasters in the country. Finally, this study has 
extended the known ENSO influence on mean rainfall (Lyon et al., 2006) and moderate 
extreme rainfall (Villafuerte et al., manuscript submitted to Atmospheric Research) to the 
influence of ENSO on rare extreme rainfall in the Philippines. 
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Spatial distribution and temporal variation of salinity and suspended sediment concentration (SSC) in 
the Chikugo river estuary, Japan, was measured for two weeks and was examined to determine the 
effect of saltwater and freshwater mixing on the movement of the estuarine turbidity maximum (ETM). 
Vertically homogeneous salinity distribution and high SSC occurred during spring tide, and conversely, 
vertical stratification and clear water occurred during neap tide. Salinity mixing, length of salinity 
intrusion, and location of the ETM zone changed according to the semilunar tidal cycle. The flow ratio 
was determined using freshwater discharge and the tidal prism, and a weak correlation was found 
between flow ratio and SSC. The relationship between salinity and SSC showed that SSC attained a 
peak salinity of 10 psu in the lower estuary and a peak salinity of 0.5 psu in the upper estuary. These 
measurements indicate that the dominant factor determining SSC occurrence is not only the current 
speed – given by the flow ratio – but also the location of the saltwater-freshwater interface 

Keywords: estuarine turbidity maximum, tidal mixing, flow ratio, transition process 

1. Introduction
 Freshwater collides with saltwater in a river mouth estuary. Two fluids with a difference 
in density mix and form a gradation of salinity, and estuaries are classified as well mixed, 
partially mixed, or a vertically stratified. Mixing in an estuary is affected by the interaction 
between tidal flow and freshwater flow. The combination of large tidal flow and weak 
freshwater flow produces well-mixed conditions, while the combination of weak tidal flow 
and large freshwater flow produces a salt wedge.  

The estuarine turbidity maximum (ETM) occur at the interface between saltwater and 
freshwater. The bottom fine sediment is eroded and suspended in the water column, and 
suspended particles are condensed into flocs. These flocs are formed by the neutralization of 
the surface electric charge and cohesive ingredients of organic matter, and current speed, 
turbulent intensity, and salinity gradient are important factors affecting the movement of 
turbid water. Therefore, the mixing feature in an estuary links with the development of ETM 
from a comprehensive view point. 

Many previous studies explained the development of the ETM on a long-term scale with 
seasonal changes in salinity mixing and suspended sediment dynamics (for example, Fettweis 
et al., 1998; Patchineelam and Kjerfve, 2004; Kitheka et al., 2005; Uncles et al., 2006; Cook 
et al., 2007). Few studies give a good explanation of semilunar and semidiurnal variability of 
estuarine mixing and suspended sediment dynamics of estuaries. Gelfenbaum (1983) 
explained the importance of semilunar and semidiurnal tidal cycles in affecting the magnitude 
and locations of the ETM in an estuarine system. 

Theoretically, mixing in one estuary can vary from the well-mixed condition to vertical 
stratification depending on physical factors, and this variation may influence the development 
of the ETM. However, there are few studies on the relationship between the transition process 
of mixing due to tidal variation and ETM development. 

Suzuki et al. (2009) measured the longitudinal distribution of salinity and turbidity every 
5h for three months in the Chikugo River estuary, and Suzuki et al. (2012) conducted these 
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same measurements at spring tide every month for one year in the Chikugo River estuary. 
They determined that the estuary was classified as well mixed during low flow season, and 
partial stratification of the ETM was observed during the periods of large freshwater 
discharge. The transition process of mixing and ETM development during the spring-neap 
tidal cycle was not discussed quantitatively. From the uppermost station to the lowermost 
station, these measurements spanned 4–5 h around the high tide, and because the semidiurnal 
tidal cycle is 12.5 h, their study lacks synchronization to discuss this physical phenomenon. 

We conducted both temporally and spatially detailed field measurements during the 
semilunar tidal cycle, and we examined the transition process of salinity mixing from well 
mixed to vertically stratified – via partially mixed – and its effect on ETM development. 
Furthermore, temporal variation of freshwater discharge, tide, salinity stratification, and 
suspended sediment concentration (SSC) were measured once every hour for one year, and 
the factors influencing ETM development were investigated. 

 
2. Materials and Methods 
Study site 

The Chikugo River is the largest river draining into the western part of the Ariake Sea 
and is situated in the Kyushu district in Southwestern Japan (Figure 1). The total length of the 
river is nearly 143 km. It ranks as the 22nd largest river in Japan with a drainage basin of 
2,860 km2, a mean discharge of 54 m3/s (during the dry season), and a mean annual storm 
discharge of 2,800 m3/s. The annual average rainfall in the area is about 2,100 mm (Japan 
Water Agency).  

The Chikugo River estuary has a width varying from 1,000 m at the river mouth to 250 
m at 23 km upstream. The main estuarine channel has a branch at 10 km and joins the main 
channel at 6.5 km. Another branch forms at 6.5 km and discharges into the Ariake Sea. The 
bottom sediments in the tidal flat consist mainly of mud, whereas the section between the 
river mouth (0 km) and 10 km consists mainly of fine sand. The section between 10 km and 
20 km consists mainly of silt and clay particles with a typical diameter of 0.015 mm. The 
region upstream of 20 km consists mainly of sand. The tidal amplitude is 5 m at spring tide 
and 1.5 m at neap tide. The tidal currents in the estuary increase over 1 m/s during spring tide. 
Sea water’s considerable tidal influence in the Chikugo River reaches up to the barrage, 
which is situated 23 km upstream from the river mouth.  
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Fig. 1 Location of the study site - Chikugo River. 
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In-situ observation 
A detailed field survey was conducted in the Chikugo River during a semilunar tidal 

cycle from September 11 to 25, 2010. These observations were carried out along the mid 
channel at 1 km intervals starting from the river mouth (0 km) to 17 km upstream with a total 
of 18 measurement stations. The vertical profiles of water quality parameters – including 
salinity, turbidity, and temperature – were measured using CTD with an optical backscatter 
sensor (AAQ-1183, JFE Advantech, Japan). The vertical profile gives the value of these 
parameters at depth intervals of every 0.1 m from the surface to the bottom at a speed of 5 Hz.  

In the field survey, data collection at each station consumed 2 min, and the travel time 
between stations was 2 min. As a result of this methodology, the readings were taken within 
75 min for all 18 stations. Accounting for the 45 min necessary to return to the estuary mouth 
from the last station, each cycle was completed in 2 h, and seven such cycles were carried out 
in a semidiurnal tidal cycle for spring and neap tides. Water samples for suspended sediments 
were collected from the surface layer from all 18 measurement stations. For intermediate half 
tides, measurements were taken three times in 2 h intervals for the semidiurnal cycle.  

 
Lab analysis 

Collected water samples were immediately transferred to a nearby fisherman’s house for 
each measurement. Sediment samples were then filtered through a 0.7 µm glass fiber filter. 
The filtered samples were sent to Tokyo, and the sediment samples’ dry weight was measured 
in the laboratory. SSC was plotted against the in-situ turbidity value measured at the same 
stations and resulted in a conversion formula from measured turbidity (TB) to SSC (eq. 1).  

 5-142-4 106.0+104.0+1.05 TBTBTBSSC   (1) 

The vertical profile of each station’s SSC was calculated from the measured TB using eq. 
1.  

  
Data analysis 

In this study, salinity intrusion length was defined as the distance from the estuary mouth 
(0 km) to the tip of the salt wedge, which has a salinity of 10 psu at the bottom. The salinity 
interface gradient (SIG) is defined as the slope of the 10 psu isohaline. 

 
sb XX

H
SIG


    (2) 

where Xb is the distance from 0 km to the position where 10 psu appears at the bottom, Xs is 
the distance from 0 km to the position where 10 psu appears at the surface, and H is the water 
depth around the 10 psu area. The estuary is classified using the salinity interface gradient. 
When the water depth is 5 m, the 10 psu position at the bottom advances 1 km or less than the 
position at the surface (SIG ≥ 0.005), and the condition is defined as well mixed; when the 
difference in distance between Xb and Xs ranges from 1 km to 5 km in the same depth (0.005 > 
SIG ≥ 0.001), the condition is defined as partially mixed; and SIG < 0.001 is defined as highly 
stratified. 

Freshwater discharge and tidal discharge are the two key factors that affect the mixing in 
an estuary. The balance of these two driving forces is expressed as a flow ratio (FR), 
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where Qf(t) is the freshwater discharge gauged by Japan Water Agency at Chikugo barrage, i 
is the time of low tide or high tide, j is the time of high tide or low tide, VH is the estuary 
volume in high tide, and VL is the estuary volume in low tide, therefore (VH–VL) is tidal prism 
which is  the capacity for salt-water intrusion during an ebb and flood tide. 
 
3. Results 
Semilunar estuarine variability 

Mean freshwater discharge in fair weather during the measurement period was 40–50 
m3/s (Figure 2). There were more than 20 mm of rainfall on September 13, 22, and 23. Owing 
to this rainfall, sudden peak discharge was observed on September 13 and 23. Salinity during 
the spring tide showed vertically uniform distribution, and thus, the estuary was classified as a 
well-mixed estuary (Figure 3(a1)). This distribution of salinity was caused by a tidal 
amplitude of 5.2 m. During the succeeding half tide (Figure 3(b1)), tidal amplitude decreased 
to 2.4 m. The contour line of 10 psu was inclined, and the value of 10 psu appeared at the 
surface at 3.5 km and appeared on the bottom at 7.5 km. Therefore, this estuary is classified 
as partially mixed. Subsequently, tidal amplitude decreased to 1.7 m during neap tide and had 
little effect on mixing, which resulted in strong salinity stratification (Figure 3(c1)). This 
stratification formed two layers, with freshwater advancing seaward below the surface while 
denser saltwater moved landward along the bottom, forming a salt wedge. The saltwater 
intrusion’s distance exceeded 17 km, which is longer than the distance during spring tide and 
half tide. 

The estuarine water was extremely turbid due to the strong current during spring tide 
(Figure 3(a2)). The ETM zone was observed from 14 to 16 km with SSC measuring 1,000 
mg/l, and the location of the ETM corresponded to the front of the saltwater. SSC decreased 
to 500 mg/l at the maximum zone, and it decreased to 50–80 mg/l around the river mouth and 
upper estuary (Figure 3(b2)). As expected, the peak concentration occurred at the location that 
corresponded to the salinity front. During neap tide, the estuary became almost clear, with 
SSC measuring 20–50 mg/l (Figure 3(c2)), and the ETM zone was not found. 
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Fig. 2 Time series of daily rainfall, daily mean river discharge (25.5 km), and tidal range 
of the study site (14.6 km) during the field measurement, September 11 to 25, 2010. The 
shaded area in the water level shows measurement time. 
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Fig. 3 Salinity and SSC distribution in spring tide (Sep. 11), half tide (Sep. 15) and neap 
tide (Sep. 17). Data measured duringhigh tide were used in all the figures. Sign (a) is 
spring, (b) is half, and (c) is neap tide. Sign (1) is salinity and (2) is SSC. 
 
 
Semidiurnal estuarine variability 

Longitudinal variation of salinity and SSC during low, flood, high, and ebb tides of a 
spring tidal cycle are shown in Figure 4. During the low phase (Figure 4a), there was no 
salinity intrusion, and the ETM zone was found from 3 to 9 km.  During the flood phase 
(Figure 4b), saline water intruded up to 10 km. The ETM zone moved 5 km landward and 
reached nearly 14 km. During the high phase (Figure 4c), saltwater intruded a maximum 
distance of approximately 15 km. The ETM zone moved a further 3 km upstream, and SSC 
decreased. This decrease occurred because particles settled down during the slack tide. During 
the ebb phase (Figure 4d), saline water and the ETM zone retreated 4 km seaward and reached 
10 km. SSC increased as the strong current started to resuspend the particles. 

The location of the ETM zone moved landward or seaward depending upon the tidal 
phase. The spring tidal cycle affected the location of the ETM. The ETM zone was located 
near to or landward of the freshwater-saltwater interface. The highest SSC was found during 
flood tides due to high current velocity. Sediments started to erode and suspend in the water 
column as the flood tide approached and slowly started to deposit and transport during the ebb 
tide. 
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Fig. 4 Longitudinal distribution of salinity and SSC during (a) low, (b) flood, (c) high 
and (d) ebb tide of a spring tidal cycle. The top figures express tide and survey time. 
 
 
4. Discussion 
Transition process of salinity mixing 

During spring tide, a salinity of 10 psu near the bottom was found 10 km from the river 
mouth (Figure 5(b)). The salinity intrusion reached 17 km upstream during neap tides. The 
intrusion subsequently decreased during successive half and spring tides. The gradient of the 
saltwater-freshwater interface was steepest during spring tide (Figure 5(c)). This gradient 
decreased gradually as the tidal amplitude decreased and reached its minimum value during 
the neap tide. This gradient meant that the isohalines were almost vertical during spring tide 
and experienced strong vertical mixing, and the salinity intrusion’s length was limited up to 
10 km. The gradient gradually changes to horizontal with the half tide and becomes horizontal 
during the neap tide, when the length of salinity intrusion extended over 17 km. We found 
that mixing in the Chikugo estuary gradually changed according to the tidal range during a 
semilunar tidal cycle. There were three types of mixing conditions that occurred in the 
Chikugo River Estuary. Mainly, the estuary will be in the well-mixed condition during the 
high tidal range. The mixing condition changes from well mixed during spring tide with weak 
stratification to partially mixed during intermediate half tides. The estuary forms two-layered 
strong salinity stratification during neap tide. 

Moreover, the increase in fresh water discharge on September 13 and 22 led to the 
decrease in the salinity intrusion’s length (September 13) and the decrease in the interface 
gradient (September 22). The salinity intrusion and mixing characteristics in the estuary were 
affected by the fortnightly variations of the tides and the daily variations of freshwater 
discharge. 
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Fig. 5 Temporal variation of tide, salinity intrusion length and salinity 
interface gradient during semilunar tidal cycle. 

 
ETM process 

The flow ratio was calculated to investigate the dominant factor affecting SSC 
occurrence. In general, the tidal prism was given for the constant value derived from the tidal 
range between mean low tide and mean high tide, and the actual daily value was calculated 
using the tidal range of every half day in order to examine the accurate tidal discharge in this 
study. Average bottom SSC was calculated for each flood and ebb duration from the 10 min 
interval data collected at 14.6 km. 

The relationship between flow ratio and corresponding average bottom SSC from August 
to December 2010 was plotted by dividing this data into three phases based on the freshwater 
discharge (Figure 6): high-flow and low-SSC season excluding storm runoff (August 2010), 
low-flow and high-SSC season (October to December 2010), and transition season 
(September 2010). 

Excluding flood discharge, the flow ratio ranged between 0.2 and 0.02, which indicates 
that the tidal discharge – obtained by dividing the tidal prism in the period of flood tide or ebb 
tide – is 5–50 times larger than the freshwater discharge. For example, the tidal discharge was 
approximately 500 m3/s during neap tides and reached 2,000 m3/s during spring tides; 
conversely, the freshwater discharge in the dry season was 40 m3/s, and the mean annual peak 
discharge was 2,800 m3/s.  The period when the freshwater discharge exceeded 500 m3/s was 
11 days, and the period when the freshwater discharge exceeded 200 m3/s was 39 days on 
average. Therefore, the daily tidal discharge was much larger than the freshwater discharge 
for 11 months. 

SSC was approximately 10 mg/l when the flow ratio was 0.1, and SSC was over 1,000 
mg/l when the flow ratio was less than 0.3; thus, SSC increased as flow ratio decreased. SSC 
occurrence was dominated mainly by the tidal discharge. There was little difference between 
the ebb and flood tidal phase in the region where the flow ratio was more than 0.03, and high 
SSC exceeding 800 mg/l was observed only during the flood tide. Although we calculated the 
correlation between SSC and the flow ratio, the correlation was not strong, and SSC dynamics 
were not fully explained by the flow ratio. 
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    Fig. 6 Relationship between flow ratio and SSC 

 
There was a strong ETM zone found at both the lower and upper estuary (Figure 7). This 

occurrence shows that the ETM zone may be affected not only by erosion due to tidal mixing 
but also by transport of the suspended sediment by the intruded saline water. The ETM zone 
moved along the edge of the freshwater-saltwater interface. Strong ETM zones were found 
both at the estuary mouth and upstream. The ETM zone at the estuary mouth may occur due 
to erosion from the tidal flat because of its strong tidal currents. The ETM zone observed 
upstream may arise due to transport and erosion.  
 

 

SSC (mg/l) Salinity (psu) 
 

Fig. 7 Time-distance isopleth of salinity and SSC at flood phase. 
 

For analyzing the effect of salinity on the ETM process, the relationship between bottom 
salinity and SSC at the lower (0–4 km), middle (5–9 km) and upper (10–17 km) estuary 
during the semilunar tidal cycle (Figure 8) was investigated. For the lower estuary, the high 
turbidity zone was found near the region with 10 psu salinity. This finding show that the 
suspended sediment occurs due to the bed erosion in the offshore tidal flat by sea water and 
transportation to the estuarine channel. For the upper estuary, SSC became high at the 0.5 psu 
salinity and it was low both at saltwater and freshwater region. ETM zone at the upper estuary 
was developed in the saltwater-freshwater interface, because transported suspended sediment 
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from the downstream was flocculated and accumulated by estuarine mixing. There were two 
peaks of SSC in the middle estuary, around 0.5 psu and 10 psu, it shows a transition behavior 
between the lower and upper estuary. It is concluded that estuarine mixing, flow ratio and 
location of saltwater-freshwater interface are the influencing factor on the ETM movement. 
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Fig. 8 Relationship between salinity and SSC at (a) lower estuary, (b) middle 
estuary and (c) upper estuary 

               
5. Conclusion 

The mixing condition of the Chikugo river estuary changed from a vertically well-mixed 
condition during spring tide to a vertically-stratified condition during the neap tidal cycle. The 
estuarine water was extremely turbid during spring tide, especially in the flood tide. The water 
was still turbid during intermediate half tides, but the estuary became clear during neap tide.  

Salinity mixing, length of salinity intrusion, and location of the ETM zone changed 
according to the semilunar tidal cycle. The ETM zone moved from the estuary mouth to the 
upstream region as the tidal phase changed from low to high, and it retreated down the estuary 
during the ebb phase. A weak correlation between flow ratio and SSC was found. The 
relationship between salinity and SSC showed that SSC achieved a peak salinity of 10 psu in 
the lower estuary and reached its highest salinity of 0.5 psu in the upper estuary. These 
observations indicate that the dominant factor influencing SSC occurrence is not only the 
current speed given by the flow ratio but is also the location of the saltwater-freshwater 
interface. For the lower estuary, the ETM zone formed due to erosion from the tidal flat by 
the tidal currents. However, for the upper estuary, suspended sediments transported by the 
intruded saline water – with a minor addition from erosion – were the main factor influencing 
SSC occurrence. 
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Abstract: In this study, interannual variations of onset and withdrawal dates of rainy season in Vietnam 
during the 1951-2007 period are investigated by using the empirical orthogonal function (EOF) analysis 
and Pettitt-Mann-Whitney test. The result suggested that the first dominant EOF mode showed the 
summer rainy season in northern and southern area with the onset occurs in May 5th on the average, with 
the standard deviation of 8 days, and the withdrawal is generally found around late October. Meanwhile, 
the autumn-winter rainy season in the central coastal plain, which is indicated by the second EOF mode, 
has the average onset and withdrawal dates is in late August and mid- following January, respectively. A 
long-term trend analysis also detected advances of onset of summer- and withdrawal of autumn-winter 
rainy season.      
 
Keywords: onset and withdrawal of rainy season, interannual variability, Vietnam 
 

1. Introduction 
Recently, the salient advance of Asian summer rainy season onset dates was revealed 

during the most recent decades (Kajikawa et al., 2012). In detail, the onset was found to 
occur earlier over the Bay of Bengal and the western Pacific region, about 2-4 pentads 
between 1994-2008 and 1979-1993 epochal, might due to the heat contrast between the Asian 
landmass and tropical Indian Ocean.  

 

Fig. 1 (a) Topography height (m) and (b) the time-latitude cross-section of 1951-2007 
averaged precipitation (mm/day) in Vietnam. 

 
It is well known that rainfall is the most important source for supplying water. As an 

agriculture country, many socio-economic sectors of Vietnam are strongly dependent on 
water resources. Therefore, it is of great importance to understand the interannual variations 
of rainy season over Vietnam. However, in Vietnam, the climatic differences in the seasonal 
march of rainfall are shown in not only spatial but also temporal features. While the northern 
and the southern regions have rainy season under the influence of summer monsoon, the 
central coastal area has the maximum rainy season delayed in late autumn to early winter 
(September – November) (Figure 1).  
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Thus, the objective of this study is to examine the interannual variability of the seasonal 
march of rainfall in Vietnam. In next sections, we will introduce the new method to 
determine the onset/withdrawal dates of rainy season for the period of 1951-2007 by using 
empirical orthogonal function (EOF) analysis and Pettitt-Mann-Whitney (PMW) test (Pettitt 
et al., 1979). The long-term trend of that onset/withdrawal will be also discussed. 
 
2. Data and methods 

To accomplish of objective of this study, a 57-year (1951-2007) averaged dataset is used. 
The dataset contains of the following: 

  1) Pentad mean rainfall of Vietnam computed from the APHRODITE analysis data 
provided by the Research Institute for Humanity and Nature (RIHN) and the Meteorological 
Research Institute of Japan Meteorological Agency (MRI/JMA)  (Yatagai et al., 2012).  

  2) Pentad mean zonal and meridional wind components and geopotential height 
conducted by the National Centers for Environmental Prediction/National Centers for 
Atmospheric Research (NCEP/NCAR) reanalysis data (Kalnay et al., 1996) at 850 hPa on a 
2.5o x 2.5o grid. 

  In order to reveal the spatial and temporal structures of interannual variability of rainy 
season in Vietnam, the EOF analysis was applied to standardized rainfall data. Next, the 
onset and withdrawal pentads were defined by using the PMW test with the time coefficients 
(principal component). In detail, at first, the time coefficients were smoothed by 5-pentad 
moving average filter. Then, the PMW test was applied to a time series, in which contains 73 
continuous pentads of the time coefficients, at 95% significance level. This test was 
performed for 114 series corresponding to 57 rainy seasons from 1951 to 2007. The first 
pentad of each series was the onset of current- or withdrawal pentad of previous rainy season. 

In case of the first year (1951) and last year (2007), the first (last) component of the time 
series was the first pentad of 1951 year (1951/1/1-5) or last pentad of 2007 year (2007/12/26-

 
Fig. 2 Spatial patterns (left) and time coefficients (principal component) (right) of 
the first two EOF modes of the pentad mean rainfall for the period of 1951-2007. (a) 
and (b) denote the spatial distribution of EOF1 and EOF2, respectively. (c) and (d) 
indicate time coefficient of EOF1 and EOF2 for each year, respectively. Bold solid 
lines denote the 57-year average.	
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31), respectively. Finally, the change-point detected by PMW test was selected as the turning 
point of the rainy season or dry season.      

 
3. Results 
3.1 Spatio-temporal features of rainfall in Vietnam from 1951-2007  

 
Figure 2 shows two first dominant modes of the EOF analysis. The spatial distribution of 

the first mode (EOF1), accounting for 60.03% of total variance, has the same positive sign 
with high (low) loadings in northern and southern region (central costal plain). Over the 
period of 1951-2007, the time coefficient of EOF1 (PC1) is observed switch sign from 
negative (positive) to positive (negative) around late April to mid-May (late October to early 
November). This mean the most important rainy season in Vietnam, especially over northern 
and southern region, occurs in the summer-autumn regime.   

Inversely, the second EOF mode (EOF2), contributes of 18.37% of total variance, 
represents the autumn-winter rainy season. In detail, EOF has strongest positive signal over 
the central coastal area while be negative over northern region. That rainy season begins 
around early September and withdraws in following January, corresponding with the switch-
sign time of the PC2. 

 
3.2 Interannual variability of the onset and withdrawal of rainy season 
 

Fig. 3 Diagrams of the onset and withdrawal pentads of rainy season in Vietnam during 
the period of 1951-2007. Grey boxes indicate pentads with positive value in the 5-pentad 
moving average time coefficients of  (a) EOF1 and (b) EOF2.  Triangles and inverse 
triangles denote the onset and withdrawal pentads determined by the Pettitt-Mann-
Whitney test, respectively. Dotted lines denote the average onset and withdrawal 
pentads of rainy season.  

 
As mentioned above, PC1 and PC2 were used to determine onset and withdrawal dates of 

rainy seasons. As a result (Figure 3), the mean onset and withdrawal pentads of the summer 
rainy season occurred around the 25th pentad (5/1-5) and 61st pentad (10/28-11/1), with the 
standard deviation was 1.6 and 1.8 pentads, respectively. Meanwhile, the autumn-winter 
rainy season has the mean onset and standard deviation was about 48th pentad (8/24-28) and 
5.1 pentads, respectively. The average withdrawal date of that rainy season occurs in 4th 
pentad (1/16-20) in following year, and standard deviation is 4.1 pentads.  
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The non-parametric Mann-Kendall test (Kendall, 1975) with block bootstrap was applied 
to examine long-term trend of the onset/withdrawal dates. The result showed that onset of 
summer- and withdrawal of autumn-winter rainy season has decreasing trend over 57-year 
studied, at 90% significance level. It is suggested an advance in that onset/withdrawal dates is 
detected during 1951-2007 period.  

 
Fig. 4 Time series of (a) onset, (b) withdrawal of summer rainy season (EOF1) and (c) 
onset, (d) withdrawal of autumn-winter rainy season (EOF2) from 1951 to 2007. The 
dotted and dashed lines denote the 57-year mean and 11-year moving average, 
respectively.  
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Fig. 5 Composite maps of rainfall (a,c and e), geopotential height and wind at 850 hPa 
(b,d and f) with centering the onset pentad of summer rainy season during 1951-2007 
period. “0” denotes the onset pentad and “-1” and “+1” refer to 1-pentad prior to and 
after the onset pentad, respectively.   
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3.3 Possible factor of the advance onset (withdrawal) 
 

To depict the possible mechanism that triggers the advance onset/withdrawal, composite 
maps of 57-year averaged rainfall, geopotential and wind during the onset/withdrawal period 
were prepared (Figures 5 and 6). In case of summer rainy season (Figure 5), the onset 
associated with the eastward retreat of Western sub-tropical high and establishment of 
summer monsoon westerlies circulation. Recently, several studies have revealed an advance 
of Asian summer rainy season onset dates over the most recent decades (e.g. Kown et al., 
2005; Kajikawa et al., 2012, Kajkawa and Wang, 2012). Kown et al. (2005) found a 
significant change in East Asian summer monsoon and its relationship with the western North 
Pacific monsoon before and after 1994. A possible factor of that advanced onset is likely to 
be attributed to the heat contrast between the Asian landmass and the tropical Indian Ocean 
(Kajikawa et al., 2012). Kajikawa and Wang (2012) also suggested that the abrupt advance of 
SCS monsoon onset after 1993/1994 is related to the SST warming in the Western Pacific. 

 

Fig. 6 Same as Fig.5, but for withdrawal of autumn-winter rainy season. 
 

Meanwhile, the withdrawal of autumn-winter rainy season occurs when cold high shifted 
eastward from China inland to the ocean in mid- to late winter. Simultaneously, the 
prevailing northeasterly wind over northern and central area of Vietnam, which is originated 
from that cold high, becomes weakening and changed to easterlies or southeasterlies. This 
leads to the abrupt increase of rainfall over northern region due to increase of the moisture 
supply from the South China Sea.  

Over the past recent decades, the strength of the East Asia winter monsoon (EAWM) is 
observed to weaken, especially after early 1980s (e.g. Jhun and Lee, 2004; Wang et al., 2009). 
However, the mechanism for that weakening remains unclear. It might be related to global 
warming which is most significant in mid and high latitude in Eurasian (EA) winter. Lee et al. 
(2003) suggested that the robust warming over the EA region in the lower and middle 
troposphere as well as at the surface is caused mainly by changes in circulations over the 
North Pacific and Eurasian continent. 
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4. Conclusion 
 

The new method has been applied for investigating the interannual variations of onset 
and withdrawal dates of rainy season in Vietnam. Taking the 57-year averages (1951-2007), 
it was shown that the onset of summer rainy season generally occurs around May 5th while 
withdrawal occurs late October. Inversely, the autumn-winter rainy season has the average 
onset and withdrawal dates is in late August and mid- following January, respectively. 
Advanced in onset of summer- and withdrawal of autumn-winter rainy season is detected 
with significant trends. Further investigations in the near future are needed to elucidate the 
possible mechanism that produces these advances.    
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This article is to present study results on climate change showed in 7 studied basins namely Red 
River, Thai Binh, Ca river, Thu Bon, Ba, Dong Nai and Mekong Deltas with high (A2) and 
medium (B2) greenhouse gas emission scenarios. Also the report will present the impact of climate 
change to socio-economic such as agriculture, aquaculture and especially to water resources. With 
number of study on climate change, the strategic solutions will be proposed to adapt as well as to 
mitigate negative effects for sustainably socio-economic development.    
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1. Introduction 

Vietnam has abundant water resources with total annual river flow volume of about 
850 km3; the amount of flow generated outside Vietnam’s territory is about 500 km3, 
accounted for 60%. However, water availability varies considerably throughout the year and 
is unevenly distributed across areas as well as river systems.  

Vietnam is rated as one of five countries that will suffer most severely by climate change. 
The impacts of climate change are increasingly reflected in the following aspects: 

 There is increased rainfall in the rainy season and decreased rainfall during the dry 
season. The number of rainy days will decrease markedly, while out-of-season and 
anomaly heavy rainfall will occur more often. 

 Large floods occur more frequently in the central and southern parts of Vietnam. 
 Droughts occur every year in most areas of the country. 
 The Typhoon tracks have the tendency of moving southward and the typhoon season 

tends to end later. 
 The frequency of cold fronts in northern Vietnam has declined sharply over the last 

three decades. The number of days of extreme and damaging cold surges has reduced 
markedly. However, anomalous events can occur more frequently.  

 The number of hot days in the decade 1991-2000 increased, particularly in the central 
and southern regions of Vietnam. 

The sea level may rise between 0.65 m to 1.0 m by 2100; therefore the Mekong and Red 
River Deltas and coastal areas in the central part will be subject to inundation, flooding and 
salinity intrusion. In the other hand, population growth and socio-economic development 
significantly increase water demand, especially during the dry season when the river flow is 
often quite low. In the context of climate change, water availability in the dry season can 
decrease dramatically, leading to the risk of water shortages becoming more acute. In this 
article, the change of temperature and rainfall due to climate change is assessed based on 
climate change scenarios to main socio-economic activities, especially to water resources and 
strategic solutions to adapt and to minimize the negative impacts in seven main river basins of 
Vietnam (Red, Thai Binh, Ca, Thu Bon, Ba, Dong Nai, and Mekong Delta). 

 
2. Climate change in term of meteo-hydrological parameters 

 Climate change scenarios in the studied basins 
In the project, the software MAGICC/SCENGEN 5.3 and statistical downscaling 

methods were used to create climate change scenarios for Vietnam in general and the studied 
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river basins in particular. For parts of the Red, Ca, and Mekong River basins that are external 
to Vietnam, the Dynamic Downscaling Model (PRECIS) was used instead, due to the lack of 
meteorological data and constraining timing. 

Scenarios of greenhouse gas emissions were selected to build climate change scenarios 
for the low emissions scenario (B1), the medium emission scenario (B2) and high emissions 
scenarios (A2). The baseline period was 20 years, from 1980-1999. Two important 
meteorological elements, rainfall and air temperature, were calculated and analyzed in each 
scenario. In addition to the changes of climatic factors, sea level rise was also taken into 
account to assess the extent of flooding and salinity intrusion. The pressure of increased future 
water demand due to climate change was also considered in the project. 

Air temperature change according to climate change scenarios  
In all scenarios for the 7 studied basins, temperature increases throughout the 21st century. 

In the B2 scenario, annual mean temperature increases about 0.9°C to 1.5°C in the mid 21st 

century and up to 1.8°C to 2.8°C by the end of 21st century (Figure 1). In the A2 scenario, the 
increase is more significant. The annual mean temperature increases 1.0°C to 1.5°C by the 
mid 21st century and up to 2.3°C to 3.65°C by the late 21st century (Figure 1). After 2050, the 
difference in the extent of temperature change between the scenarios is more evident (Figure 
2). 

In the Ca River basin, temperatures rise at the highest rate, followed by the Red - Thai 
Binh River basin. In the Thu Bon and Ba river basins, temperatures have similar increases in 
the medium term. In the Dong Nai River basin and the Cuu Long Delta, temperatures increase 
less, with the Dong Nai River basin having the smallest temperature rise. In general, in the 
rainy season, on the river basins from the Red - Thai Binh to the Ba River basin, temperature 
rises less than in dry season, but on the Dong Nai River basin and the Cuu Long Delta, there 
is an opposite trend. 

Change in mean annual temperature at studied basins, Scenario B2
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Fig.1 Changes in annual mean temperature in A2 and B2 scenarios 
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Rainfall variation according to climate change scenarios  
The change of rainfall with seasons can be seen throughout the 21st century (Figure 3). 

Rainfall may increase in the rainy season and decrease in the dry season. The general trend of 
change in precipitation depends on geographical location of river basins. In the north of 
Vietnam, on the basins of the Red - Thai Binh River system and the Ca River basin, 
precipitation changes are quite similar in trend and amount: rainfall reduces between March 
and May and increases in the remaining months, with the greatest increase between June and 
August. In other basins, rainfall decreases from December to May and increases between June 
and November, with rainfall from September to November increasing more than in other months.  

The decrease in rainfall from the Thu Bon basin down to the Cuu Long Delta is much 
larger than in the Red Thai Binh River and Ca River. In 2100, in the Thu Bon, Ba, Dong Nai 
and Cuu Long River basins, rainfall could reduce from between 10% and 23% in the drier 
months. Meanwhile, in the Red - Thai Binh and Ca river basins, the reduction in rainfall is 
only about 6% to 10% from March to May (Figure 4). This decrease in rainfall and increase in 
temperature means that drought in the south and central regions of Vietnam could become 
more severe. Rainfall increases most in the months of July and August in the Red Thai Binh 

 
Fig. 2 Change in mean annual temperature relative to the period of 1980-1999 (°C) 

 
Fig. 3 Change in annual rainfall relative to the period of 1980-1999 (%) in studied basins 
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and Ca River basins and in September and October in the Thu Bon, Ba, Dong Nai and Cuu 
Long River basins (Figures 4 and 5). This leads to a trend of increasingly larger floods. 

Change in potential evapo-transpiration (ET0)  
The changes in air temperature resulting from climate change can lead to significant 

changes in evapotranspiration in a basin. Evapotranspiration is an important factor involved in 
direct hydrological cycle that causes changes in flow in a basin. Potential evapotranspiration 
(ET0) is the ability to evaporate and depends only on meteorological conditions, thereby 
reflecting the impacts of climate change on water balance in the basin. ET0 is calculated 
according to different scenarios to assess changes in evapo-transpiration in a basin. With 
changes in the temperature and rainfall, the differences in ETo between scenarios are greater 
than 2050.  

The change in potential evapotranspiration depends significantly on the degree of 
temperature increase. In the Ba and Thu Bon basins, the increase in ET0 is greatest, while the 
ET0 in the Red - Thai Binh basin changes less. This is entirely consistent with the high year-
round heat and low humidity of the air in the central region of Vietnam. In the dry season, 
averaging over the studied basins, ET0 increases by 8% to 10% in the mid 21st century and up 
to about 25% by 2100. The increase in evapotranspiration causes increasing moisture loss in 
the basin when rainfall in the dry months decreases in general, resulting in reduced low flows. 
Meanwhile, with increased water demand for irrigation, water shortages will be more serious. 

 

 

 
Fig. 4 Changes in rainfall with seasons (%) compared to the period  

   of 1980-1999 in river basins/regions 
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Sea level rise 
Under the impacts of climate change, along with the change of meteorological factors is 

sea level rise (SLR). According to observed data from tidal gauges along the Vietnam coast, 
the rate of sea level rise was approximately 3mm/year during the period 1993-2008, which is 
comparable with global trends. In the past 50 years, sea level at Hon Dau station has risen 
about 20 cm. With a long coastline with two large and low plains, sea level rise will threaten 

 
Fig. 5 Change in mean monthly rainfall relative to the period of 1980-1999 
(%), scenario B2 

Table 1 Sea level rise (cm) relative to the period 1980-1999 

Scenarios 
Decades in the 21st Century 

2020 2030 2040 2050 2060 2070 2080 2090 2100
Low emissions 
scenario (B1) 

11 17 23 28 35 42 50 57 65 

Medium 
emissions 

scenario (B2) 
12 17 23 30 37 46 54 64 75 

High emissions 
scenario (A1FI) 

12 17 24 33 44 57 71 86 100 

Source: Climate change, sea level rise scenarios for Viet Nam, MONRE 
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the most populous and fertile areas of Vietnam. Sea level rise scenarios for Vietnam were 
computed according to the lowest (B1), the medium (B2) and the highest (A1FI) emission scenarios. 

Results calculated by scenarios show that by the mid 21st century sea levels may rise 
about 28 cm to 33 cm and by the end of the 21st century sea levels may rise between 65 cm 
and 100 cm above the baseline period 1980-1999. Depending on local conditions, tidal 
regimes and the climate change over the East Sea, sea level rise is very different for coastal 
locations. The highest sea level rise is found in Ganh Hao, Bo De river mouth of Ca Mau 
province, followed by the coastal line from Quang Ninh to Thua Thien Hue. The lowest sea 
level rise is discovered in Quang Nam, Quang Ngai, Kien Giang provinces and South Central 
coastal lines. 

With the above sea level rise, many regions in the northern delta will be affected by 
seawater intrusion (with a total area of about half a million hectares), as the sea will encroach 
inland more than 10 km. In the Cuu Long River Delta, there will be about 1.5 million hectares 
(37.8% of total area) submerged with sea level rise at 1 m. The central coastal plain will also 
be subject to sea level rise that may be close to the foot of Truong Son Mountain range in 
some areas. In addition, hydraulic and hydrological regimes in coastal zones will change 
significantly, with greater duration, extension and depth of flood, erosion of river banks and 
shore lines, and more saltwater intrusion. Such changes would lead to a reduction in the area 
of cultivated land, destroying ecosystems and biodiversity. 

 
3. Climate change impact on socio-economic activities  

Climate change is core reason to foster extreme climate phenomenon such as typhoon, 
extreme rainfall, flood, drought, whirlwind, storm surge and other natural disasters both in 
quantity and intensity that cause seriously damages to lives and property impacting directly to 
socio-economic activities 

According to assessment of IPCC, Vietnam is one of the countries in the world is 
suffered severely from climate change. Based on data in 10 current years, estimated loss 
annually was of 1.5% GDP and 1,000 dead persons. 
      Climate change impact on water resources 

As statistics, water quantity per capita of Viet Nam is of 4400m3/person/year equally to 
830 billion m3 totally, but 70% generated outside the Viet Nam boundary that is a lowest 
group over the world (world averagely value is 7400m3/person/year), while exploitation, 
development and use of water is more unstable. In 13 main river catchment having area 
equally/greater than 10.000 km2, there are 10 inter country river catchment that is very 
difficult in development, use and management of water resources. Uneven distribution of both 
surface and ground water in space and time is one of main reason to cause unbalancing in 
water uses (it is abundant in flood season, but very shortage during dry season). 

The simulation of flow in 6 study catchment is summarized as following: 
Annual flow: For the climate change scenarios A2 and B2, flows in the Red, Thai Binh, 

Ca, Ba, and Thu Bon river basins tended to increase by less than 2% in 2040-2059 and up to 
2% to 5% in the period 2080-2099, with the greatest increase in flow up to 5.8%. The average 
flow of the Mekong River into the Mekong River Delta in the of period 2010-2050 increases 
about 4-6% over 1985-2000 period. In contrast, the flows of the La tributary of Ca river and 
the Dong Nai river system trended downward, reducing by 3%. Flow decrease in the Dong Nai 
river system is from 3% to 6% in the middle 21st century and 5% to 7.5% in the late 21st century.  

Flood flow: most of the flows of the Red, Thai Binh, Ca, Ba and Thu Bon Rivers tend to 
increase compared with present, but to varying degrees, generally from 2% to 4% in the 
period 2040-2059 and from 4% to 10% in the period 2080-2099. Particularly in the Thu Bon 
River and Ngan Sau River, flood flow changes less than 2% in the period 2040-2059 and less 
than 3% in the period 2080-2099. Meanwhile, the flow in flood season of the Dong Nai river 
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system falls by 2.5% to 6% and by 4% to 8% in the periods mentioned above. For the 
Mekong River, compared with the period 1985-2000, the average flood flow at Kratie station 
of period 2010-2050 increases only about 5% to 7%. Apart from the Dong Nai River basin, 
the peak flow and total volume of the big floods increased in almost all basins. Flood peak 
values increase from 6% to 27% over 1980-1999 period. In the basins with high rainfall in the 
rainy season such as Ba River, the branches of the Da river system, flood peaks rise up to 
more than 15%. The peak flow of the Dong Nai River basin decreases slightly, less than 1.5% 
by the end of the 21st century. 

Dry season flows: Climate change can lead into decreasing dry season flow. Comparing 
with baseline period, dry season flow decreases by 2% to 9% in the period 2040-2059 and by 
4% to 12% in the period 2080-2099. However, compared to the period 1985-2000, average 
dry season flow of period 2010-2050 of the Mekong River in Tan Chau has an increasing 
tendency of about 10%, while the smallest monthly flow decreases by 5% in scenarios B2 and 
increases by 3% in scenarios A2. 

Climate change impacts are observed to be greatest in the Mekong River Delta and the 
Red - Thai Binh River Delta. In the Cuu Long River Delta, the sulfurous area (salinity > 
0.10/00) accounted for over 25,000 ha in 2050. With increased flooding projected in the mid 
21st century, the inundated area of the Cuu Long River Delta increases to over 3,500,000 km2, 
accounting for nearly 90% of its area.  

In the Dong Nai River Basin, the flow decreased significantly with the impact of sea level 
rise. By the end of the 21st century, 300,000 ha downstream flooding due to upstream floods 
and saltwater encroachment will average more than 15 km. These significantly affect socio-
economic development, especially in Ho Chi Minh City. 

In the Red - Thai Binh River Delta, saltwater intrusion into the land ranges from 3 km to 
9 km by 2100. Upstream floods are bigger. The flood peak of 1% (Qmax1%) increases from 8% 
to 10% in 2050 and possibly up to 11% to 25% by 2100. This greatly affects the safety of all 
upstream reservoir systems and nearly 2700 km dyke systems protecting the whole delta. 

The Thu Bon and Ba rivers are under strong pressure from water exploitation and dense 
hydroelectric power systems. Under the impact of climate change, conflicts between water 
users would be stronger. At the same time, greater flooding leads to marked increase in 
flooded area of about 4% in 2050 and up to 9% in 2100. In the dry season, water shortage in 
downstream occurs more frequently. Salinity intrusion is threatening downstream plains with 
saltwater encroachment about 4 km from sea in the Ba river catchment and possibly up to 
10 km in some branches of the Thu Bon River in 2100. 

The Ca River is affected less but the basin here has the highest temperature increase. 
Annual flow in La branch is reduced, especially in the dry season, by 10% by 2100. Flood 
peak increases by 4% to15% in the end of century, which affects the dyke system protecting 
the downstream delta. In the main flow, salinity intrusion is 4 km to 5 km further inland. 

Water quality is degradated as huge amount of polluted materials and waste water from 
socio-economic activities are released to water environment that cause lowering dramatically 
usable water quantity. In other hand, for economic development, clean water requirement is 
increased significantly every year. Under the effect of climate change, the distribution of 
rainfall and runoff regimes is more unstable, natural disasters such as typhoon, flash flood, 
drought, whirlwind, storm surge, forest fire etc. are also occurred more frequently and 
stronger intensity that cause more seriously of water lacking situation. 

Climate change impact on agriculture  
Viet Nam is considered as agricultural country because of 75% population of famers and 

70% lands is rural areas. Agricultural activities are still in small scales, traditional technology 
mainly and subjected strongly to natural conditions. So agricultural productivity and total 
output depends very much in climate conditions. 
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As mentioned above, with climate change effects, sea water level will be increased 
gradually; flood and typhoon will be increased both in frequency and intensity in rainy season, 
consequently large area of agricultural land along the coastal and flood plain of Red and 
Mekong deltas is submerged. While the drought situation will become more serious in dry 
season as decreasing rainfall and increasing evapotranspiration. At the same time, saline water 
will be intruded deeply to the river and coastal land becomes salty both on surface and in 
subsurface. Under these phenomena, agricultural land is narrowed significantly if no 
application of adapted solutions.    

With global warming situation, area to plant tropical crops is enlarged, but it is narrowed 
with sub-tropical species. By 2070, subtropical plants can survive only at the latitude more 
than 200m above MSL and 200 km further far the north in comparison with present situation. 

With climate anomaly such as changing temperature, evapotranspiration and natural 
disasters, Vietnam agriculture is affected severely by changing of biological characteristics of 
plants and increasing diseases of plants and animals and finally to reduce significantly 
productivity and total agricultural yield.   

Table 2 Impact of climate to areas and sectors 
Impacted 
parameter 

Sensitive/vulnerable areas Vulnerable sector/fields 

Increasing 
temperature 

Northern mountainous areas, 
Red river delta and north 
central provinces   

- Agriculture (cultivation, breeding, aquaculture 
and fisheries)     
- Natural ecosystems, biodiversity  
- Energy (producing and consuming) 
- Public health 

Sea level rise 
and saline 
water 
intrusion  

Coastal provinces (Alluvial and 
low-lying lands along the coast 
of Viet Nam.  

- Agriculture (cultivation, breeding, aquaculture 
and fisheries) 
- Marine and coastal ecosystems  
- Water resources (surface and subsurface water)  
- Energy 
- Residential areas 
- Infrastructures and industry  
- Public health 

Flood, 
inundation 
and land slide  

- Coastal provinces (Alluvial 
and low-lying lands including 
Red, MeKong deltas and 
central coastal provinces; 
- Mountainous areas in the 
North, Northern centre and 
highland of Tay Nguyen   

- Agriculture (cultivation, breeding, aquaculture 
and fisheries) 
- Water resources for industry and living 
conditions   
- Infrastructures and industry 
- Residential areas 
- Transportation 
- Public health 

Typhoons and 
tropical low 
pressure  

Coastal provinces (Alluvial and 
low-lying lands including Red, 
MeKong deltas and central 
coastal provinces and islands 
 

- Agriculture (cultivation, breeding, aquaculture 
and fisheries) 
- Activities on sea and coastal areas 
- Infrastructures and industry 
- Residential areas     
- Energy (petroleum)  
- Transportation 
- Public health 

Drought 

-Central coastal areas, specially 
in southern central provinces  
- Northern mountains and Red 
river delta.  
- Mekong delta 
- Highland of Tay Nguyen 

- Agriculture (cultivation, breeding) 
- Hydropower 
- Navigation 
- Water resources 

Sources: Monre, 2008 

[70]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

 The cold duration of 33 days occurred in 2008 was one of example on climate anomaly 
due to climate change and damages caused by this event. Based on statistical data, above 
33,000 cattle, 34,000 hectares of spring paddy rice in the north and central provinces were 
dead. All most creatures that live naturally affected heavily.   

Climate change impact on land resources  
In term of available land, Vietnam as ranking of 159 and it is only one by six (16,67%) of 

world averagely area (according to natural protection and Environmental Association of 
Vietnam). In current years, cultivated land continues to be narrowed for urbanization, 
industrializations and also deforestation and uncontrolled exploitation of mountainous land 
cause to land sliding, erosion under the increase of natural disasters such as typhoons, flood 
heavy rain and cultivated land reduced dramatically. In the flood plain and coastal areas, 
when sea level rise, about 15% of fertilized lands is submerged and cultivated as well as 
residential lands are continued to narrow. Under the impact of climate change with heavier 
drought in dry season, the available lands are deserted gradually, especially in the central 
coastal provinces.   

Climate change impact on biodiversity  
Viet Nam is considered as wealthy biodiversity (ranking 16 in the world list, WCMC, 

1992) with very wide ecosystems. However, in current years, due to different reasons, 
biodiversity, especially for forest system with highest ranking in Viet Nam is seriously 
deteriorated. Forest area is reduced from 43% in 1943 down to 28.2% in 1995 and although it 
is being restored from 1995 by government program, but original area is still low (only 8% in 
comparison of 50% previously). Mangrove forest area is disappeared about 80% and land is 
being transferred for aquaculture. Also when sea level rise, mangrove area will be narrowed 
significantly and infrastructures on the coastal strip will be threatened severely.            

Increased temperature will lead the change of habitat structures and their distribution. It 
means that tropical plant species will be reduced along the coastal strips and trends to move to 
the high latitudes of non aquatic ecosystem. The temperate plant species with very high bio-
productivity trends to go down and resulting food chains will be changed dramatically. 

With increasing temperature accompanied with abundant day light, photosynthesis 
process is promoted, but biomass can be reduced due to air humidity is gone down. At the 
same time when increasing temperature, forest firing may be strongly potential. It causes 
strongly damages to creature resources and increasing emission of greenhouse gases.                  

Based on new published report, up to 2050, there are 15 to 37% of species can be 
perished in the highest areas of biodiversity (including Viet Nam). One believed that very 
high potential extinction can be expanded vastly under the impact of climate change.    

Climate change impact to infrastructures  
It is understood that infrastructures are all structures belonging to socio-economic 

activities such as construction, transportation, energy, industry, agriculture, tourism and 
services etc. These kinds are subjected permanently to climate condition with long times. The 
impact of climate change to infrastructures in considered in term of constructive master plans 
and structural design.  

The constructive master plans are included urban, rural development, industrial parks, 
transportation and hydraulic networks and health care, education, tourism and service systems. 
In principle the infrastructures are designed with certain constraints both in space and time, 
but under the impact of climate change, these constraints are changed, so the system could not 
work perfectly as design.  

The structural design is carried out with many parameters, but meteorological loads such 
as wind force, temperature, typhoons are paid much attention. Under the impact of climate 
change these loads change dramatically, so they could not work as original functions 
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As reported by Academic Institute for Hydro-Meteorology and Environment, Viet Nam,  
if sea level rise of 1m (in 2100), 14% of lands in coastal area equally 20% of villages is 
inundated permanently; 60% provinces (39/64) and 75% (6/8) economic zones are mostly 
affected. About 90% road network in Mekong delta and 105 in coastal provinces is 
submerged totally. The coastal dike system will be seriously subjected to climate change. 
Industrial parks and factories constructed now in HCM city and Mekong provinces will be 
affected by inundation (500 enterprises; 35 industrial parks). 

 
4. Conclusions  

Viet Nam is one of the top 10 disaster-prone countries in the region, and climate change 
is likely to increase its vulnerability to more disasters because of projected increase in the 
frequency, magnitude and intensity of the extreme events, such as tropical cyclones and their 
changing landfall patterns, high rainfalls, floods, droughts, landslides, water stress and heat 
waves, as well as sea-level rise caused by global warming. These would have significant 
implications for social and economic development, and hence poverty reduction, in Viet Nam. 

Climate change adaptation and disaster risk management both need to address processes 
that define environmental and socio-economic vulnerabilities.  Thus, it is essential to bring 
the synergies between these two elements, so as to initiate proper responses in a holistic and 
integrated manner. Institutionally, this calls for a coordinated, inter-institutional response that 
bridges agencies responsible for climate change and disaster risk management activities, 
including overall policy response, planning and appropriate actions in various socio-economic 
sectors. 
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The use of artificial intelligence (AI) and statistical methods for prediction based on data series have 
been widely used recently. In this paper both methods are implemented and compared in term of 
forecasting accuracy. The accuracy are measured in root mean square error (RMSE) and percentage of 
successful rainfall clustered to actual data. A hybrid AI i.e. Support Vector Machine and Fuzzy are 
combined for qualitative rainfall forecasting. A recommendation for sampling time and parameter used 
are also reviewed for better future forecast.     
 
Keywords: Data Series, Rainfall, Precipitation, Forecasting 

 
1. Introduction  
 Since time immemorial, experts have linked the rain events with other meteorological 
parameters. Factors such as temperature, humidity, air pressure, wind speed and solar 
radiation have been connected as precursor of rainfall rate. Many researches have conducted 
to elucidate relationships among those factors. For developing country like Indonesia, 
rainfalls forecasting using empirical data series are still used nowadays.  
 The development in methods in statistical analysis and massive used of artificial 
intelligence (AI) for expert system has significantly contributed in continuity of forecasting 
based on empirical data series. Many researches worldwide have shown that AI and statistic 
do have extended capability in forecasting long and even short term of rainfall rate. A 
multivariate ANFIS approach has conducted in Indonesia (Aldrian, et.al, 2008). A Fuzzy 
model for rain prediction was modelled for China (Hong Xia, et.al, 2008). Even the 
conventional method of neural network has been surprisingly gives better result (Gan et.al, 
2011). Several researches also revealed the significance of other meteorological and climate 
factors in forecasting precipitation. Kumar in 2004 has shown that land surface temperature 
has more correlation to future rainfall compare to land surface temperature ENSO oscillation 
has also contributed to weather cycle in Indonesia (Giannini et.al, 2007).  
 In this paper, the authors focusing in improving existing methods used in Indonesia by 
Meteorology and Climatology and Geophysics Berau (BMKG) under expert system software 
so called HyBMG [Sonjaya et.al, 2009]. There are four algorithm used in HyBMG i.e. ANFIS, 
Wavelet, TISEAN and Auto-Regressive Integrated Moving Average (ARIMA). The 
percentage accuracy for each method is considerably still low. ARIMA shows best 
performance with percentage 79%.  
 The areas development are on the algorithms used in forecasting and also in viewing the 
impact of other meteorology factors recorded by weather instruments for decades. In this 
research, predictions based on qualitative approach are also introduced. Ten years of daily 
meteorological data from 2001-2010 are collected from BMKG Indonesia. Sub-Region A - 
Makassar City is chosen as research focus based on its strategic location i.e. centre of 
Indonesia and close to equator.       
 This paper comprises of 5 parts i.e. Introduction; a new qualitative approach for 
precipitation forecasting; extensive comparison of powerful algorithms used for prediction 
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based on data series; recommendation of sampling time and parameter used in forecasting; 
and conclusions.. 
 
2. Support Vector Machine-Fuzzy Scheme 
 The proposed system combines the SVM and Fuzzy methods to achieve high accuracy of 
the rainfall prediction. Correlation for each parameter to rainfall is calculated. From five 
parameters recorded only three have significant correlation value. The input parameters 
chosen are humidity (H), wind velocity (W), temperature (T), and rainfall (R). The concept of 
the SVM-Fuzzy and its flowchart are shown in Figure 1 and Figure 2, respectively.  
 In SVM, eight years data (2001-2008) prepared as training data aiming on 2009 
observation data. Re-training conducted over 2001-2009 periods for predicting            
the humidity, wind and temperature in 2010. The input data are used in kernel Radial Basis 
Function (RBF) to determine the support vectors. The position of support vectors is needed to 
figure out the weight vector (w) and bias (b) as prediction parameters. 
 
 
 
 
 
 
 
 
 
 

Fig. 1 The concept of SVM-Fuzzy 
 
 In fuzzy, there are three input variables, one output and 36 rules. Humidity and 
temperature have three membership functions, i.e. low, medium and high. While wind speed 
has four membership functions, i.e. calm, moderate, strong, very strong. The rainfall 
prediction as an output of the fuzzy system is classified into sunny, very light rain, light rain, 
moderate, heavy rain, and very heavy rain. The BMKG rainfall classifications are shown in 
Table 1.  
 

 
Table 1 Rainfall Classifications (BMKG) 

 

Rain type 
Rainfall (mm) 

1 hour 24 hours 

Very light (Clear Sky) < 1 < 5 

Light 1 s/d 5 5 s/d 20 

Moderate 5 s/d 20 20 s/d 50 

Heavy 10 s/d 20 50 s/d 100 

Very heavy > 20 > 100 
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Fig. 2 Flowchart of SVM-Fuzzy method  

 
 
3. Prediction of 3 meteorological input parameters 
  The prediction results of humidity, temperature, and wind speed of the SVM method in 
November 2009 are shown in Figure 3. to Figure 5, respectively. The selection of November 
as sample since it’s the starting peak of rainy season.  
 

 
 

Fig. 3 Prediction Result of Humidity 
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Fig. 4 Prediction Result of Temperature 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5 Prediction Result of Wind Gauge 

 
 

 From Figure 3-5, a quantitative meteorological daily prediction is generated by SVM to 
be fed into Fuzzy. It can be seen that prediction is quite accurate and also following the trend 
of actual data. The forecast parameters are then inputted into Fuzzy for clustered. The result 
shown in Table.2. 
 
3. Comparison of Various Algorithms 
 There are two main approaches in forecasting, quantitative and qualitative measure. In 
this paper, four quantitative approach are selected, i.e. hybrid Genetic Algorithm-Neural 
Network (GA-NN), Wavelet-Neural Network (W-NN), ARIMA and Adaptive Splines 
Threshold Autoregression (ASTAR). The performance of each algorithm is compared as linear 
validation curve and also from RMSE value.   
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Table 2 Clustered SVM-Fuzzy 2009 
.  

Month Data 

Number of Events 
Prediction 

Accurat

ion 

(%) 

C
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ar
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y Rain 
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ig
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od

er
a

te
 

H
ea

vy
 

V
er

y 

H
ea

vy
 

True 

(day) 

Fail 

(day) 

Jan 
Act 9 3 12 7 0 

17 14 
 Pred. 10 11 9 1 0 

Feb 
Act 10 7 6 3 2 

21 7 
 Pred. 9 11 6 2 0 

Mar 
Act 25 4 2 0 0 

24 7  
Pred. 22 9 0 0 0 

April 
Act 22 5 3 0 0 

25 5  
Pred. 23 7 0 0 0 

May 
Act 23 5 3 0 0 

24 7  
Pred. 27 4 0 0 0 

June 
Act 29 0 1 0 0 

29 1  
Pred. 30 0 0 0 0 

July 
Act 29 2 0 0 0 

25 6  
Pred. 26 5 0 0 0 

August 
Act 31 0 0 0 0 

31 0  
Pred. 31 0 0 0 0 

Sept 
Act 27 1 2 0 0 

27 3  
Pred. 30 0 0 0 0 

Oct 
Act 29 1 1 0 0 

29 2  
Pred. 29 2 0 0 0 

Nov 
Act 26 2 1 1 0 

24 6  
Pred. 29 1 0 0 0 

Des 
Act 18 7 2 4 0 

15 16  
Pred. 14 14 3 0 0 

Result 291 74 80 
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Fig. 6 Linear Validation Curve 
 
 Result shows from Figure 6, that ASTAR outperform other algorithms with a tight 
linearity to actual data. This is due to the fact that ASTAR is best in dealing non-stationary 
data like the rain gauge. Moreover, for conformity, the RMSE value for each algorithm can be 
seen in Table 3. 
 

Table 3 Comparison of RMSE Value 
 
 
 
 
 
 
 
 
 
 
 
 It can be seen that ASTAR has lowest RMSE value compare to others. It seems that 
GA-NN has a close performance to ASTAR. A deeper review of Artificial Intelligence and 
Numerical Statistic Approach were discussed more in Indrabayu, et.al  
For Qualitative approach, three algorithms are used for comparison i.e. NN-Fuzzy, ANFIS and 
SVM-Fuzzy. Unlike the previous approach, the performance of algorithms are measured on 
how well the system can clustered the forecast rainfall event to actual data. 
  
 
 
 
 

Methods RSME 

Genetic Algorithm – Neural Network 0,0921 

Wavelet Neural Network 0,3219 

ASTAR 0,0243 

ARIMA 0,2392 

[78]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

 
 

Fig. 7 Linear Validation Curve (Qualitative) 
 

SVM-Fuzzy has a better outfit to actual data in term of linearity. ANFIS shows the worst 
result compare to others.  
. 
4. Sampling Time of Data 
 BMKG has what so called “taman alat” which is a collection of weather monitoring 
instruments for each meteorological parameter. A Staff is assigned for each taman alat that 
spread out on several spot in the city. Daily data are recorded from averaging three times 
outlook of monitoring result. 
 From correlation check of parameter against rainfall event, only 3 parameters i.e. land 
surface temperature, humidity and wind speed showed better correlation property. Suspected 
variables like solar radiation and air pressure surprisingly have a very insignificant correlation 
to next day rainfall (less than 0.2). We believe that a smaller time sampling would give a better 
correlation and for sure would lead to better forecasting. 
  

 
 

Fig. 8 Overlay between Temperature and Rainfall 
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 A new radar was installed on Civil Engineering UNHAS by LAPAN (National Space and 
Flight Agency) in the late 2012. The radar is automated weather service monitoring which 
required no conventional recorded from operator. The sampling resolution has been set to 15 
minutes resolution. The result shows in Figures 8 and 9. 
 By overlaying both parameters, it can be found that temperature indicators show a high 
fluctuation around 4-6 hours before rainfall event occurs. If smaller resolution time (2-3 hours) 
are used instead of averaging 1 day sampling time would give a better result in prediction. 
This is also true for wind speed and humidity. Figure 9 shows the relationship of parameters. 
 

               
 
 

Fig. 9 Overlay Wind speed, Humidity, and Rainfall 
 
 Wind Gauge is represented by red lines and humidity is shown as light blue line. Wind 
Speed becomes a good indictor around 1-5 hours before rainfall event. A significant humidity 
declining is falling from 6 hours to the rainfall event. Again, the future research is so 
promising to gain a better accuracy with these new sampling time resolution.   
 
 
5. Conclusion 
 Several powerful methods of data series predictor have been implemented in this research, 
both from AI and Statistical calculation. It seems ASTAR has shown better performance 
followed by hybrid AI (GA-NN) for quantitative based prediction. As qualitative based point 
of view, SVM-Fuzzy gives higher percentage of accuracy compare to NN-Fuzzy and ANFIS. 
A smaller resolution sampling time should be implemented for all weather service to have a 
closer relationship among parameters. Future research will have not only smaller sampling 
time but also more suspected parameters that potentially linked to rainfall event. 
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We analyze the historical behavior of rainfall associated with the Southwest Monsoon (SWM) season in 
the Philippines.  In particular, we focus on regions in the country that have a climate type that is 
strongly influenced by SWM, i.e. climate type 1 according to the modified coronas classification. This 
climate type has a pronounced wet season with maximum rain occurring from June to September, which 
is the period of the SWM. Results show that rainfall during the SWM season over climate type 1 regions 
in the Philippines has, in general, a statistically significant decreasing trend from 1961 to 2010. Further, 
results indicate that the number of days without rain are decreasing and the number of heavy rainfall 
days are decreasing. An analysis on the potential influence of Tropical Cyclones on the rainfall trend 
show that the declining trend is mostly associated with the season when there is no strong influence of 
Tropical Cyclones in the region. Further, the decreasing trend may be a result of warming sea surface 
temperatures in the West Philippine Sea, which results in the weakening of the SWM winds that 
influence rainfall in the Philippines. This research shows the historical climatic impacts and potential 
effects of a globally warmer world with warmer SSTs on rainfall associated with the SWM in the 
Philippines.  
 
Keywords: southwest monsoon season, winds, rainfall, tropical cyclones, sea surface temperature 

 
1. Introduction  
 The Southwest Monsoon (SWM) that affect the Philippines is the seasonal wind flow 
established from the interactions of weakening high pressure centers in the higher terrains of 
the Indian subcontinent and the emerging low pressure regions near China. This weather 
system is locally known as the Habagat and signals the start of the rainy season in areas of the 
Philippines that are of climate type 1, according to the Modified Coronas Classification 
(Kintanar, 1984; Coronas, 1920). These locations are in the north and mid western regions of 
the country and have pronounced wet and dry seasons, with most of the rainfall occurring 
during the months of the SWM in June to September. There has been no clear or established 
onset of the Southwest Monsoon, but it can start as early as May with heavy rains occurring in 
the months of July to September, peaking especially in August, and ending by October (Flores 
and Balagot, 1969; Jung, 1992). During this period, tropical cyclones that affect the 
Philippines are also most active and hence may interact with the SWM, potentially affecting 
rainfall intensity. A study by Cayanan et al. (2011) has shown that tropical cyclones can 
enhance the southwesterly winds, which leads to heavy rainfall due to the interaction between 
the strong southwest winds and the mountain range in the northern parts of the Philippines. 
Moreover, trends in sea surface temperatures (SST) may also affect wind characteristics. 
There have been many studies on the effect of SSTs on tropical cyclones, but in general, there 
is a lack of material on the actual influence of SST on monsoon systems, especially in the 
Philippines. In this research, we investigate the climatological trends in rainfall associated 
with the SWM in the Philippines and analyze these trends relative to the potential role and 
influence of tropical cyclones and warming SSTs in the West Philippine Sea on these 
historical trends. 
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2. Data and Methodology 
 Monthly rainfall data from 1961 to 2010 is obtained from nine PAGASA stations with 
climate type 1 (Ambulong, Baguio, Coron, Dagupan, Iba, Iloilo, Laoag, Science Garden and 
Vigan). These stations are located over the western region of the Philippines, which receives 
high rainfall during the SWM period (see Figure 1). Rainfall data from the high resolution 
(0.25°× 0.25°) gridded dataset from the Asian Precipitation—Highly- Resolved Observational 
Data Integration Towards Evaluation of the Water Resources (APHRODITE) project are also 
used in the analysis (Yatagai et al,, 2009).  
 

 
Fig.1 Percentage (%) of rainfall during the SWM season from June-September relative 
to the average annual total rainfall from 1961-1990, based on APHRODITE data.  The 
dots indicate the locations of the observation stations used in this study. (Figure taken 
from Cruz et al., 2013). 
 
 For the analysis on the potential role and influence of tropical cyclones, TC tracks are 
obtained from the TC best track from the Joint Typhoon Warning Center (JTWC). In this 
study, tropical depressions are not included, and we focus instead on the TC range from 
Tropical Storm (TS) (maximum sustained wind of 63 to 118 kph), to Typhoon Category 5 
(maximum winds above 250 kph based on the Saffir–Simpson scale). Data is filtered to select 
days with an associated TC for each station, where the radius of influence is defined to be 600 
km in this study.  
 On the potential influence of SSTs in the West Philippines Sea, the spatial analysis was 
done over the domain defined by defined by 6°S-22°N 95°E-129°E. The SST data analyzed is 
the National Oceanic and Atmospheric Administration High Resolution Blended Analysis of 
Daily SSTs (NOAA-OISSTv2) resolved to 0.25°grids (Reynolds et al., 2007), covering the 
months of June, July and August from 1982 to 2012. Wind speed and the accumulated rainfall 
were computed from zonal and meridional wind fields and the average daily precipitation rate, 
respectively, from the NCEP-DOE Reanalysis (NNRP2) data resolved to 2.5° grids (Kalnay et 
al., 1996). SST, wind speed and accumulated rainfall, were divided into 3 decades: 1983-1992, 
1993-2002, and 2003-2012. The average of the variables over the domain of interest was 
computed for the months of June, July and August per year and decadal averages were also 
obtained. 
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3. Results and Discussion 
 Results on the analysis of historical climatological trends of rainfall associated with SWM 
show that there is, in general, a decreasing trend in precipitation from 1961-2000 (Figure 2). 
Further investigation on the trends for each of the meteorological stations show that the 
decreasing trend is statistically significant at the 95% confidence level in 6 of the 9 stations 
used in this study (Cruz et al., 2013). Our results also show (in Cruz et al., 2013), that the 
number of no rain days are increasing in most stations and that the number of heavy rain days 
(rainfall > 95th percentile) is also decreasing. 
 

 
Fig. 2 There is a decreasing trend in annual accumulated rainfall averaged across the 
meteorological stations with climate type I used in this study from 1960-2010, as 
indicated by the dashed line. Error bars denote the deviation of values across stations.  
(Figure taken from Cruz et al., 2013) 
 
 We next investigate the potential influence of TCs on this decreasing rainfall trend during 
the SWM season by separating the days and events that are possibly affected by a tropical 
cyclone within a 600 km radius. Figure 3a shows that there is an increasing rainfall trend for 
days during the SWM that are influenced by TC. However, for the rest of the SWM season, 
i.e., days without the presence of TCs in the region, there is a clear sharp declining trend in 
rainfall, as shown in Figure 3b. Hence, it appears that the general trend in rainfall observed 
during the SWM season is mainly due to the steep reduction in rainfall for the days that are not 
influenced by tropical cyclones. 
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Fig. 3 Precipitation trends during the SWM season, with and and without the influence 
of tropical cyclones (within a 600km radius). There is (a) an increasing trend in rainfall 
from 1961-2010 during the days of the SWM where a tropical cyclone is within the 
radius of influence but there is (b) a steep declining rainfall trend for days when there is 
no TC located within the radius of influence during the SWM. 
 
 The declining trend in rainfall, especially when there is no TC influence, during the SWM 
season may be due to changes in the sea surface temperatures in the West Philippine Sea.  
We analysed SST data from 1982-2012 and there has been an increasing trend in SST for the 
months of June, July, and August (Peralta and Narisma, 2013). There is also a corresponding 
weakening in the southwesterly winds, especially during June and August, which can be 
correlated to the reduction in rainfall in the western regions of the Philippines (see Figure 4). 
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Fig. 4 There is a weakening in wind magnitude during the months of June and August 
that corresponds to a strong reduction in rainfall in the western portions of the 
Philippines.  (Figure taken from Peralta and Narisma, 2013) 
 In general, the accumulated rainfall for each of the months is generally lower in the last 
decade than in the 1980s. Drier conditions are seen in June more than in any other month for 
the whole Philippines, with a prominent decrease of approximately 2000 mm over the central 
West Philippine Sea. There is also a decrease in rainfall in August for the Philippines and 
central West Philippine Sea by about 1500 mm. We note that the drier trends occur at latitudes 
directly above the region where winds appear to have weakened. Below these regions, there is 
an increase in rainfall for all three months over the Sulawesi Island of Indonesia and the 
surrounding area. 
 
3. Summary 
 We analyse the historical climatological trend in rainfall associated with the southwest 
monsoon season in regions in the Philippines that are most affected by the southwesterly 
winds. Results show that there is, in general, a decreasing trend in precipitation, which is 
statistically significant in majority of the observation station data analysed in this study. This 
characteristic appears to be a manifestation of the steep decline in rainfall during the days of 
the SWM season that are not affected by a tropical cyclone within a radius of influence of 
600km. On SWM days that are affected by TCs, there is a slight increasing trend in the 
precipitation. Preliminary analysis of the influence of warming SSTs in the West Philippine 
Sea show that warmer SSTs correspond to the weakening of the southwesterly winds that 
affect the Philippines, which appears to be closely correlated with the decrease in rainfall in 
the western regions of the Philippines. This research shows the historical climatic impacts on 
rainfall associated with the SWM in the Philippines. It also highlights the potential effects of a 
globally warmer world with warmer SSTs on rainfall during the SWM season in the country. 
 
Acknowledgement 
 GT Narisma is grateful to the Rev. Francis J. Heyden, SJ, Professorial Chair in Physics 

[87]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

Award of the Ateneo de Manila University. 
 
References 
Cayanan, E.O., Chen, T.-C., Argete, J.C., Yen, M.-C., Nilo, P.D. (2011). The effect of 

tropical cyclones on southwest monsoon rainfall in the Philippines. J. Meteorol. Soc. 
Japan 89A, 123–139. 

Coronas, J. (1920). The Climate and Weather of the Philippines, 1908 to 1918. Bureau of 
Printing, Manila, 195 pp. 

Cruz, F. T., Narisma, T. G., Q. M. Narisma, Villafuerte II, K. U. Cheng Chua, Olaguera, M. L. 
(2013). A climatological analysis of the southwest monsoon rainfall in the Philippines, 
Atmos. Res., 122, 609-616, doi: 10.1016/j.atmosres.2012.06.010. 

Flores, J.F. and Balagot, V.F. (1969). Climate of the Philippines. World survey of climatology, 
vol. 8. Elsevier Scientific Publishing Company, Amsterdam, pp. 159–213. 

Jung, W. (1992). “Southwest Monsoon”. Forecasters Handbook for the Philippine Islands and 
Surrounding Waters. Naval Research Laboratory-Marine Meteorology Division. p 25. 

Kalnay et al. (1996): The  NCEP/NCAR 40-year reanalysis project, Bull. Amer. Meteor. Soc., 
77, 437-470. 

Kintanar, R.L. (1984). Climate of the Philippines, PAGASA report, 38 pp. 
Peralta, J.C. and Narisma, G.T. (2013). The Influence of WPS Surface Temperatures on 

Southwest Monsoon Rainfall in the Philippines, 31st Physics Congress of the Samahang 
Pisika ng Pilipinas, University of San Carlos, Cebu City, Philippines, 23- 25 October 2013 

Reynolds, R. et al. (2007). Daily High-Resolution-Blended Analyses for Sea Surface 
Temperature. J. Climate, 20, 5473-5496. 

Yatagai, A., Arakawa, O., Kamiguchi, K., Kawamoto, H., Nodzu, M.I., Hamada, A. (2009). A 
44-year daily gridded precipitation dataset for Asia based on a dense network of rain gauges. 
SOLA 5, 137–140. http://dx.doi.org/ 10.2151/sola.2009-035. 

 
 

[88]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

Integrated Land and Water Resources Planning and Management for 
Water Table and Salinity Control in an Irrigation System of South-West 

Punjab (India) 
 

Sudhindra N. Panda1 
 

1 Division of Climatology and Water Resources, Arid Land Research Center, Tottori University, Tottori, Japan 
E-mail: snp@iitkgp.ac.in 

 

Optimum land and water resources management under limited surface water, sodic groundwater, 
and moisture stress environment in semi-arid regions of Indian Punjab is imperative for sustainable 
irrigated agriculture. Therefore, integrated irrigation systems planning and management tools 
(seasonal and dated water production functions, soil and ground water balance models, and inter- 
and intra-seasonal irrigation allocation models) are developed and applied to maximize crop yield. 
Quadratic and square root types of seasonal water production functions between salinity and depth 
of irrigation V/S crop yield are developed and crop yield values are used in the objective function of 
inter-seasonal irrigation allocation model. The dated water production function gives the 
multiplicative relationship between relative yield and relative evapotranspiration deficit at each crop 
growth stages. The soil water balance model adopts a mass-balance approach in the root-zone to 
determine relative evapotranspiration and soil moisture at the end of each week under stochastic 
rainfall and time course of effective rooting depth development which follows a sine function. The 
groundwater balance model uses mass-balance approach to simulate water table depth and generates 
various irrigation system efficiencies and groundwater parameters for application in inter-seasonal 
irrigation allocation model. The inter-seasonal irrigation allocation model maximizes net annual 
return from crop yield (objective function) through mixing of optimum seasonal surface water and 
gypsum treated sodic groundwater in a proportion to achieve an optimal cropping pattern (decision 
variables) using linear programming algorithm under stochastic variables like rainfall, irrigation 
demand and supply. The intra-seasonal irrigation allocation model is solved by dynamic 
programming at two levels (crop growth stages and weeks) to optimally allocate the seasonally 
available mixed surface water and groundwater supply (output from inter-seasonal irrigation 
allocation model) to maximize yield. At the first level, dated water production function is used in the 
intra-seasonal irrigation allocation model for a stage-wise allocation of water and in the second, 
stage-wise allocated water is then reallocated on weekly basis to satisfy soil moisture deficits using 
soil water balance model. These models are applied to a canal command in south-west Punjab 
(India) to derive weekly irrigation programs for cotton (monsoon season) and wheat (winter season) 
under various levels of seasonally available mixed irritation supply and initial moisture content of 
the root zone. 
 
Keywords: canal irrigation system, land & water resources allocation, optimization, salinity & 
water table control, simulation, south-west Punjab (India), water balance, water production function  

 
1. Introduction 

Integrated land and water resources planning and management of irrigated agriculture 
in arid and semi-arid region of the world is receiving greater attention due to increasing 
resource scarcities (Singh and Panda, 2013; Singh 2012). Scarce surface water is supplied to 
the farmers of Indian Punjab on a fixed quantity on rotation based on land area but not 
according to the irrigation/leaching requirement of crops, which is the distributional and 
operational policy of the canal authority. The problem is more aggravated due to sodic soil 
underlain by sodic groundwater that declines the agricultural production system. To minimize 
the aforementioned adverse effects, one of the feasible management alternative is to use the 
treated sodic groundwater along with the surface water mixed in different proportions 
depending upon the sodium adsorption ratio (SAR) of the groundwater and the tolerance 
limits of the crop in sodic soils  to meet the additional water requirement of crops (Abrol and 
Bhumbla, 1979; Ayers and Westcot, 1985; Gupta and Sharma, 1990). Re-use of such 
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groundwater would not only permit the expansion of irrigated agriculture but would reduce 
the drainage effluent disposal problem, check groundwater rise and minimize associated 
environmental pollution problems. 

The wide variations in the availability of irrigation water supply (quantity and quality) 
and demand coupled with its random phenomena have reduced the agricultural production in 
semi-arid regions. Thus, there is a need to develop suitable strategies to allocate scarce 
surface water and sodic groundwater conjunctively for maximizing agricultural production 
(Panda et al., 1996). Irrigation decisions and their timing effects are essentially sequential and 
significant on crop yield. Moreover, a unit of water has different marginal costs and returns at 
different stages of crop development. Therefore, the problem of irrigation management is to 
be viewed as a multi-stage sequential decision process which is ideally suited to the technique 
of dynamic programming (DP), for obtaining optimal policies to maximize crop yield (Paul et 
al., 2000). The inter- or intra-seasonal irrigation allocation from a limited seasonal irrigation 
supply for a crop or crops are important aspects where soil-plant-atmospheric continuum and 
stochastic nature of rainfall plays a vital role in the decision making.  

In this paper, the simulation and optimization based mathematical models are 
developed to determine stage-wise and weekly irrigation allocations for cotton (monsoon 
season) and wheat (winter season) for maximizing yield under various levels of optimum 
seasonal mixed irrigation supply (treated sodic groundwater and canal water) and initial root-
zone soil moisture contents. The optimum seasonal mixed irrigation supply is determined by 
interseasonal allocation model in a stochastic regime under multicrop environment for 
maximizing net annual return. The stage-wise and weekly irrigation allocations are planned at 
the beginning of the crop season using stochastic rainfall and long-term averages of ET. 
These models are applied to a canal command in semi-arid regions of Indian Punjab as non-
structural management guidelines for the control of waterlogging, reclamation of sodic 
groundwater using gypsum bed and sodic soil. 

 
2. Case Study Area 

The study area consists of lands commanded by the Golewala distributary in the 
south-west Punjab (India). The physical parameters of this site are: cultivable area = 28,700 
ha; average annual evaporation = 1600 mm; minimum and maximum temperature = 3 and 
40 °C, respectively; infiltration rate = 12 to 30 cm/day; field capacity = 15 to 20%; permanent 
wilting point = 5 to 10%; water table depth = 0.56 to 2.60 m (pre-monsoon) and 0.1 to 2 m 
(post-monsoon); saturated hydraulic conductivity = 100 to 150 m/day; aquifer thickness = 10 
m; specific yield = 0.1 to 0.15; average annual rainfall = 440 mm. Two-third of the annual 
average rainfall occurs between July and September. The chemical composition of surface 
water, treated groundwater and soils of the study area are reported in Table 1. 

 
3. Model Development 

The land and water resources planning and management models are developed to 
maximize crop yield (Figure 1). The optimum seasonal allocation of mixed surface water and 
groundwater to cotton and wheat determined from the interseasonal irrigation allocation 
model is reallocated within the crop season at two levels to maximize yield by DP in an 
intraseasonal irrigation allocation model which is guided by dated water production function 
(DWPF) and soil water balance (SWB) model. To solve the first-level problem, a 
multiplicative form of the DWPF [Eq.3] is maximized by DP for a given level of seasonal 
optimum mixed irrigation supply to obtain optimal irrigation allocations at different growth 
stages of cotton and wheat. At the second-level, the water allocated to each growth stage is 
again re-allocated to meet water deficits in the standard weekly intervals of the stage and 
irrigation applications are made at the beginning of these weeks. This is done in a sequential  
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Fig. 1 Integrated irrigation system planning and management models 
 

order of the weeks, till the supply allocated to the stage at the first-level is exhausted. The 
basis for the second-level allocation is the available evidence from field experiments that the  
moisture stress in the earlier weeks of the growth stage leads to sub-optimal yields. These 
allocations also are subject to the SWB, crop production to water stress, irrigation system, 
and other physical constraints. 
 
3.1 Seasonal water production function 

The seasonal water production functions (SWPF) with respect to irrigation depths 
(cm) and its quality (EC, dS/m) were developed by using limited data approach (Kaushal et 
al., 1985). The square root and quadratic type of SWPF for rice, cotton, maize, pearl millet, 
wheat, barley, mustard (oil seed), and chickpea were developed. It was assumed that crop 
yields per ha are limited only by water quantity and quality and all other agricultural inputs 
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are non-limiting. The coefficients of the production functions are computed using the least-
square technique. Rice was best fit to square root function (Eq.1) whereas all the remaining 
crops were best fitted to quadratic type (Eq.2). Crop yield based on these functions have been 
incorporated in the objective function of the interseasonal irrigation allocation model. 
 
Y = b0 + b1W + b2S + b3W 0.5 + b4S 0.5 + b5 W 0.5 S 0.5        (1) 
Y = b0 + b1W + b2S + b3W 2 + b4S 2+ b5 W S        (2) 
 
where, b0, b1, ..., b5 are production function coefficients; W is the irrigation depth, cm; and S 
is the salinity of irrigation water, dS/m. 

 
Table 1 Chemical composition of canal water, groundwater and soils of study area 

Source 
EC 

dS/m 
pH 

CO3 
me/L 

HCo3

me/L
Ca+Mg
me/L 

Ca++

me/L
Na+ 

me/L
CI 

me/L 
RSC 
me/L 

SAR 
(me/L)1/2

Canal water 0.32 8.56 0.00 1.40 1.00 0.60 2. 17 0.60 0.40 3.06 

Groundwater 2.06 7.24 0.35 8.42 5.80 3. 10 14. 82 5.78 3.07 8.70 

Soil - I : Depths (cm) 

0 -30 0.34 9.45 0.00 2.25 1.25 1.13 4.13 4.00   

30 -60 0..38 9.3 0.00 2.50 1.00 1.00 8.26 4.00   

60 -90 0.73 9.14 0.00 3.00 1.00 0.75 16.08 4.25   

90 -120  9. 18 0.00 2.5. 1.25 1.25 21.21 4.75   

Soils -2: Depths (cm)         

0 -30 0.48 9.67 0.00 7.25 1. 88 0.75 8.48 3.38   

30 -60 0.67 9.94 1.00 6.50 3.75 1.00 13.04 3.75   

60 -90 0.76 10.0 2.00 8.00 2.75 1.25 13 .04 0.75   

90 -120 0.9 10.1 1.00 7.50 3.25 1.00 16.0 3.75   
Note: EC = electrical conductivity; RSC = residual sodium carbonate; SAR = sodium 
adsorption ratio 
 
3.2 Dated water production function 

The crop growing season is divided into N growth stages (i = 1,.., N) each of unequal 
days duration according to plant growth. Each growth stage is partitioned into number of 
standard weeks of the year. In such a division, it is possible that the first and the last weeks in 
each stage may be of less than seven days duration, while all the intermediate weeks will be 
of seven days coinciding with the standard weeks. The multiplicative form of the dated water 
production function (DWPF) (Rao et al.,1988) has been considered based on the individual 
growth stages sensitivity to soil moisture stress within stress sensitivity factor (Ki). DWPF is 
written as: 

                                  
                                                                                         (3)                         

 
where, ETa is the actual ET, mm; ETp is the potential ET, mm; ETa /ETp is the relative ET; Ki 
is the stress sensitivity factor in ith growth stage; Ya is the actual yield, 100 kg/ha; Yp is the 
potential yield, 100 kg/ha; and Ya /Yp is the relative yield. 
 
3.3 Soil water balance model 

The soil moisture in the effective root zone of the crop in the week under 
consideration is a dynamic value being determined at any instant of time by the water input 
and output components (Rao, 1987). The soil water balance model is based on a mass-

N

a p i a p i
i=1

Y /Y = [1-K (1- ET  / ET ) )]

[92]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

balance approach to determine relative ET and soil moisture at the end of each week which is 
used in the intraseasonal irrigation allocation model for weekly irrigation allocation to cotton 
and wheat. 

 
∆ W = I + E(R) – ETa – E(DP)                                                         (4) 
 
where, ∆W is the change in soil moisture storage, mm; I is the irrigation application, mm; DP 
is the deep percolation, mm; E( ) is the expectation operator; and R is the rainfall , mm. 

The percolated water will saturate the soil layer below to a certain depth depending 
upon the antecedent moisture content of that profile so that the additional soil moisture will 
be available to the crop when the root system advances to that layer in the subsequent weeks. 
The ETa is estimated using the procedure given by Doorenbos and Kassam (1979).  

 
3.4 Groundwater balance (GWB) model   

The GWB model uses the mass-balance approach to simulate the water table depth. 
  

ΔS = TGRt ± TGRd                      (5) 

where, TGRt is the total groundwater recharge, m3; TGRd is the total groundwater discharge, 
m3; and ΔS is the change in groundwater recharge, m3. 
 
3.4.1 Groundwater recharge 

The annual groundwater recharge is estimated by using the following equation where 
seepage from field drainage channels has been neglected. 

 
TGRr = GRr + GRc + GRcp + GRcnp + GRtp +GRtnp                       (6) 
 
where, GRr is the recharge from rainfall , m3 ; GRc is the recharge from canal seepage, m3 ; 
GRcp is the recharge from canal irrigated rice area, m3; GRcnp is the recharge from canal 
irrigated non-rice area, m3; GRtp is the recharge from tubewell irrigated rice area, m3; and 
GRtnp is the recharge from tubewell irrigated non- rice area, m3. 
 
3.4.2 Groundwater discharge 

The annual groundwater discharge is calculated by the following equation. 
 

TGRd = GRt + GRe                       (7) 

where, GDt is the groundwater draft by tubewells, m3; and GDe, is the evaporation from 
groundwater, m3, 

The components of Eq. (6) are estimated using the norms recommended by the 
Groundwater Estimation Committee (1984), which are based on field experiments. The total 
annual average groundwater recharge and discharge of the study area have been computed as 
113 and 107 Mm3, respectively. Based on groundwater simulation study, the water table was 
predicted which was in close agreement with the observed values. After the validation of 
groundwater simulation model, the various irrigation system efficiencies and other inflow 
und outflow parameters are determined as: conveyance efficiency = 96%, application 
efficiency = 59%, recharge from rainfall as percent of annual rainfall = 18%, annual average 
evaporation from groundwater = 18 Mm3, and permissible mining allowance = 3.6 Mm3. 
Further, these parameters are utilized in interseasonal irrigation allocation model. 
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3.5 Interseasonal irrigation allocation model 
The objective of the irrigation in the canal command is to maximize net annual return, 

considering gross crop returns, less the cost of crop production and operating cost of 
irrigation works in a stochastic regime. Irrigation water is applied to the crops at four levels, 
i.e at 25, 50, 75 and 100% of water required for attaining the maximum production. The 
decision variables of the model are optimum seasonal area allocation to crops (cropping 
pattern), surface water (SW) and groundwater (GW) applications for crop production. The 
stochastic variables are irrigation requirement of crops, surface water supply and rainfall. The 
interseasonal irrigation allocation model has been operated for seven probability of 
exceedance (PE) levels (10, 25, 40, 50, 60, 75, and 90%) and five levels of water mixing 
indices (WMI) (mixing treated sodic groundwater with surface water in different proportions) 
1(10% GW + 90% SW); 2 (20% GW + 80% SW); 3 (30% GW + 70% SW); 4 (40% GW + 
60% SW); and 5 (50% GW + 50% SW). The detail Linear Programming (LP) formulation 
can be found in Panda et al. (1996). 

 
3.6 Intraseasonal irrigation allocation model 

The intraseasonal irrigation allocation model is developed to maximize the expected 
yield of crop using dynamic programming (DP). The decision intervals are growth stages and 
standard weeks in a crop season. The state variables are optimum seasonal mixed irrigation 
supply and initial root-zone soil moisture. The decision variables are the irrigation application 
depths in growth stages and standard weeks in a crop season. 

To begin with, let only one growth stage remain and some quantity of mixed water, Q 
(mm), be still available for irrigation in this stage and some quantity of soil moisture, W 
(mm/cm), be held in the effective root-zone at the beginning of this stage. Let there be a set 
of MN decision weeks in this last growth stage (Nth). The quantity of water (Q) available for 
irrigation in this stage is to be distributed over the MN weeks using the soil water balance 
model. To obtain optimal allocations of water to growth stages, (Eqs. 8 and 9) is maximized 
by DP using the backward recursive equation. 

 

                                             (8)

                 

                                                                                                 (9) 

 where, Q is the mixed irrigation supply available for the remaining growth stages, mm; and 
Q0 is the optimum seasonal mixed irrigation supply. 

As first-level problem, Eqs. (8) and (9) are maximized to obtain optimal water 
allocations to each growth stages i for specified Qo and (Wo)i. The weekly irrigation 
allocation comprising each stage (Iij, i = 1, ... , N; j = 1 , ... , Mi) which represent the solution 
of the second-level problem are obtained sequentially from Ii. 

 
4. Estimation of Model Inputs 

4.1 Root growth 
A time course of effective rooting depth development (Zij) that follows a sine function 

[Eq. 10] irrespective of plant species, soil type, water regime or location developed by Borg 
and Grimes (1986) has been adopted for wheat and cotton. 

 

i 0 i+1 i,Mi

N N a p N

N 0

0 I Q; 0 Q Q ; W = W ; i=N-1, N-2,....,1

f (Q,W) = Max[1-K (1-ET /ET ) ]

0 I Q; 0 Q Q

   

   

i i a p i+1 i i+1f (Q,W) = Max [1 - K (1 - ET /ET )]f (Q-I ,W )
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            (10) 

where, DAS is the current day after sowing, day; DTM is the days to maturity, days; and 
MRD is the maximum rooting depth, cm. 

4.2 Probability of exceedance 
The probability density function of the Gamma distribution was fitted to the seasonal 

values of net irrigation requirement of crops, surface water release, and rainfall using data 
from 26, 25, and 29 years, respectively. Based on the scale (α) and shape (β) parameters 
(estimated by the maximum likelihood method) of Gamma distribution, the probability of 
exceedance (PE) of the aforementioned stochastic variables at 10, 25, 40, 50, 60, 75, and 90% 
are computed. The Gamma distribution was also fitted to the weekly rainfall data. The 
weekly rainfall values at 60% PE for the growing season of cotton and wheat are computed. 

 
4.3 Leaching fraction  

The leaching fraction (LF) of crops grown in sodic soils with the application of 
gypsum (Hira and Singh. 1980) are considered for the determination of seasonal net irrigation 
requirement of crops [Eq, 11], For the determination of LF, SARdw (Rhoades 1968) which is 
a substitute for the soil exchangeable sodium percentage (ESP), with a mineral weathering 
parameter, y = 0.7 is presented as follows: 

 
                        (11) 

                                                                                                                (12)  

  
where, adj.RNa is the adjusted SAR; Cax is the modified calcium value from table, me/L 
(Ayers and Westcot 1985); Mg is the magnesium in the irrigation water, me/L; Na is the 
sodium in the irrigation water, me/L; and SARdw is the SAR of the drainage water. 

The chemical composition of mixed irrigation water of different proportions, Cax, LF 
[Eq. 11], and adj. RNa [Eq. 12] at 10, 25, and 40 ESP of soil are presented in Table 2. The 
majority of the study area is having soil ESP within 40. The calculated LF under different 
water mixing index (WMI) is less than the actual leaching achieved by the farmers. Water is 
being lost by over leaching but LF less than 0.15 is not often achievable (Ayers and Westcot 
1985). Therefore, LF of minimum 0.15 is considered when it is less than 0.15 for all the WMI 
levels. It is clear from Table 2 that except maize and chick pea under WMI 4 and 5 (maize 
and chick pea are sensitive crops and tolerant up to 10 ESP), all the remaining crops at 
different WMI, LF are considered as 0.15. 

 
Table 2 Chemical composition of mixed water and leaching fraction of soil at various 

        water mixing indexes 
WMI ECw Ca++ Mg++ Na+ CO3 HCO3 RSC HCO3/Ca Cax adj RNa Leaching Fraction 

 dS/m me/L me/L me/L me/L me/L me/L me/L me/L me/L 10 ESP 25 ESP 40 ESP 

1 0.494 0.85 0.63 3.435 0.035  2.112 0.667 2.480 1.065 3.731 0.062 0.011  0.004 

2 0.668 1.10 0.86 4.700 0.070 2.824 0.934 2.567 1.068 4.787 0.098 0.098  0.007 

3 0.842 1.35 1.09 5.965 0.105 3.536 1.201 2.619 1.074 5.734 0.133 0.025  0.009 

4 1.016 1.60 1.32 7.230 0.140 4.248 1.468 2.655 1.084 6.594 0.169 0.033  0.023 

5 1.190 1.85 1.55 8.500 0.175 4.960 1.735 2.681 1.094 7.388 0.200 0.061  0.029 

 
4.4 Irrigation requirement of crops 

1/2
Na xadj.R = Na/[(Ca +Mg)/2]

ijZ = MRD (0.5+0.5 Sin(3.03 DAS/DTM - 1.47))

(1+2LF) 1/2
dw NaSAR = [y /(LF) ]adj.R
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A reference crop ET (ET0) is first calculated from the weather data with a modified 
Penman formula (Doorenbos and Pruitt, 1977), and then crop coefficient (Kc) curves for each 
crop are drawn (Doorenbos and Kassam, 1979) and used to obtain the potential crop ET (ETp 
= Kc. ET0). The total seasonal depth of net irrigation water requirement of crops that needs to 
be applied to meet both crop ET and leaching requirement can be estimated from Eq. (13) 
(Ayers and Westcot 1985). Seasonal gross irrigation requirement of crops at different PE 
levels has been computed by dividing its corresponding values of net irrigation requirement 
of crops [Eq. 13] by the irrigation system efficiency taken as 0.57 in this case study. 
 

                  (13) 

 

where, u = index for month; U = number of months in a season; and AW = net depth of 
irrigation water applied, mm/season. 

5. Model Application 

5.1 Interseasonal allocation 
This study considers eight crops in a year, out of which four crops are grown in monsoon 

season (rice, cotton, maize, and pearl millet), and remaining crops (wheat, barley, mustard, and 
chick pea) in winter season. Existing cropping pattern of the command area are; rice = 18,173 ha; 
cotton = 527 ha; maize = 260 ha; wheat = 22,422 ha; barley = 283 ha; mustard= 415 ha. One year 
is divided into 3 seasons i.e. monsoon season (1st May to 22nd October), winter season (23rd 
October to 31st March) and leaching season (1st April to 30th April). Leaching season is meant 
for flushing out sodium salt from 30 cm soil layer with the help of gypsum in a puddled rice field, 
followed by rice transplantation. During this period only surface water is applied to the field in 
addition to rainwater since groundwater is sodic in nature and can only be used after gypsum 
treatment. Number of crops, surface water, groundwater and reclaimed area activities in linear 
programming (LP) model are 32, 3, 2 and 1, respectively. 

The general form of matrix without and with maximum/minimum area constraints are of 
size (12x38) and (15x38), respectively. With the help of a standard LP package, initially the LP 
matrix (without maximum/minimum area constraints) was run on a personal computer.  
Depending upon the food habits of local inhabitants and policy of the Government, some 
additional constraints (maximum area constraint of 2, 4 and 4 per cent of total culturable 
command area for pearl millet, mustard and chick pea, respectively) were added to the previous 
matrix to make it more realistic. The model has been operated 35 times (5 WMI x 7 PE) to obtain 
the output. 

The maximum net annual return of the command area comes to 282.2 million Indian 
Rupees (Rs.) at (30% GW + 70% SW) and 10% PE which is 60.75% higher than the existing 
average return of the area. Optimal cropping pattern include 28,126 ha cotton using 45 cm of 
water, 574 ha pearl millet  using 7 cm of water, 24,642 ha wheat using 28 cm of water, 1,762 ha 
barley using 2 cm of water, 1,148 ha mustard using 27 cm of water and 1,148 ha chick pea using 
15 cm of water. Rice completely eliminated from the model result due to non-availability of good 
qua1ity water.  

Cropping intensity increased from the existing 160 to 200%. The net annual return, 
seasonal optimum surface water and groundwater release decreases with the increase of PE 
level in all the WMI. The net return increase from WMI 1 to 3 at 10% PE level and then 
declines whereas in all other PE levels net return increases with the increase of WMI (Figure 
2). This trend is only due to wheat crop which is comparatively tolerant to EC of mixed water 
up to 3 dS/m and occupies maximum area. 
 

U

p u
u=1

AW = (ET - R) /(1 - LF)
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Fig. 2 Net return (with area constraints) of the command area against water mixing 
index at different exceedance probabilities of water supply and demand 

 
5.2 Intraseasonal allocation 

The stage-wise and weekly optimum irrigation allocation depths, and relative yield 
[II(Ya/Yp)] for different levels of optimum seasonal mixed irrigation supply (Q0 = 250, 350, 
and 450 mm for cotton and 160,200, and 240 mm for wheat) and five levels of initial root-
zone soil moisture (W0 = 0.4, 0.6, 0.8, 1.0, and 1.2 mm/cm) at 60% PE of rainfall are 
determined for cotton and wheat. Knowing relative yield of crops for the entire season, the 
actual yield is determined by multiplying relative yield with its potential value, taken from 
crop experimental results. The stage-wise allocation shows that with the increase of Q0, the 
Ya/Yp of the crop also increases. Among the growth stages, highest consumption of water is 
in the second stage. Total water consumed by the crop varies depending upon Q0 and W0. 

The weekly irrigation allocation to cotton also indicates total relative yield (IIYa/Yp), 
available soil moisture at the end of the crop season (Wi), and actual total depth of water 
utilized by the crop in a season (∑Ii). For cotton, it shows that all the water has been allocated 
between 21st (4th week from sowing) and 40th week (one month prior to harvest) for each 
depths of irrigation supply. Similarly for wheat, the duration of water application is in 
between 47th (4th week from sowing) to 9th week (one month prior to harvest) of next year. 
Among all the relative yields for cotton, highest relative yield is 0.95, corresponding to initial 
soil moisture content of 1.2 mm/cm and 450 mm of seasonal irrigation supply. Similar 
analysis carried out for wheat revealed that the highest relative yield is 0.98 against seasonal 
irrigation supply of 240 mm and initial average soil moisture content of 1.0 mm/cm. 

 
6. Conclusions 

The simulation and optimization based mathematical models are valuable tools for 
integrated irrigation system planning and management guidelines under mixing of scarce 
surface water with sodic groundwater in the canal command of semi-arid region of Indian 
Punjab. These models can be applied to any levels of irrigation system and to all sources of 
water of different quality. Economic and hydrological factors used in these models are yield, 
price and cost of production of crops, unit water  costs, unit cost of reclaiming sodic 
groundwater and soil, the quality of the mixed water, net irrigation requirement of crops, 
leaching fraction, irrigation efficiencies, and crop parameters. 
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State agencies and farmers involved in actual agricultural production process are 
suggested to practice conjunctive use of surface water and gypsum treated sodic groundwater 
so as to restrict further rise in groundwater table without installing expensive drainage 
systems. However, the result of this study may be affected by the variation in groundwater 
pumping, size of the pumping plant, unit cost of water, market price of the crops, and cost of 
production. 

The irrigation allocation model for single crops on weekly intervals is more 
appropriate as it is based on initial soil moisture of various profiles, time course of rooting 
depth, and growth stages sensitivity to water deficits. The multi-stage and sequential nature 
of irrigation allocation, based on stage-wise optimal irrigation allocation and subsequent 
allocation at weekly intervals is probably a more realistic approach in a dynamic framework. 
This procedure of irrigation scheduling under single crop situations can generate sufficient 
information which can be used in determining irrigation scheduling of multicrops, grown in a 
season having competition for water. Hence, the problem of dimensionality and the 
computational effort is reduced significantly in a multi-crop environment. 

 
References 
Abrol, I. P. and Bhumbla, D. R. (1979). Crop response to different gypsum applications in a 

highly sodic soil and the tolerance of several crops to exchangeable sodium under 
field conditions. Soil Science, 127(2), 79-85. 

Ayers, R. S. and Westcot, D. W. (1985). Water Quality for Agriculture. FAO Irrigation and 
Drainage Paper 29, FAO, Rome, Italy. 174 p. 

Borg, H. and Grimes, D. W. (1986). Depth development of roots with time: An empirical 
description. Trans. ASAE, 29(1), 194-197. 

Doorenbos, J. and Kassam, A. H. (1979). Yield Response to Water. FAO Irrigation and 
Drainage Paper 33. FAO, Rome, Italy. 

Doorenbos, J. and Pruitt, W. O. (1977). Guidelines for Predicting Crop Water Requirements. 
FAO Irrigigation and Drainage Paper 24. FAO, Rome, Italy. 

Groundwater Estimation Committee. (1984). Norms for groundwater assessment. National 
Bank for Agriculture and Rural Devel. Bombay, India. 

Gupta, S. K. and Sharma, S. K. (1990). Response of crops to high exchangeable sodium 
percentage. Irrigation Science, 11 (3), 173-179. 

Hira, G. S. and Singh, N. T. (1980). Irrigation water requirement for dissolution of gypsum in 
sodic soil. Soil Science Society of America Journal, 44, 930-933. 

Kaushal, M. P., Khepar, S. D., Panda, S. N. (1985). Saline groundwater management and 
optimal cropping pattern. Water International, 10(2), 86-91. 

Panda, S. N., Khepar, S. D., Kaushal , M. P. (1996). Interseasonal irrigation system planning 
for waterlogged sodic soils. J. of Irrigation & Drainage Engineering, 122(3), 1-10. 

Paul, S., Panda, S. N., Kumar, D. N. (2000). Optimal irrigation allocation: A multilevel 
approach. J. of Irrigation and Drainage Engineering (ASCE), 126 (3), 149-156.  

Rao, N. H. (1987). Field test of a simple soil-water balance model for irrigated areas. Journal 
of Hydrology, 91, 179-186. 

Rao, N. H., Sarma, P. B. S., Chander, S. (1988). A simple dated water-production function 
for use in irrigated agriculture. Agricultural Water Management, 13, 25-32. 

Rhoades, J. D. 1968. Leaching requirement for exchangeable sodium control. Soil Science 
Society of America Proceedings, 32: 652-656. 

Singh, A., and Panda, S.N. (2013). Optimization and simulation modelling for managing the 
problems of water resources. Water Resources Management, 27(9), 3421–3431.  

Singh, A. (2012). An overview of the optimization modelling applications. Journal of 
Hydrology, 466-467, 167-182.  

[98]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

040

Abstract

　Rainfall is a good indication of the climate change 

impacts on water resources and changes in rainfall 

patterns are very important for water resources 

development. By utilizing the non-parametric Man-

Kendall trend test and Sen’s slope estimator, this 

paper explored the trends in 18 rainfall variables (e.g. 

monthly, seasonal, annual, and extreme rainfalls) and 

rainy days (rainfall >0 mm per day) for the period 

1976-2003 at three meteorological stations (Hue, Nam 

Dong, A Luoi) available in Thua Thien Hue, Vietnam. 

This study revealed that all statistically significant 

trends found at 1% and 5% in the area were upward 

trends. A Luoi among stations and December rainfall 

among rainfall variables showed the most statistically 

significant trends. No significant trend was found in 

annual and seasonal rainfalls except for an upward 

trend in annual rainfall at A Luoi. The trend slope 

estimation indicated that A Luoi showed an increasing 

annual rainfall at the rate of 11.8% of mean per 

decade. In December rainfalls, the highest trend slope 

was found at A Luoi (45.0% of mean per decade) and 

the lowest one at Hue (13.0% of mean per decade). 

Annual rainy days increased 10 days per decade at 

Nam Dong. These findings provide useful references 

for sustainable water resources development in Thua 

Thien Hue.

Keywords: Trend, rainfall, rainy days, Mann-Kendall, 

Thua Thien Hue, Vietnam

1. Introduction 

　The changes in hydroclimatic variables over time 

are often the most important sources of information 

about climate change. In fact, most water resources 

projects are planned, designed, and operated based 

on the historical pattern of water availability, quality, 

and demand. Therefore, monitoring and interpreting 

changes in hydroclimatic series thus are essential for 

management. Rainfall is the major driving force of the 

land phase of the hydrological system, and changes 

in its pattern could have direct impacts on water 

resources (Kumar and Jain, 2010). Hence, rainfall is a 

good indication of the impacts from climate change 

on water resources. 

Increasing interest in global warming and climate 

changes has led to numerous trend detection studies 

in hydroclimatic variables, particularly in rainfall data 

for many areas by various authors over the world. 

Many authors, for example, have studied the trends 

and variation in rainfall over the plain of India (Basistha 

et al., 2007); over Turkey (Kahya and Partal,  2007); 

mainland Spain (Mosmann et al., 2004); over the 

Iberian Peninsula (Serrano et al., 1999); over North 

Carolina (Boyles and Raman, 2003); and many others. 

In contrast, there have been few trend studies for 

hydroclimatic variables in Vietnam. Recently, more 

researchers have begun paying attention to trends 

and variability in rainfall of Vietnam by including some 

stations in Vietnam in their regional-scale studies 

(Manton et al., 2001; Endo et al., 2009).  So far, no 

detailed study on rainfall trends at province-scale for 

the Thua Thien Hue has been reported in the literature. 

In addition, the evidence of increased severity and 

frequency of recent floods and droughts (Tran, 2010) 

in Hue have highlighted how important it is to analyze 

the trends in the rainfall of this area.

　 T h e  e m p h a s i s  i n  t h i s  r e s e a r c h  i s  o n  t h e 

quantification of trends in various rainfall features 

at different stations in the area by utilizing the 

commonly-used, non-parametric Mann-Kendall trend 

test and Sen’s slope estimator. The findings from this 

study provide useful references for further hydrological 

studies and sustainable water resources development 

in Thua Thien Hue.

2. Materials and methods

2.1. Materials

　To take advantages of the observational data 

available in the region as much as possible, rainfall 

data sets from all three meteorological stations (Hue, 

Aluoi, and Namdong) as shown in Fig.1, provided by 

the Hydro-Meteorological Data Center of Vietnam, 

have been analyzed in this study. Due to the varying 

length of data at these stations, analysis has been 

performed for the common period 1976-2003 (28 

years) at the three stations as the focus of the study. 

These data set lengths satisfy the required length 

in searching for evidence of climate change in 

hydroclimatic time-series as proposed by Burn and 

Elnur (2002); Kahya and Kalayci (2004). Rainfall time 

series at Hue station were examined not only for the 

common period (1976-2003), but also for the complete 

record 1960–2003 (41 years), separately, in order to 

explore the partial trends in different segments of time 

series. 

Trends in hydroclimatic series in Thua Thien Hue 
province, Vietnam: 
1. Rainfall and rainy days
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Fig. 1　Study area and distribution of meteorological stations
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　One of the problems in detecting and interpreting 

trends in hydroclimatic data is the confounding effects 

of serial dependence and seasonality. Hence, from 

original daily records as the basic data set, a total of 18 

variables (monthly time series for each of 12 months of 

a year, annual and seasonal  rainfalls, daily maximum, 

monthly maximum and minimum), and annual rainy 

days (rainfall >0 mm per day) for individual stations 

were computed prior to adopting the Mann–Kendall 

test. Analyses these variables were not only to resolve 

problems of serial correlation inherent in hydroclimatic 

time series (Boyles and Raman, 2003; Burn and Elnur, 

2002; Serrano et al., 1999), but also to provide detailed 

and broad understandings on trends in rainfall data. 

2.2. Methods

　T h e  m e t h o d o l o g i e s  fo r  c o n d u c t i n g  t re n d 

analysis studies in hydroclimatic records have been 

comprehensively reviewed by Esterby (1998) and 

further reviewed by Kundzewicz and Robson (2004). 

Numerous trend studies referred to earlier and 

many others have continually highlighted the non-

parametric Mann–Kendall trend test and Sen’s slope 

estimator as excellent tools for detecting trends 

in hydrometeorology and environment.  These 

method are appropriate because they allow minimal 

assumptions about the data, and are therefore 

particularly suited to hydrological series, which are 

often abnormally distributed and serially correlated 

(Kundzewicz and Robson, 2004) while being as good 

as their parametric competitors (Serrano et al., 1999). 

The methods have been employed by a number of 

researchers (Basistha et al., 2007; Endo et al., 2009; 

Endo et al., 2009) to identify the trend in hydroclimatic 

variables. In the present study, they were also applied 

to determine monotonic trends in different variables 

of rainfall. 

 

3. Results and discussion 

3.1. General characteristics of rainfall and rainy 

days

　Before conducting a formal test for trends, it is 

necessary to perform some preliminary analysis to get 

an initial understanding of the data. The conclusions 

of this step are fundamental to choosing suitable 

methods for trend detection.  In this paper, cross-

correlation coefficients among the three stations 

were calculated from 0.67 (Hue and A Luoi) to 0.88 

(Namdong and A Luoi) which indicates a high degree 

of similarity. Apparently from the box-whisker plots for 

three stations in Fig. 2 (right) that, the monthly rainfalls 

in Thua Thien Hue were either abnormally distributed 

or positively skewed. The graphs in Fig. 2 not only 

bring the spatial contrasts in Thua Thien Hue rainfall 

vividly to light, they also reinforce the observation that 

there is highly seasonal variability on the time scale. 

The coastal plain areas (Hue) mostly receive rainfall 

from September to December (four months) while the 

mountainous areas (Nam Dong and A Luoi) mostly 

receive rainfall from May until December (8 months). 

These findings about seasonality for each station 

are in agreement to the classification of dry and 

rainy seasons reported by NCAP (2008). In addition, 

noteworthy is that all three stations observed the 

highest rainfalls in October which contribute almost 

30% of annual rainfall. The lowest rainfalls, which 

contribute only about 1.5% of annual rainfall, were 

observed in February at A Luoi and in March at Hue 

and Nam Dong. 

　Calculation of means and coefficients of variation 

(CV) of 19 time series at all three stations for the 

common period (1976-2003), and at Hue station for 

the complete period (1960-2003) indicated that the 

mean annual rainfall greatly varies from 2832 mm at 

Hue station to 3513 mm at Nam Dong. Both annual 

rainfalls and annual rainy days in the mountainous 

area (Nam Dong and A Luoi stations) are much higher 

than those in the coastal plain (Hue station).  Rainfalls 

in dry season at all three stations contribute only 

about 20% of annual rainfall, the rest are rainfalls in 

rainy season. While the annual and seasonal CVs are 

low (at about 19 to 35 percent) and slightly differ from 

station to station, the values for the individual months 

of the stations are far more extreme. Generally, the dry 

season months experience higher CVs than others and 

time series at Hue station have higher CVs than those 

at Nam Dong and A Luoi stations. 

3.2. Trends in rainfall and rainy days

　The trends results for 18 rainfall variables and 

annual rainy days using significance levels (α) of 5% 

and 1% were presented in Table 1. Trend results were 

classified into five groups: strong downward trend, 

weak downward trend, no significant trend, weak 

upward trend, and strong upward trend. In table 1, 

these groups were marked as (✕✕), (✕), (◇), (✔), 

and (✔✔), respectively. Apparently from Table 2 that 

A Luoi among stations and December rainfall among 

rainfall variables showed the most significant trends. 

All statistically significant trends found in the area are 

upward trends except for a weak downward trend 

in January rainfall at Hue for the period 1960-2003. 

The annual rainfall at A Luoi showed a weak upward 

trend over the years while annual rainfall at both 

Hue and Nam Dong observed no significant trend. Fig.2 Monthly rainfall, its percentage of annual rainfall, monthly rainy days, and box-plot of monthly rainfall distribution at (a) Hue; (b) Nam Dong; and (c) 
A Luoi stations.

(a) At Hue station

(b) At Nam Dong station

(c) At A Luoi station
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Results of trend analyses on seasonal rainfall data 

show no statistically significant trend at any of the 

stations and for any of the period of record considered. 

Interestingly, in spite of similarities in geographical 

conditions between A Luoi and Nam Dong, number 

of statistically significant trends observed in time 

series at A Luoi is much more than those in time series 

at Nam Dong. Additionally, annual rainy days were 

found to be increasing at Nam Dong, but not at A Luoi. 

Importantly, the investigation for the two periods 

at Hue leads to different trend results in January, 

December, and annual monthly min rainfalls.

　Tables 1 also presents trend slope results for the 18 

rainfall variables and rainy days that were identified 

as being field significant at each time series. As shown 

in Table 1, A Luoi showed an increasing annual rainfall 

at the rate of 412.7 mm/decade which is equivalent 

to 11.8% of the annual mean/decade. Table 1 also 

reveals that the upward trend slopes in December 

rainfalls are very different from station to station. The 

highest slope in December rainfall was found at A Luoi 

for the period of 1976-2003 (144.3 mm/decade, or 

45.0% of the December mean/decade) and the lowest 

one at Hue for the period of 1960-2003 (40.7 mm/

decade, or 13.0% of the December mean/decade). 

Also noteworthy is that when analyzing rainfall data at 

Hue station the two periods, the slopes of increasing 

trends in February and monthly minimum rainfalls 

were estimated at the rates of 44.6% of the mean/

decade and 34.2% of the mean/decade, respectively, 

for the common period 1976–2003, even though no 

significant trend in these rainfall time series was found 

for the complete period 1976-2003. Analysis of rainy 

days indicates that annual rainy days increased 10 days 

per decade, which is about 5.1% of the mean/decade, 

at Nam Dong. 

　For presentation purpose, six examples of rainfalls 

and rainy days, which showed statistically significant 

trends, with their fitting linear trends are shown in Fig. 

3. Three panels presented in Fig. 3 are corresponding 

to Hue, Nam Dong, and A Luoi stations, respectively. 

　Analyses of rainfall trends in this paper revealed 

several interesting features of rainfall regime in Thua 

Thien Hue. When using graphs to explore, Tran (2010) 

briefly noted trends in seasonal rainfalls at Hue. In 

more details, however, the current study has clarified 

that those trends were not statistically significant. The 

findings for different periods herein stress that when 

long records are available, rainfall periodicities (inter-

decadal variation) should be taken into consideration. 

　 In fact, slight climatic changes may affect the 

rainfall  regime in a given area. In spite of the 

uncertainties about the precise magnitude of future 

climate change and its possible impacts, measured 

trends detected herein must be taken to anticipate, 

prevent or minimize the causes of climate change 

and mitigate its adverse affects on water resources 

in the area. The similarities in trends and patterns 

in different hydroclimatic variables and close inter-

correlations among them were well-documented in 

literature (Sharma et al., 2000; Aziz and Burn, 2006; 

Abu-Taleb et al., 2007). Therefore, future works will 

address the issue of rainfall periodicities and trends 

in other hydroclimatic variables (e.g. temperature, 

evaporation, and so on), and will attempt to clarify 

trend attributions and to establish a linkage between 

climatic change and hydrologic trends. 

4. Conclusion

　Long-term trends in rainfall and rainy days were 

examined for the period 1976- 2003 at all three 

meteorological stations (Hue, Nam Dong, A Luoi) 

available in Thua Thien Hue, by utilizing the non-

parametric Man-Kendall trend test and Sen’s slope 

estimator. This study revealed that A Luoi among 

stations and December rainfall  among rainfall 

variables showed the most significant trends. All 

statistically significant trends found at 1% and 5% 

in the area were upward trends. No significant trend 

was found in annual and seasonal rainfalls except 

for a weak upward trend observed in annual rainfall 

at A Luoi station. Interestingly, the investigation 

for the two periods at Hue leads to different trend 

results in January, December, and annual monthly 

min rainfalls. The trend slope estimation indicated 

that A Luoi showed an increasing annual rainfall at 

the rate of 412.7 mm/decade (11.8% of the mean/

decade). In December rainfalls, the highest trend slope 

was found at A Luoi (144.3 mm/decade, or 45.0% of 

mean/decade) and the lowest one at Hue (40.7 mm/

decade, or 13.0% of mean/decade). Annual rainy days 

increased 10 days per decade at Nam Dong. Since 

No
Rainfall

variables

Hue station Nam Dongstation A Luoi station

(1960-2003) (1976-2003) (1976-2003) (1976-2003)

1 January rainfall 16.7（13.2％） ◇ ◇ ◇
2 February rainfall ◇ ◇
3 March rainfall ◇ ◇ ◇ ◇
4 April rainfall ◇ ◇ ◇ ◇
5 May rainfall ◇ ◇ ◇
6 June rainfall ◇ ◇ ◇ ◇
7 July rainfall ◇ ◇ ◇ ◇
8 August rainfall ◇ ◇ ◇
9 September rainfall ◇ ◇ ◇ ◇
10 October rainfall ◇ ◇ ◇ ◇
11 November rainfall ◇ ◇ ◇ ◇
12 December rainfall

13 Annual rainfall ◇ ◇ ◇
14 Dry season rainfall ◇ ◇ ◇ ◇
15 Rainy season rainfall ◇ ◇ ◇ ◇
16 Daily max rainfall ◇ ◇ ◇ ◇
17 Monthly Max rainfall ◇ ◇ ◇ ◇
18 Monthly Min rainfall ◇ ◇

Rainy days

19 Annual rainy days ◇ ◇ ◇

40.7（13％）

27.4（44.6％）

142.4（40％）

4（34.2％）

121.3（38.3％）

10.0（5.1％）

19.1（36.4％）

31.9（13.3％）

53.5（25.5％）

144.3（45.0％）

412.7（11.8％）

6.7（27.0％）

Table 2: Trends and their slopes (amount of change per decade (% of mean/decade)) in rainfall and rainy days in 
Thua Thien Hue 

(a) At Hue station

(b) At Nam Dong station

(c) At A Luoi station

Figure 3: Examples of rainfalls and rainy days and their trend lines at (a) Hue; (b) Nam Dong; and (c) A Luoi 
stations.
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rainfall is a good indication of climate change impacts 

on water resources, measured trends detected herein 

must be taken to anticipate, prevent or minimize the 

causes of climate change and mitigate its adverse 

affects on water resources. The findings from this 

study provide useful references for sustainable water 

resources development in Thua Thien Hue.
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Identification of aquifer system in the whole Red River Delta, Vietnam

ABSTRACT: The Red River Delta is one of two biggest deltas in
Vietnam. People living in the delta depend entirely on groundwa-
ter for their domestic water. However, the aquifer system in the
whole Red River Delta remains poorly understood due to the lack
of available data. Recently, we were nominated to construct a
hydrogeological database. Using these valuable data contained in
this database, this paper comprehensively analyzed the best num-
ber of 778 boreholes including well logs and their hydrogeological
parameters obtained from pumping tests for the first time in order
to identify the entire aquifer system and characterize hydrogeo-
logical conditions in the whole delta for potential groundwater
resources. Great efforts have been made to establish and analyze
hydrogeological maps, cross sections, and contour maps of main
aquifers’ thickness and transmissivity. As for the results, we found
that groundwater mainly exists in Quaternary unconsolidated sed-
iments as porous water forming the topmost Holocene unconfined
aquifer (HUA) and the shallow Pleistocene confined aquifer (PCA)
sandwiching the Holocene-Pleistocene aquitard (HPA), while cleft
and karst water exist in consolidated Neogene formations and Meso-
zoic rocks constituting the Neogene water bearing layer (NWL)
and Mesozoic fractured zones (MFZ), respectively. PCA is almost
entirely distributed over the delta. It serves as the highest ground-
water potential and the most important aquifer for water supply.
HUA is also widely distributed about 88% over the delta and has
a high groundwater potential. NWL and MFZ, placed below PCA
but exposed on the surface outside the delta, are minor sources for
local domestic water supply only. These findings are indispensable
for further groundwater analyses needed to ensure the sustainable
groundwater development for the high-security water require-
ments in the delta, but have never been completed sufficiently
before due to the unavailability of large-scale basic data sets.

Key words: hydrogeological database, pumping test, aquifer system,
groundwater resources, the Red River Delta

1. INTRODUCTION

Sustainable management of groundwater resources is one
of the essential objectives for the future of developing coun-
tries like Vietnam, especially when the rising demand for
clean drinking water by these fast growing communities is

considered (Mende et al., 2007). The Red River Delta includ-
ing Vietnamese capital, Hanoi, is particularly addressing
this because: (1) Demand for clean water for the rapid
expansion of industry, population, and services has been
becoming rather urgent; (2) Water supply greatly depends
on groundwater resources due to the uneven distribution
and heavy suspended deposits of surface water resources.
The amount of groundwater abstraction has been rapidly
and continuously increasing; (3) Undue groundwater exploi-
tation without the wise management and adequate under-
standing of the aquifer system characteristics have caused
some serious problems, such as: drying up of shallow wells,
decline of groundwater level, land subsidence, and ground-
water pollution in this area (Tong, 2000; Bui, 2005).

Understanding and quantifying groundwater resources is
a very complex and difficult task, considerably more prob-
lematic and uncertain than surface water hydrology.
Groundwater investigations thus require a comprehensive
understanding of the host geological formations (aquifers),
and the hydrological processes which control the storage
and movement of water within the subsurface. Although
geophysical methods and remote sensing techniques can
assist with hydrogeological interpretations, the most useful
and reliable information is observed field data obtained
from boreholes (Lewis et al., 2008).

Since the 1990s several methodologies for groundwater
management and assessment have been developed, which
are increasingly being applied within GIS and database
environments. The vast majority of these projects have been
carried out in developed countries, e.g., Europe, Australia,
Japan, and North America, where a wide range of infor-
mation and sound technical and financial resources are
available (Mende et al., 2007). However, the case of limi-
tations of the necessary input data and the broad lack of
basic information, e.g., systematic geological or hydrogeo-
logical maps as well as detailed information about well logs
with geotechnical and hydrogeological parameters, is typi-
cal for developing countries and causes insufficient under-
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standing about characteristics of the aquifer system. It also
hardly allows for the application of sophisticated ground-
water management tools in these areas and the results of
those approaches tend to cause great uncertainty. 

Therefore, obtaining basic data adequately and under-
standing characteristics of the aquifer system are fundamental
for the validity of other hydrogeological studies. Research-
ers in the world have done a great deal of studies aimed at
identifying the aquifer system. Zhang et al. (2007) conducted
a comprehensive analysis of basic hydrogeological data to
clarify the aquifer system in the Southern Yangtse Delta,
China in which hydrostratigraphic units of two aquifers and
three aquitards with their hydrogeological properties were
quantitatively characterized. Recently, Lewis et al. (2008)
revealed the hydrogeological system of five distinctive
hydrogeological systems as fundamentals before going to
assess groundwater resources in the Broken Hill Region,
Australia. Many other works demonstrating the necessities
of portraying the aquifer system from the viewpoint of
groundwater resources had been investigated in the Lower
Mississippi Valley, USA (Boswell, 1996); Central Kaliman-
tan, Indonesia (Ludang et al., 2007); southeast coastal plain
aquifers, North Carolina, USA (McCoy et al., 2007); the
Bengal basin in India and Bangladesh (Mukherjee et al.,
2009); an altered wetland in Jordan (Litaor et al., 2008);
and, many others. The subjects of aquifer system identifi-
cation and characterization have been done for many other
areas by many researchers over the world but have not been
done yet for the entire Red River Delta.

In Vietnam, there have been a large number of water
resource studies on the two biggest deltas, the Red River
Delta (Doan and Boyd, 2003; Agusa, et al., 2005; Ngo et
al., 2007; Berg et al., 2001, 2007; Funabiki et al., 2007;
Larsen et al., 2008) and the MeKong River Delta (Nguyen,
2008; Kohnhorst, 2005; Shinkai et al., 2007; Kazama et al.,
2007; Ta et al., 2002; Mekong River Commission, 2005),
due to their important roles in the development of Vietnam.
Most of them were concerned about the origin, evolution,
and development of the deltas, surface water and ground-
water pollution, especially arsenic pollution, and they were
limited to small local cites within the delta. There are few
other original groundwater investigations for the Hanoi area
existing in the literature. Among these, Gupta and Truong
(1999) and Duong et al. (2003) considered groundwater
quality, pollution and monitoring system design; Nguyen
and Helm (1996) and Trinh and Fredlund (2000) investi-
gated land subsidence due to excessive groundwater exploi-
tation in some urban portions of the Hanoi area. However,
no one has accomplished a comprehensive analysis of the
entire Red River Delta aquifer system, while comprehen-
sive understanding of the aquifer system and hydrogeolog-
ical conditions is a key factor and prerequisite for those
studies. The aquifer system in the Red River Delta was only
briefly indicated in our earlier studies but just qualitatively,

dispersedly and locally based on few borehole data, and
they are just published as local reports (Tong, 2000; Bui,
2005; Bui et al., 2007; Tong and Bui, 2004). Although we
had roughly identified the aquifer system in the delta as an
intermediary task for specific purposes such as groundwater
pollution modeling (Bui et al., 2007), artificial recharge to
groundwater (Tong and Bui, 2004), and groundwater bal-
ance modeling (Nguyen et al., 2007), those works just ana-
lyzed for limited areas within Hanoi and based on very few
numbers of boreholes. So far, there has been no compre-
hensive work focusing on aquifer system identification and
characterization for the whole delta as a primary goal due to
the unavailability of basic data.

Initiating from these practical difficulties, we recently
have implemented a National Hydrogeological Database
Project under the support and nomination of the Depart-
ment of Geology and Minerals of Vietnam as the first case
where our investigation could put all the basic data together,
especially borehole data, from various sources throughout
the delta. In this paper, these internally-available data sets
including well logs and their hydrogeological properties,
such as: materials, aquifer thicknesses and depths, hydraulic
conductivities, transmissivities, water yield coefficients, spe-
cific capacities, water levels, discharges, and so on were
comprehensively analyzed for the entire delta.

To take advantage of our unique data sets as much as pos-
sible, the main objectives of this paper are to identify and
characterize the aquifer system of the whole Red River
Delta. This work has focused on acquiring, compiling, and
analyzing hydrogeological data from the highest number of
existing boreholes, thereby establishing hydrogeological
maps to gain visual demonstrations of the surface distribu-
tion of aquifers and drawing lateral and longitude hydro-
geological cross-sections demonstrating the vertical framework
of the aquifer system. Furthermore, we hydrostratigraphi-
cally interpolated strata data of well logs to create contour
maps of aquifer thickness and depth from the ground sur-
face. Especially we analyzed pumping test data to evaluate
the groundwater potential of identified aquifers by estab-
lishing histogram of aquifer parameters and contour maps
of transmissivities. Once these findings are internationally
documented, they could provide indispensable fundamen-
tals and basic references for further hydrogeological studies
in the delta.

2. STUDY AREA AND DATA USED

2.1. Study Area

A delta is a landform that is formed from the deposition
of the sediment carried by a river over a long period of time
and created at the mouth of a river. Thus, in this paper, the
Red River Delta is defined as the area consisting of the sur-
face covered with sediments within the border shown in
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Figure 1.
The Red River Delta has a surface area of about 13,000

km2 in the northern part of Vietnam, covering 4.5% of the
total Vietnam area. It is the most developed area of Vietnam
comprised 13 provinces and cities as shown in Figure 1.
The population was about 19 million in 2007, occupying
22% of the Vietnam’s population. Many important centers
of economics in Vietnam, such as Hanoi and Haiphong are
located there. The major type of topography here is flood
plains with elevation mainly below 12 m. 

The delta belongs to the tropical monsoonal area with
two distinctive seasons. The rainy season is from May to
October and the dry season lasts from November till April.
The annual rainfall is about 1,600 mm of which rainfall in
the rainy season occupies about 75%. The annual average
humidity is about 80%, and the average temperature is around

24 °C. Evaporation is quite high with an annual average of
900 mm (Tong, 2007). 

The river network in the delta is quite dense with a den-
sity of about 0.7 km/km2. The river slope is around 0.03 m/
km. Average discharge of the Red River at the Hanoi station
is 385 m3/s in the dry season and 14,800 m3/s in the rainy
season. The water of the Red River is at a high level of sus-
pended load throughout the year. The tidal range along the
coast is approximately 4 m. Surface water, especially in lakes,
in some cities over the delta has been seriously polluted due
to insufficiency of infrastructure and unwise management
of dumping waste (Tong, 2007). 

Groundwater thus has become a main source of water
supply in the delta. The amount of groundwater abstraction
has been rapidly and continuously increasing. In Hanoi, for
example, almost 100% of domestic water is from ground-

Fig. 1. Location of study area and borehole distribution.
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water (Tong, 2000; Bui, 2005). Some bio-chemical indexes
like ammonia, microbe, heavy metal, arsenic concentration
and so on have increased over the years (Agusa et al., 2005;
Berg et al., 2001, 2007; Bui et al., 2007; UNICEF Vietnam,
2001).

2.2. Establishment of National Hydrogeological Database 

The reliability and validity of groundwater analyses strongly
depend on the availability of a large volume of high-quality
data (Gogu et al., 2001). Data availability is also essential
to develop complicated, integrated approaches for ground-
water management and monitoring (Rossetto et al., 2007).
In Vietnam, however, hydrogeological data are sparse, sel-
dom systematically organized, and accessible to a very limited
number of users. These primary data sets come from var-
ious sources, such as: Vietnamese geological survey depart-
ments, local to national environmental agencies, public and
private research institutions, consultant firms, and many
others. There are large differences in data format, quality,
and storage media. This problem is an obstacle to the appli-
cation of integrated groundwater management on a large basin
scale.

A time-consuming and costly project named, the “National
Hydrogeological Database Project” was therefore initiated
under the Ministerial Decision which was a part of the Prime
Minister’s own decisions (Prime Minister of Vietnam, 2001).
The project lasted from 2002 to 2004 and cost 7.4 billion
VND (1 USD = 15,000 VND) in which Dr. Tong, one of the
authors, was nominated as project leader to construct the
GIS-based hydrogeological database. Various empirical works
had been implemented for the first time to get observational
and basic data over the delta. All basic data, both tables and
maps, are managed and handled by a central computer pro-
gram called HYDROGEOBANK. Details about this project
and the database were described in the final report of the
project (Tong, 2004). 

The Red River Delta has the densest hydrogeological data
in Vietnam with a large number of data owners. Therefore,
implementation of the database project in the delta was
much more difficult and valuable than any of the others.
The basic data about boreholes, dig wells, and springs with
their hydraulic properties, such as: general, hydrogeologi-
cal, stratigraphical, chemical, and borehole-structural infor-
mation were collected, integrated, and computerized from
various sources. General information includes: the owner,
completion time, geographical coordinates, administrative
address, and ground surface elevation. Hydrogeological
information consists of pumping rates, specific capacity,
water level, hydraulic conductivity, transmissivity, and stor-
age coefficient. Stratigraphical information contains: mate-
rial, geological age, and depth of each formation. Borehole-
structural information includes: drilling depth, types and
dimensions of filter pipe and casing. Chemical information

consists of the content of TDS (total dissolved solids), pH,
hardness, cations, anions, etc. The other information such as
distribution of well fields and the map of the groundwater
monitoring network was also gathered. These valuable data
sets maintain a vital role for further groundwater studies in
the delta, but now are not open to public, just internally
accessible by project-involved agencies and staff like us.
This paper was the first analysis utilizing our established
database. Hopefully, these data sets will be available in the
next stage, because without these data sets it is very hard to
implement necessary groundwater analyses ensuring the
sustainable groundwater development in the delta.

2.3. Data Used

To take advantage of the data from our National Hydro-
geological Database Project as much as possible, we made
the best use of all the 778 boreholes as shown in Figure 1
and hydrogeological survey data including geological map
and their descriptions. The boreholes were completed from
1966 to 2003 and mainly concentrated at developed cities,
such as: Hanoi, Haiphong, Hatay as shown in Figure 1. The
average density of boreholes over the delta is around 0.05
borehole/km2. One hundred boreholes reach their depth at
Neogene-aged formations and 7 boreholes were drilled in
Mesozoic-aged formations. The remaining 671 boreholes
were drilled within Quaternary-aged formations. Amongst
the data from 778 boreholes, there were 637 pumping tests.
The number of pumping tests was different from aquifer to
aquifer in proportion to the degree of the aquifer’s impor-
tance for the water supply. There have been 413 conducted
for Pleistocene confined aquifer (PCA), but only 147 for the
topmost Holocene unconfined aquifer (HUA), 70 for Neo-
gene water bearing layer (NWL) and 7 for Mesozoic frac-
tured zones (MFZ) of Mesozoic bedrocks. No pumping test
has been conducted for Holocene-Pleistocene aquitard (HPA).
The pumping tests were conducted to estimate aquifer
parameters (e.g., hydraulic conductivity, specific storage or
storativity, transmissivity, specific yield, leakage coefficient,
and so on). After the test, only the aquifer parameters esti-
mated and information about hydrogeology, stratigraphy,
chemistry, and borehole-structure of the pumping tests were
documented and maintained. Hence, the data and informa-
tion during the pumping such as pumping rates, records of
drawdown and recovery of groundwater levels, distances
from pumping well to observation wells, and so on were not
integrated into our hydrogeolocal database.

There are two kinds of pumping tests, single-borehole test
and cross-borehole test. In comparison with single-borehole
test, cross-borehole test has the advantages of sampling a
larger volume of the porous medium, yielding more reliable
estimates of specific storage, providing indications of aqui-
fer boundaries, and dealing with anisotropic media. Field
data of the specific yield of unconfined aquifer and the stor-
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age coefficient of confined aquifer were only obtained from
cross-borehole tests. Only 2 pumping tests out of 147 for
HUA and 19 out of 413 for PCA were cross-borehole tests.
Therefore, specific yield and storage coefficient were mea-
sured only for HUA and PCA, not for HPA, NWL, and
MFZ. The specific yield and storage coefficient are impor-
tant parameters to estimate potential pumping storage of a
specific aquifer which plays a vital role for practical ground-
water pumping.

3. IDENTIFICATION OF HYDROGEOLOGICAL 
FRAMEWORK

In any hydrogeological investigation, aquifers and aqui-
tards are needed to be properly understood. Distribution of
aquifers and aquitards in a region is determined by the

stratigraphic, lithological characteristics and structure of the
geological strata. Hydrostratigraphy involves the combina-
tion or separation of units with similar hydraulic conduc-
tivities into aquifers or aquitards. Hydrogeological mapping
is an effective way to visually depict the hydrogeological
characteristics beneath the land surface. Several techniques
are used in hydrogeological mapping in which hydrogeo-
logical map and cross-section are the techniques commonly
used for visually depicting a hydrogeological system. 

In this paper, first we gathered field data as stated in the
former section, and then integrated them to gain visual
demonstrations of the surface distribution of aquifers, result-
ing in drawing the surface hydrogeological map shown in
Figure 2. Figure 2 reveals that HUA is the topmost aquifer
and distributes widely with a total area of about 11,450 km2

occupying about 88% of the delta area. There is a confining

Fig. 2. Surface hydrogeological map of the Red River Delta.
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layer, aged from Holocene to Pleistocene, named HPA,
sandwiched between HUA and PCA. HPA is mostly located
under HUA but exposed out on the surface around the
northern border of the delta with total area of about 5%
of the delta. PCA, placed under HUA and HPA, is dis-
tributed almost entirely the delta. Furthermore, there are
only several small areas of PCA dispersedly present on
the surface in the north. In the northern part of the delta,
majority of PCA is just covered with HPA owing to the
absence of HUA. In some other places where HPA has
been thinned out, PCA directly is covered with HUA and
they share a unique hydraulic head. Figure 2 also indi-

cates that Mesozoic bedrocks exposed on the surface of the
ground create mountainous areas outside the border of the
delta. Due to geological cracks and weather erosion, some
fractured parts of Mesozoic bedrocks create MFZ which are
capable of storing, receiving, and transmitting water. Since
MFZ are distributed sparsely in small zones within Meso-
zoic bedrocks, it is difficult to show them in Figure 2. 

Furthermore, we hydrostratigraphically interpolated strata
data from a number of well logs to draw lateral and lon-
gitude hydrogeological cross-sections demonstrating the
vertical framework of the aquifer system. Figures 3 and 4
show five typical hydrogeological cross-sections A-A’, B-B’,

Fig. 3. Hydrogeological cross-sections along A-A’, B-B’, C-C’ lines as shown in Figure 2.
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C-C’, D-D’, E-E’ as shown in Figure 2 which were selected
considering the density of boreholes. These figures demon-
strate a straightforward framework of the aquifer system
and hydrogeological conditions in the delta. A-A’, B-B’,
and C-C’ illustrate the aquifer structure along the coastline
from Hanoi to the sea. On the other hand, D-D’ and E-E’
shows the aquifer structure along the Thaibinh River and
the Red River, respectively. These cross-sections were made
by interpolating 7, 7, 9, 22, 15 borehole columnar section
data, respectively as shown in Figures 3 and 4.

By establishing Figures 3 and 4, we found that the Red
River Delta is composed of Quaternary-aged unconsoli-
dated sediments with a maximum thickness of 100 meters,
lying directly over the bedrocks aging from the Neogene
period of the Cenozoic era to the Triassic period of the
Mesozoic era. Groundwater of the Quaternary-aged sedi-
ments mostly exists as porous water forming the topmost
HUA and the shallow PCA sandwiching HPA, while cleft
and karst water exist in consolidated Neogene formations
and Mesozoic bedrocks constituting NWL and MFZ. Both
HUA and PCA are thicker in the center than the edge of the
delta and increasing downward to the sea. The Red River is
an important natural recharge source for groundwater stor-
age in the delta because it runs across HUA and across PCA
in some places due to stream-bed erosion. In general, the main
recharge sources of these aquifers are from river water,
rainfall and irrigation water.

Moreover, we analyzed the geological formations and
material ages based on the collected well logs and their
descriptions. We found that the delta has a complex geo-
logical setting. Quaternary-aged sediments have diversity
of strata and lithological materials. Deposits usually have
their origins of rivers, floods, lakes, marshes, seas, or
modern alluvium. River-origin deposits commonly form
aquifers (HUA and PCA) but sea-origin deposits build up
aquitards or aquicludes (HPA). In more details, HUA
could be separated into three parts: uppermost, upper, and
lower parts. However, they have a unique hydraulic sys-
tem so they are grouped in one HUA. HPA are mainly
composed of slightly permeable or impermeable forma-
tions. The thickness and hydraulic properties of conning
layer are key factors in determining the vulnerability of
an aquifer system. Analysis showed that HPA has an
average thickness of about 10m and low permeability,
less than 0.1 m/day. PCA could also be divided into two
sub-aquifers (upper and lower PCA). They share a unique
groundwater level, thus, they are grouped into one PCA.
NWL and MFZ are mainly formed by geological cracks,
weather erosion, and unconsolidated sediments. Details
about materials of each formation were summarized in
Table 3 which we will discuss after. 

According to preliminary analyses in our earlier reports
(Tong, 2007, Bui, 2005), HUA groundwater levels are usu-
ally situated within 4 meters under the ground surface. The

Fig. 4. Hydrogeological cross-sections along D-D’, E-E’ lines as shown in Figure 2. Legend of Figure 4 is the same as in Figure 3.
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flow direction generally moves from northwest to southeast
corresponding to the delta’s topography. They greatly vary
from around 0.5 m above the mean sea level in coastal
areas to about 7.0 m in the upper parts of the delta. Their
annual cycle was strongly governed by those of rainfall
and river water level with average amplitude of about 2
m. On the other hand, PCA groundwater levels showed
rapid decline trends over the area with a speed of about
0.2 m/year due to excessive groundwater exploitation.
Large cones of depression have formed in many urban
areas such as Hanoi, Haiphong, and Namdinh. PCA
groundwater levels fluctuate in a large range of –20 to 10
m with average amplitude of annual cycle of about 1.7 m.
The groundwater levels of other minor water bearing
units (NWL and MFZ) are still poorly observed. 

4. AQUIFER SYSTEM CHARACTERIZATION

4.1. The Holocene Unconfined Aquifer (HUA)

This study revealed two major aquifers (HUA and PCA)
and two minor water bearing units (NWL and MFZ) dom-

inant within the study area.
A contour map is typically used to create a continuous

picture from discrete sampling sites. Kriging, a geostatisti-
cal gridding method, and GIS have been effectively used in
various fields of study. These methods produce visually
appealing maps from irregularly spaced data (Bakkali and
Amrani, 2008). Kriging is distinguished from other inter-
polation methods by taking into consideration the variance
of estimated parameters. There are a number of kriging types
(e.g., simple Kriging, ordinary Kriging, universal Kriging,
and many others), and in this paper the ordinary Kriging
was utilized, since it has been used widely as a reliable esti-
mation method and most commonly adopted for environ-
mental studies (Poon et al., 2000; Nas and Ali, 2010). It
uses a local mean, which re-estimates each value at each
grid node from the data within the search neighborhood.
The typical assumptions for the practical application of
ordinary kriging are: i) intrinsic stationarity or wide sense
stationarity of the field (i.e., any two locations that are a
similar distance and direction from each other should have
a similar difference squared); ii) enough observations to
estimate the variogram (Ragavan, 2009). Thus, ordinary

Fig. 5. Contour map of HUA’s thickness.
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kriging is a powerful and popular method of spatial inter-
pretation with various type of data distribution. Kriging
applies weighting functions according to a mathematical
model of the variogram. In this study, a simple linear var-
iogram was used as the fitting model since it usually gen-
erates an acceptable grid (Nas and Ali, 2010). Even though
Kriging is a robust technique and the best linear unbiased
estimator in the sense of the least variance, it still has some
limitations. For example, it tends to produce smooth images
of reality. Hence, extremes are underestimated and short
scale variability is poorly reproduced. It also requires the
specification of a spatial covariance model, which could be
difficult to infer from sparse data, and consumes much more
computing time than conventional gridding techniques
(Armstrong, 1998). The output surface of Kriging interpo-
lation is often affected by two directional components: glo-
bal trends (i.e., an overriding process that affects all
measurements) and anisotropy (a characteristic of a random
process that shows higher autocorrelation in one direction
than another). A more detailed description of the Kriging is
given by Stein (1999). 

Even though we used those robust methods, creating sen-
sible contour maps was a difficult task because boreholes
are very small features on the scale of the heterogeneities of
an aquifer. Values of hydrodynamic parameters obtained
from pumping tests vary widely over a short distance depend-
ing on exactly where the wells are drilled. In this paper,
therefore, we not only utilized those methods but also inter-
preted and compared to the observational data by hand to
draw the realistic contour maps. The results estimated by
Kriging interpolation only served as initial basis which is
used for reference when drawing the contour maps by hand.
Figure 5 shows the contour map of HUA thickness which
clarifies the vertical extent of HUA. This contour map was
drawn using strata data from 721 well logs out of 778 bore-
holes due to missing strata data. From this figure, it is
depicted that HUA thickness varies up to more than 60 m.
On the whole, there is an increasing tendency from the
northwest to the southeast of the delta, whereas there exists
a thin area with the thickness of less than 30 m in the mid-
dle of the delta. The thickness is zero in the north and some
other places around the border of the delta because no HUA
exists there as shown in Figure 2. 

Figure 6 shows the histogram of hydrogeological param-
eters, i.e., specific capacity (q), total dissolved solid (TDS),
and transmissivity (T), obtained from 147 pumping tests.
The number of q, TDS, T values are 114, 111, and 101 as
shown in Figure 6a, b, and c, respectively due to missing
data. They are good indicators for the level of potential
groundwater resources. The value of q is an important
hydraulic parameter indicating the transmitting properties
of an aquifer and is used to assess the water-bearing and
yielding potential of aquifers. Many papers have exten-
sively discussed the use of q to estimate T (Darko, 2005).

Figure 6a exhibits that number of q values more than 1 L/
s/m is 61 out of 114 boreholes which revealed that more
than half of boreholes had high potential of groundwater
according to the Vietnam guidelines for the aquifer test
(Tran, 2000). Since the focus of this paper is on the identi-
fication of aquifer system in the whole Delta, detailed
assessment of groundwater quality remains as subsequent
works. Only TDS is briefly analyzed here, as TDS content
of a water is the most common measure of its overall min-
eralization and is the best measure of the salinity of a
groundwater (Paul, 2007). From Figure 6b, 96 TDS values
are less than 1 g/L indicating that groundwater of HUA is
fresh by the Vietnam drinking water standards. However, the
other 15 TDS values represent brackish water with the area
from cross-section B-B’ (Fig. 2) to the sea. Figure 6c shows
that the transmissivities of HUA vary up to 2,200 m2/day
and about 60% of transmissivity values are more than 200
m2/day indicating high potential of groundwater.

Using 101 transmissivity data, we attempted to find out
the general tendency of the spatial T distribution through
using the same way of making the Figure 5. The results of

Fig. 6. Histogram of specific capacity (a), TDS (b), and transmis-
sivity (c) from HUA boreholes.
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contour map of transmissivity are showed in Figure 7. As
shown in of Figure 7, the transmissivity roughly increases
from the delta boundary to the center around Hanoi, Hatay,
Hungyen provinces. There are two areas of more than 1,600
m2/day along the Red River near the borehole H142 and H6
presenting high potential groundwater resources. Furthermore,
specific yields, Sy are useful parameters for quantitative
estimation of potential groundwater storage of the aquifer.
The Sy values, obtained from 2 cross borehole tests (H142
and H72) around the border between Hanoi and Hatay prov-
ince shown in Figure 7, were 0.09 and 0.1. Groundwater stor-
age capacity of HUA was roughly estimated about 10 billion
m3 considering the average height of groundwater level (around
10 m), the surface area (11,450 km2), and Sy values (0.095). 

Judging from the obtained results, HUA has relatively
high potential of groundwater resources and is sufficient for
medium scale domestic water supply. 

4.2. The Pleistocene Confined Aquifer (PCA)

Applying the same procedures explained in the former

section, the contour maps of PCA depth from the ground
surface (Fig. 8) and PCA thickness (Fig. 9) were created
based on the strata data of 721 well logs. Figure 8 reflects
great changes in PCA depth from region to region with an
increasing tendency from the northwest to the southeast
along the Red River. The depth is only less than 10 m in the
north at Vinhphuc province, but around 30 to 40 m in
Hanoi, and up to 60 to 70 m in Namdinh, Thaibinh prov-
inces. Figure 9 indicates that the thickness of the PCA also
fluctuates over a large range, up to 80 m and has an increas-
ing tendency from the northwest to the southeast of the
delta. Three areas of more than 60 m in thickness are
located around Namdinh province, the center of the delta,
and Hanoi province. Distribution tendencies of PCA depth
and thickness are relatively similar.

There exit the greatest number of 413 pumping tests
drilled in this aquifer in which 19 of them are cross-bore-
hole tests. Table 1 shows q, TDS, T, and storage coefficient
(S) obtained from those cross-borehole tests. S value is a
useful parameter to estimate the potential pumping storage
of the confined aquifer. As seen in Table 1, the S values

Fig. 7. Rough contour map of transmissivity of HUA.
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vary in a wide range with the average of 0.024. Using S val-
ues (0.024), average thickness (around 45 m), and the sur-
face area of PCA (around 13,000 km2), groundwater storage
capacity of PCA was roughly estimated about 13 billion m3.
Moreover, q values from all cross-borehole tests are more
than 1 L/s/m which indicate high potential of groundwater
resources. 

Considering total 413 pumping tests including 398 single
borehole tests, numbers of q, TDS, and T values are 356,
340, and 348 as shown in Figure 10a, b, and c, respectively.
From Figure 10a, there are 284 boreholes of high potential
groundwater (q > 1 L/s/m) occupying 80% of total bore-
holes. Figure 10b reveals that 290 TDS values are less than
1 g/L indicating freshwater. Total area of freshwater is
about 7,500 km2 occupying about 57% of the delta area.
Generally, spatial distribution of TDS of groundwater in
PCA is quite similar to that in HUA. Figure 10c indicates
that T values reach up to 6,720 m2/day in which about 70%
of T values of more than 350 m2/day presenting very high
potential of groundwater. 

Contour map of PCA transmissivity was presented in

Figure 11 to clarify the general tendency of the spatial T dis-
tribution using 348 transmissivity data. This figure shows that
T values vary greatly from location to location with the
increasing tendency from the border to the center of the
delta. The highest T value zone of more than 3,000 m2/day
is placed around the southern Vinhphuc province near the
Red River. Comparing to HUA (Fig. 7), the distribution of
T values of PCA is rather complicated with several peaks
expressing a very high potential of groundwater resources.
These peaks are located not only in Hanoi but also in other
areas along the Red River and Duong River. 

Based on aforementioned analyses, we could conclude
that the PCA has a very high potential of groundwater
resources. Accompanied with its great thickness, PCA is
sufficient for large scale domestic water supply.

4.3. Minor Water Bearing Units

As described in Chapter 3, two other minor water bearing
units in pre-Quaternary formations are NWL and MFZ.
Analyzing the strata data, we found that the depth from the

Fig. 8. Contour map of the depth from the ground surface down to the top of PCA.
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ground surface to the top of NWL varies up to 100 m and
the thickness could reach up to 1,000 m at the center of the
delta. Hydrogeological parameters gained from 70 single-
borehole tests include 42 q values, 37 TDS values, and 37
T values as presented in Figure 12a, b, and c, respectively.
In Figure 12a, 19 values (45%) are more than 1 L/s/m indi-
cating relatively high groundwater potential. Figure 12b
shows that 26 TDS values are less than 1 g/L indicating that
groundwater of NWL is fresh. Referring to locations of
these boreholes in Figure 1, freshwater of NWL is covered
from the northwest of the delta to Hanoi, Hungyen prov-
inces. Figure 12c depicted that about 60% of transmissivity
values are more than 200 m2/day that is quite similar to
HUA (Fig. 6c), but practical pumping capacity of NWL
could be less than that of HUA because NWL is placed in
much deeper parts and composed of less permeable depos-
its than HUA. 

Table 2 shows MFZ hydrogeological parameters of only
7 single-borehole pumping tests drilled in northern Hanoi
from which we attempted to explore the basic characteris-
tics of MFZ of Mesozoic bedrocks. In the Table 2, q values

Fig. 9. Contour map of PCA’s thickness.

Table 1. Cross borehole test results of Pleistocene confined aquifer (PCA)
Boreholes q(L/s/m) TDS(g/L) T(m2/day) S

P1 9.87 0.185 2574 0.06600
P2 13.60 – 2179 0.07000
P3 8.49 0.200 1295 0.04600
P4 5.03 0.221 991 0.02400
P5 9.00 0.124 2838 0.01400
P6 6.04 0.138 2756 0.00100
P7 3.31 0.240 700 0.00200
P8 7.65 0.247 2900 0.14500
P9 4.47 0.185 1500 0.00270
P10 7.73 0.272 800 0.02700
P11 14.46 0.440 1230 0.00030
P12 10.22 0.348 2319 0.00004 
P13 3.99 0.345 1565 0.00034
P14 5.60 – 1556 0.01700 
P15 1.27 0.145 727 0.00300
P16 – – 1228 0.00013
P17 – – 1074 0.00033
P18 – – 849 0.00022
P19 5.48 0.225 800 0.029
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Fig. 10. Histogram of specific capacity (a), TDS (b), and transmissivity (c) from PCA boreholes.

Fig. 11. Contour map of transmissivity of PCA.

are mainly less than 1 L/s/m being the sign of poor to
medium potential of groundwater resources. Only some
small parts like the location of M5 can store considerable

amounts of groundwater with high q value. The groundwa-
ter here is fresh proven by small TDS values of less than 1
g/L. T values were generally small reflecting the limitation
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of groundwater resources.
Actually, MFZ of Mesozoic bedrocks provides limited

but very important water sources for local residents. Hydro-

geological surveys have revealed that local communities in
the northern Hanoi, dominated by Mesozoic bedrocks, have
commonly employed hand-dug shallow wells to gain
groundwater for individual uses, but the wells start drying
up in the dry season.

5. CONCLUSION

In this paper, taking advantages of our recent project on
constructing a National Hydrogeological Database, the best
number of 778 boreholes including well logs and their
hydrogeological parameters were comprehensively ana-
lyzed to provide the first look about the aquifer system and
hydrogeological conditions in the entire Red River Delta
from the viewpoint of potential groundwater resources.
Hydrogeological data were interpolated and the aquifer sys-
tem of the delta was identified by creating the hydrogeo-
logical map and hydrogeological cross sections. Also, we
focused on analyzing hydrogeological parameters of these
water bearing formations in more detail, especially HUA
and PCA, by making contour maps of thicknesses, depths,
and transmissivities. Table 3 tabulates the overall charac-
teristics of the aquifer system of the Red River Delta. As for
the results, the delta is composed of Quaternary-aged
unconsolidated sediments which consist of HUA, PCA and
HPA, directly overlaying on the older formations which

Fig. 12. Histogram of specific capacity (a), TDS (b), and trans-
missivity (c) from NWL boreholes.

Table 2. Pumping test results of Mesozoic fractured zones (MFZ)
Boreholes q (L/s/m) TDS (g/L) T (m2/day)

M1 0.58 0.249 305
M2 0.14 0.274 64
M3 0.31 0.293 153
M4 0.34 0.233 82
M5 6.15 0.150 –
M6 0.12 – –
M7 0.23 – –

Table 3. Characteristics of aquifer system in the Red River Delta

Aquifer
system

Geological
ages

Hydrogeo-
logical 

conditions

Depth to the 
layer’s top 

(m)

Thick-
ness (m)

q
(L/s/m)

TDS
(g/L)

T
(m2/day) Sy/S Materials Groundwater

potential

Groundwater 
storage capac-
ity (billion m3)

HUA Holocene Unconfined 
aquifer 0 0–60 0.3–20.87 0.02–19.83 10–2,123 0.09–0.1 Clay slurry, sandy dust, 

and gray sand
High 

potential 10

HPA Holocene-
Pleistocene Aquitard 0–60 0–40 No data No data No data No data Silty clay, 

clay sand, clay
No 

potential No data

PCA Pleistocene Confined 
aquifer 0–70 0–80 0.04–71 0.01–23.39 1–6,720 0.00004

–0.145
Mediumcoarse sands, 

gravel, cobble
Highest 
potential 13

NWL Neogene Discontinu-
ous aquifer 0–100 0–1,000 0.1–15.1 0.1–12.2 1–3,724 No data

Cemented gravel, 
cemented clay, 

arkosic sand-stone, 
argillite, 

and clay carbon

Medium 
potential No data

MFZ Mesozoic Fractured 
zones No data No data 0.12–6.15 0.15–0.293 64–305 No data Sandstone and 

porphyry
Low 

potential No data
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form the NWL and MFZ. HUA is widely distributed at a
rate of about 88% over the delta. HUA has relatively high
potential of groundwater resources and is sufficient for
medium scale domestic water supply. PCA, on the other
hand, is distributed almost entirely the delta. It has the high-
est groundwater potential and serves as the most important
aquifer for water supply. NWL and MFZ, in contrast, have
limited groundwater potentials. The groundwater in all
water bearing formations (HUA, PCA, NWL, and MFZ) is
commonly fresh from the northwest border to the center of
the delta. 

Our findings are indispensable for further hydrogeologi-
cal studies to ensure the sustainable groundwater develop-
ment in the delta. 
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Abstract:

Predictions in Ungauged Basins (PUB) mainly focus on surface water, but there are much higher prediction uncertainties
inherent in groundwater. Hanoi depends entirely on groundwater for its domestic water supply. However, the characteristics of
the entire Hanoi aquifer system remain poorly understood due to the lack of available data. Recently, we were nominated to
construct a hydrogeological database. Using the valuable data contained in this database, this paper comprehensively analyzed
the best number of 240 boreholes including well logs and their hydrogeological parameters obtained from pumping tests for the
first time in order to identify the entire Hanoi aquifer system and characterize the hydrogeological conditions for potential
groundwater resources. Great efforts have been made to establish and analyze the hydrogeological maps, cross sections and the
isopach maps of main aquifers’ thickness and transmissibility. As for the results, we found that groundwater mainly exists in the
topmost Holocene unconfined aquifer and the shallow Pleistocene confined aquifer (PCA), while cleft and karst water exists in
the Neogene water bearing layer and the Mesozoic fractured zones. These aquifers are adequately, quantitatively characterized
and evaluated from the viewpoint of potential groundwater resources. We found the PCA serving as the highest groundwater
potential and the most important aquifer for the water supply. The findings are indispensable for further groundwater analyses
contributing to ensuring the sustainable groundwater development not only in Hanoi but also in poorly gauged or ungauged
neighboring basins. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

The sustainable management of groundwater resources is
one of the essential and challenging objectives for the
future of developing countries like Vietnam. In this area,
many poorly gauged and ungauged basins exist, and their
hydrological predictions are becoming more and more
important to overcome the water crisis in the 21st century
(Sivapalan et al., 2006; Mende et al., 2007). The
Vietnamese capital, Hanoi, the centre of economy, culture
and politics for Vietnam is also addressing this because:
(1) The demand for clean water is becoming rather
urgentm (2) The water supply greatly depends on the
groundwater resources (up to almost 100%). The amount
of groundwater abstraction has been rapidly and continu-
ously increasing, (3) The undue exploitation of the
groundwater without wise management and an adequate
understanding of the aquifer system characteristics have
caused some serious problems such as: the drying up of
shallow wells, groundwater pollution, land subsidence and
the decline of groundwater level in this area (Tong, 2000;
Bui, 2005).
Improving the understanding and prediction of ungauged

basins are key goals of the new International Association of

Hydrological Sciences Decade for Predictions in Ungauged
Basins (PUB) (Sivapalan et al., 2006) which started in
2001. The PUB mainly focus on surface water, but there
are much higher prediction uncertainties inherent in
groundwater. The key step in groundwater modeling and
forecasting is aquifer system characterization which is used
to estimate model parameters and to establish a conceptual
model and its boundary conditions. The aquifer system
must be properly understood in order to make better
process-based PUB.

Understanding and quantifying groundwater resources is
a very complex and difficult task. Groundwater investiga-
tions thus require a comprehensive understanding of the
host geological formations (aquifers) and the hydrological
processes which control the storage and movement of
water within the subsurface. Although the geophysical
methods and remote sensing techniques can assist with
hydrogeological interpretations, the most useful and
reliable information is observed field data obtained from
boreholes (Lewis et al., 2008).

Since the 1990s, several methodologies for groundwater
management and assessment have been developed, which
are increasingly being applied within GIS and database
environments. The vast majority of these projects have
been carried out in developed countries where a wide range
of information and sound technical and financial resources
are available (Mende et al., 2007). However, the limited
amount of necessary input data and the broad lack of basic
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information, e.g. systematic geological or hydrogeological
maps as well as detailed information about well logs with
geotechnical and hydrogeological parameters, are typical
for developing countries and cause insufficient under-
standing about characteristics of the aquifer system. It
hardly allows for the application of sophisticated ground-
water management tools in these areas, and the results of
those approaches tend to cause great uncertainty.
Therefore, adequately obtaining basic data and under-

standing the characteristics of the aquifer system are
fundamental for the validity of other hydrogeological
studies. Researchers in the world have done a great deal
of studies aimed at identifying the aquifer system. Zhang
et al. (2007) conducted a comprehensive analysis of basic
hydrogeological data to clarify the aquifer system in the
Southern Yangtse Delta, China, in which hydrostrati-
graphic units of two aquifers and three aquitards with their
hydrogeological properties were quantitatively character-
ized. Recently, Lewis et al. (2008) revealed the hydrogeo-
logical system of five distinctive hydrogeological systems
as fundamental before going to assess groundwater
resources in the Broken Hill Region, Australia. Many
other works demonstrating the necessities of portraying the
aquifer system as groundwater resources had been
investigated in the Lower Mississippi Valley, USA
(Boswell, 1996); Kali-Ganga sub-basin, India (Umar et al.,
2001); Central Kalimantan, Indonesia (Ludang et al., 2007);
southeast coastal plain aquifers, North Carolina, USA
(McCoy et al., 2007); the Bengal basin in India and
Bangladesh (Mukherjee et al., 2009); an altered wetland in
Jordan (Litaor et al., 2008); and, many others. The subjects
of aquifer system identification and characterization have
been done for many other areas bymany researchers over the
world but have not been done yet for the entire city of Hanoi.
In Vietnam, there have been a large number of water

resource-related studies on the Red River Delta (Berg et al.,
2001, 2007; Doan and Boyd, 2003; Agusa et al., 2005;
Funabiki et al., 2007; Ngo et al., 2007; Larsen et al., 2008)
and the MeKong River Delta (Ta et al., 2002; Nuber and
Stolpe, 2004; Kohnhorst, 2005; Mekong River Commis-
sion, 2005; Kazama et al., 2007; Shinkai et al., 2007).
However, most of them were concerned about the origin,
evolution and development of the Deltas, as well as water
pollution, especially arsenic pollution, and these studies
were limited to small local cities within the Deltas. Few
original investigations of the groundwater in the Hanoi area
exist in literature as well. Among these, Gupta and Truong
(1999) and Duong et al. (2003) considered the groundwater
quality, pollution and monitoring system design; Nguyen
and Helm (1996) and Trinh and Fredlund (2000)
investigated the land subsidence due to excessive ground-
water exploitation in some urban portions of the Hanoi
area. Although we had roughly identified the aquifer
system in Hanoi as an intermediary task for specific
purposes such as groundwater pollution modeling (Bui
et al., 2007) and artificial recharge to groundwater (Tong and
Bui, 2004), those works just analyzed limited areas within
Hanoi and were based on very few numbers of boreholes.
So far, there has been no comprehensive work focusing on

aquifer system identification and characterization for the
entire Hanoi area as a primary goal due to the
unavailability of basic data, while comprehensive under-
standing of the aquifer system and hydrogeological
conditions is a key factor and prerequisite for those studies.

Starting from these practical difficulties, we recently have
implemented a National Hydrogeological Database Project
under the support and nomination of the Department of
Geology and Minerals of Vietnam where during the first
case, our investigation could carry out empirical works to get
all of the observational data and the basic data together,
especially borehole data, from various sources throughout
all of Hanoi. To take advantage of our unique, internally
available data sets as much as possible, the main objectives
of this paper are to identify the entire Hanoi aquifer system
and characterize its hydrogeological properties adequately
and quantitatively from the viewpoint of potential ground-
water resources. To achieve the aims aforementioned, this
work has focused on acquiring, compiling and analyzing
hydrogeological data from many field sites within the city
and from the highest number of existing boreholes, thereby
establishing hydrogeological maps, cross sections and the
expected ranges of groundwater parameters for the different
aquifers. Once these findings are internationally documen-
ted, they could provide indispensable, fundamental infor-
mation and serve as a basic reference for further
hydrological studies, not only in Hanoi but also in poorly
gauged or ungauged neighboring basins.

STUDY AREA AND DATA USED

Study area

From August 1, 2008 in the Hatay province, parts of
Vinhphuc and Hoabinh provinces were merged into the
metropolitan area of Hanoi. New Hanoi’s total area
increased three times to 3344 km2 and was divided into
29 subdivisions. The new population is around 6.2 million
(Tong, 2008). However, this study was carried out for old
Hanoi before it was merged. Therefore, the study area in
this paper is only old Hanoi city which we call just Hanoi.

Hanoi city stretches from near the centre to the northeast
of the Red River Delta plain. The area is around 920 km2,
with nine urban districts and five rural districts (Soc son,
Dong Anh, Gia Lam, Thanh Tri, Tu Liem) as shown in
Figure 1 with about 3.1 million habitants. This accounts for
the highest population density in Vietnam.

Hanoi’s topography has a gradually shifting tendency
towards sea level from the North to the South of Hanoi
with an average slope of 4%. Most of Hanoi (90%) lies on
a plain with an elevation between 5 and 20m above sea
level, except for some mountainous areas with an elevation
from 20 to 374m in the north of the city. The major
topographical type here is flood plain (Tong, 2008).

Hanoi belongs to the tropical monsoonal area with two
distinctive seasons in the year, the rainy season from May
to October and the dry season from November to April of
the following year. The rainy season accounts for about
70–80% of the annual rainfall, which is about 1550mm.
The average humidity is about 80%, and the average
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temperature is around 24.3 �C. Evaporation is quite high,
with an annual average of 933mm (Tong, 2008).
The river network is quite dense in Hanoi with its

density of about 0.7 km/km2, and this includes the main
rivers, such as: the Red, Duong, Cau, Calo, Nhue and To
Lich rivers as shown in Figure 1. In addition, there are also
111 lakes with a total surface area of up to 2180 hectares.
The biggest lake is the West Lake with an area of 526
hectares (Tong, 2008).
The Red River catchment area, the biggest one in the

north of Vietnam, stretches over Hanoi city. The average
discharge of the Red River at Hanoi station is 385m3/s in
the dry season and 14,800m3/s in the flood season. The
water of the Red River has a high level of suspended
deposits at any one time. Due to the insufficiency of
infrastructure and unwise management of dumping waste,
the surface water, especially in lakes, in Hanoi has been
seriously polluted (Tong, 2008).
Groundwater thus becomes a main source of the water

supply in Hanoi. The amount of groundwater abstraction
has been rapidly and continuously increasing. The average

pumping rate now is around 496,000m3/day and predicted
to be up to 1,000,000m3/day by 2020. The excessive
exploitation of the groundwater without wise management
and an adequate understanding of the aquifer system have
caused some serious problems, such as: groundwater
pollution, groundwater level decline and land subsidence
in Hanoi (Tong, 2000; Bui, 2005; Vu and Bui, 2005) as
mentioned in the introduction. Depression cones of the
groundwater table in the confined aquifer have occurred
seriously in the south of the Red River, which is
continuously expanding with seasonal fluctuation (Tong
and Bui, 2004). Some bio-chemical items like ammonia,
microbe, heavy metal, arsenic concentration and so on have
increased over the years (Berg et al., 2001, 2007; UNICEF
Vietnam, 2001; Agusa et al., 2005; Bui et al., 2007).

Establishment of National Hydrogeological
Database Project

The reliability and validity of the groundwater analysis
strongly depend on the availability of a large volume of
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high-quality data (Gogu et al., 2001). Data availability is
also essential for developing complicated, integrated
approaches for groundwater management and monitoring
(Rossetto et al., 2007). In Vietnam, however, hydrogeo-
logical data are sparse, seldom systematically organized
and accessible to a very limited number of users. These
primary data sets come from various sources, such as: the
Vietnamese geological survey departments, local or
national environmental agencies, public and private
research institutions, consultant firms and many others.
There are large differences in the data format, quality and
storage media. Hanoi could be regarded as a poorly gauged
region. This problem is an obstacle to the application
of integrated groundwater management on a large basin
scale.
A time-consuming and costly project named the

‘National Hydrogeological Database Project’ was therefore
initiated under the Ministerial Decision which was part of
the Prime Minister’s own decisions (Prime Minister of
Vietnam, 2001). The project lasted from 2002 to 2004 and
cost 7.4 billion VND (1USD= 15,000VND) in which
Dr. Tong, one of the authors, was nominated as project
leader to construct the GIS-based hydrogeological database.
Various empirical works had been implemented for the
first time to get observational and basic data over Hanoi.
All basic data, both tables and maps, are managed in GIS-
based environment and handled by a central computer
program called HYDROGEOBANK. This approach for
synthesizing existing information and data is easier to use
than conventional approaches because GIS provides the
capability for dynamic query and analysis, display of
information and a more understandable representation.
The common advantages of a GIS-based database
approach include the reduction in data redundancy, the
proper maintenance of data integrity and quality, it is self-
documenting or self-describing, helps to avoid inconsist-
encies and has security restrictions. Details about this
project and the database were described in the final report
of the project (Tong, 2004).
Hanoi has the densest hydrogeological data with a large

number of data owners in Vietnam. Therefore, the
implementation of the database project in Hanoi was much
more difficult and valuable than any of the others. The
basic data about boreholes, dig wells and springs with their
hydraulic properties, such as: general, hydrogeological,
stratigraphical, borehole structure, chemical and other
surveyed information were collected, integrated and
computerized from various sources. General information
includes: the borehole owner, name of the borehole drilling
investigation, time of borehole completion, geographical
coordinates, administrative address and ground surface
elevation of boreholes. Hydrogeological information con-
sists of pumping rates, specific capacity, water level,
hydraulic conductivity, transmissibility and storage coeffi-
cient. The stratigraphical information contains: material,
geological age and depth information of each formation.
The borehole structural information includes: the drilling
depth, types and dimensions of filter pipe and casing. The
chemical information about the content of total dissolved

solids (TDS), pH, hardness, cations, anions, etc. as well as
local geological and hydrogeological survey data at
investigated sites, such as, the distribution of well fields
and the map of the groundwater monitoring network, were
also gathered. These valuable data sets maintain a vital role
for further groundwater studies in Hanoi, but now are not
open to the public, just internally accessible by agencies
involved in the project and staff members. This paper was
the first analysis utilizing the established database from our
project. Hopefully, these data sets will be available online
in the next stage, because without these data sets, it is very
hard to implement the necessary groundwater analyses
to ensure the sustainable utilization of groundwater
resources for the high-security urban water requirements
in Hanoi.

Data used

To take advantage of the data from our National
Hydrogeological Database Project as much as possible,
we made the best use of all of the 240 boreholes and
hydrogeological survey data, including the geological map
and their descriptions. One hundred sixty-four boreholes
throughout Hanoi and 76 boreholes in the surrounding
areas with an average density of around 0.2 boreholes/km2

as shown in Figure 1 formed the basis for our study. All
data (well logs data and values of aquifer parameters) used
in this paper has never been analyzed or published
elsewhere. Thirty boreholes reach their depth at Neogene-
aged formations, and five boreholes were drilled to a depth
of Mesozoic-aged formations. The remaining 205 bore-
holes were drilled within Quaternary-aged formations.
Amongst the data from 240 boreholes, there were 169
pumping tests. The number of pumping tests was different
from aquifer to aquifer in proportion to the degree of the
aquifer’s importance for the water supply. There have been
139 conducted for the Pleistocene confined aquifer (PCA),
but only 14 for the topmost Holocene unconfined aquifer
(HUA), 11 for the Neogene water-bearing layer (NWL),
and 5 for the Mesozoic fractured zones (MFZ). No
pumping test has been conducted for the Holocene–
Pleistocene aquitard (HPA).

The field data of the specific yield of the unconfined
aquifer and the storage coefficient of the confined aquifer
were only obtained from cross-borehole tests. Only 1
pumping test out of 14 for the HUA and 18 pumping tests
out of 139 for the PCA were cross-borehole tests. The
rest were single-borehole tests. Therefore, the specific
yield and storage coefficient were measured only for the
HUA and the PCA, not for the HPA, NWL and MFZ.
The specific yield and storage coefficient are important
parameters to estimate the potential pumping storage of a
specific aquifer which plays a vital role for practical
groundwater pumping. The boreholes were completed
from 1966 to 2003. This paper focused on analyzing
hydrogeological properties, such as: the surface boundar-
ies of aquifers, materials, the aquifer thicknesses and
depths, transmissibilities, storage coefficients, specific
yields, specific capacities.
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IDENTIFICATION OF HYDROGEOLOGICAL
FRAMEWORK

In any hydrogeological investigation, the identification of
aquifers and aquitards, are needed to be properly
understood. Hydrogeological mapping is an effective way
to visually depict the hydrogeological characteristics
beneath the surface of the land. Several techniques are
used in hydrogeological mapping, in which the hydrogeo-
logical map and cross-section are the most commonly used
techniques for visually depicting a hydrogeological system.
In this paper, we first gathered the field data as stated in

the former section and then integrated the data to gain
visual demonstrations of the surface distribution of
aquifers, resulting in drawing the surface hydrogeological
map shown in Figure 2. Geological faults taken from the
geological map were also included in Figure 2 to present
the places with a certain degree of fractures, water storage
and movement in consolidated deposits and bedrocks.
Figure 2 shows the display of an aquifer system on the

surface where the HUA is the topmost aquifer and is
distributed widely from the Red and Duong Rivers, to the
south of the city, with a total area of about 530 km2,
occupying about 55% of the study area. There is a
confining layer, aged from Holocene to Pleistocene, named
HPA, sandwiched between the HUA and PCA. The HPA is
mostly located under the HUA in the south but is exposed
on the surface, around the centre of Hanoi in the Dong Anh
District and the Calo River. The total area is about 25% of
Hanoi. The PCA is located underneath the HUA and HPA.
Furthermore, there are only several small dispersed areas of
PCA present on the surface in the north. Mesozoic
bedrocks exposed on the surface of the ground create
mountainous areas with a size of about 120 km2 in the Soc
Son District in the north, as shown in Figure 2. MFZ, the
fractured parts of Mesozoic bedrock, is distributed sparsely
in small zones of Mesozoic bedrock which is difficult to
see in Figure 2.

Furthermore, we hydrostratigraphically interpolated
strata depth data from a number of well logs. Figure 3

Figure 2. Hydrogeological map of Ha Noi city
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shows the hydrogeological cross sections demonstrating
the hydrostratigraphy of the aquifer system of Hanoi. The
cross section lines A-A’, B-B’, C-C’, shown in Figure 2,
were selected in the south of the city considering the
density of boreholes and the absence of main aquifers in
the north. These hydrological cross sections A-A’, B-B’,
C-C’ were made by interpolating 4, 7, 4 borehole columnar
section data, respectively, as shown in Figure 3. This figure
demonstrates a straightforward framework of the aquifer
system and hydrogeological conditions in Hanoi.
Figure 3 and other geological information from borehole

drilling reports indicated that Hanoi is composed of
Quaternary-aged unconsolidated sediments with a max-
imum thickness of 100m, lying directly over the bedrocks,
aging from the Neogene period of the Cenozoic era to the
Triassic period of the Mesozoic era. The groundwater of
the Quaternary-aged sediments mostly exists as porous
water forming the topmost HUA and the shallow PCA,
sandwiching the HPA, while cleft and karst water exist in
consolidated Neogene formations and Mesozoic rocks
constituting NWL and MFZ. The Red River is an important
natural recharge source for groundwater storage in Hanoi

because it runs across HUA and in some places across PCA
due to stream-bed erosion. In general, the main recharge
sources of these aquifers are from river water, rainfall and
irrigation water.

Geological formations andmaterial ages from the collected
well logs and geological description show that Hanoi has a
complex geological setting. Quaternary-aged sediments have
a diversity of strata and lithological materials. Deposits
usually have their origin in rivers, floods, lakes, marshes, seas
or modern alluvium. River-origin deposits commonly form
aquifers (HUA and PCA) but sea-origin deposits build up
aquitards or aquicludes (HPA).

HUA are mainly composed of silty clay and various
kinds of sands mixed with gravel. In more detail, based on
lithological components, HUA could be separated into
three parts: uppermost, upper and lower parts. The
uppermost part is slight and less permeable. Two other
parts have a much higher permeability than that of the
uppermost part. However, they have a unique hydraulic
system so they are grouped in one HUA. HPA are mainly
composed of silty clay mixing with black-gray plants or clay
sand. Twelve slug tests showed that this confining layer has
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a small amount of permeability, less than 0.1m/day (Nguyen
et al., 2007). The thickness of this layer varies greatly, up to
40m as shown in Figure 3. The main materials are highly
permeable deposits like sands, gravels and cobbles. The
PCA could also be divided into two sub-aquifers (upper and
lower PCA), the coarseness of which continues to increase
downward. Two sub-aquifers share a unique groundwater
level, so they are grouped into one PCA.
The NWL and the MFZ are mainly formed by geological

cracks, weather erosion and unconsolidated sediments. The
information from well logs indicated that the materials of
NWL include: cemented gravel, cemented clay, arkosic
sandstone, argillite and clay carbon. The MFZ mainly
consists of sandstone and porphyry.

AQUIFER SYSTEM CHARACTERIZATION

The Holocene unconfined aquifer (HUA)

This study revealed that two major aquifers (HUA and
PCA) and two minor water-bearing units (NWL and MFZ)
are dominant within the study area.

An isopach map is typically used to create a continuous
picture from discrete sampling sites. Kriging, a geostatis-
tical gridding method, and GIS have been effectively used
in various fields of study. Those methods produce visually
appealing maps from irregularly spaced data (Bakkali and
Amrani, 2008). Even though we used those methods,
creating sensible isopach maps was a difficult task because
boreholes and exploration wells are very small features on
the scale of the heterogeneities of an aquifer. The values of
the hydrodynamic parameters obtained from pumping tests
vary widely over short distances depending on exactly
where the wells are drilled. In this paper, therefore, we not
only utilized those methods for Hanoi but also interpreted
and compared them to the observational data to draw the
realistic isopachs. Figure 4 shows the isopach map of HUA
thickness which clarifies the vertical extent of HUA. This
isopach map was drawn using strata data from 160 well
logs out of 240 boreholes because of missing strata data in
the other boreholes. The figure shows that the aquifer
thickness varies up to more than 35m with an average of
about 15m. There is a roughly increasing tendency from
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the north to the south of Hanoi in which there are three
areas of more than 30m thickness. The first one is located
in the east of the Yen So Lake along the Red River. The
second one is in the southwest of the West Lake and the
last one is in the east of the city along the Duong River. As
shown in Figure 4, the thickness is zero in the north of the
city because there is no HUA in this area as shown in
Figure 2.
Hydrogeological parameters that were gained from 14

pumping tests, one being the multi-well test and the 13
others being the single-well tests, are summarized in
Table I. The four main parameters presented in the table
are: specific capacity (q), TDS, transmissibility (T) and
specific yield (Sy). They are good indicators for the level of
potential groundwater resources. According to Table I, we
can see that the q values are mainly less than 5 L/s/m
except for borehole H12, which is located between the Red
River and the West Lake as shown in Figure 1. The reason
for this exceptional case could be explained by the direct
relationship between the surface water of the Red River and
the groundwater of HUA. There are 11 boreholes of high
potential groundwater (q> 1 L/s/m), one borehole of
medium potential groundwater (1> q> 0.2 L/s/m) and
two boreholes of less potential groundwater (q <0.2 L/s/m)
according to the classifications quoted in the Vietnam
guidelines for the aquifer test (Tran, 2000). The TDS
values of all wells are less than 0.5 g/L indicating that
groundwater of HUA is fresh by the Vietnam drinking
water standards. Sy is a useful parameter for the quantitative
estimation of the potential groundwater storage of the aquifer.
The groundwater storage capacity of HUA was roughly
estimated at about 572 million m3, considering the average
distance from the water level down to the bottom, the surface
area and Sy value of the HUA.
The transmissibilities of HUA vary from 20 to 1788m2/

day as shown in Table I. With only 12 total transmissibility
data collected from pumping tests, we attempted to find out
the general tendency of the spatial T distribution of the
HUA through mapping its rough isopach map using the
Kriging method as shown in Figure 5. The map shows that

the transmissibility roughly increases from the city boundary
in the south to the centre of the city. There are two areas of
great transmissibility presenting high potential groundwater
resources. The highest transmissibility of more than
1500m2/day is placed around borehole H4 near the Red
River. That is why the only multi-well pumping test was set
up there. The other area with a transmissibility of about
1000m2/day is situated in the north of the West Lake.

The results above indicate that the HUA contains a
relatively high potential of groundwater resources and is
sufficient for a small to medium scale domestic water supply.

The Pleistocene confined aquifer (PCA)

Applying the same procedures explained in the former
section, the isopach maps (Figure 6 and Figure 7) were
created from strata data of 160 well logs. Figure 6 shows
the isopach map of the depth from the ground surface down
to the top of the PCA, which provides useful information
for practical pumping. Figure 7 is an isopach map of the
PCA thickness which is a good indicator for groundwater
potential. Figure 6 reflects great changes in the PCA depth
from region to region with an increasing tendency from the
north to the south. The depth is only less than 10m in the
north of the Soc Son District, but around 20m in Dong
Anh District, and up to 40m in the south of the Red River.
Figure 7 indicates that the thickness of the PCA also
fluctuates over a large range, up to 50m with the average of
about 35m, and has an increasing tendency from the north
to the south except for three areas of more than 40m in
thickness. The locations of the three areas have quite a
similar tendency towards the HUA thickness distribution as
shown in Figure 4.

In Hanoi, the greatest percentage of the 139 pumping tests
was drilled in this aquifer, but 121 of them are single-
borehole tests. Eighteen boreholes are cross-borehole tests
as shown in Table II. Table II only showed the results of
cross-borehole tests including: q, TDS, T and storage
coefficient (S). The single-borehole tests are not included
in the table, but the analysis for PCA in this paper is based on
all the data of both kinds of 139 pumping tests. The S value is
a useful parameter to estimate the potential pumping storage
of the confined aquifer for practical groundwater pumping.
In Table II, the S values obtained from cross-borehole tests
vary from 0.00004 to 0.066 with an average of 0.0233.
Using S values, the average thickness and the surface area of
the PCA, the groundwater storage capacity of the PCA was
roughly estimated at about 627 million m3. The q values
from all boreholes are higher than 1 L/s/mwhich indicate the
high potential for groundwater resources, according to the
Vietnam guidelines for the aquifer test (Tran, 2000). The
TDS value is less than 1 g/L representing fresh water by
Vietnamese drinking water standards. The q and TDS values
obtained not only from Table II but also from all of the 139
pumping tests show the same results.

Table II shows that the T values ranging from 700 to
2900m2/day indicate a very high potential of groundwater
resources. T values from the 139 total pumping tests also
have the same conclusion. The isopach map of transmis-

Table I. Pumping test results of Holocene unconfined aquifer
(HUA)

Well Number q(L/s/m) TDS(g/L) T (m2/day) Sy

H1 1.90 0.314 95 -
H2 3.00 - 184 -
H3 1.51 - 32 -
H4 2.70 0.218 1788 0.09
H5 0.42 0.290 160 -
H6 4.66 0.415 363 -
H7 3.08 0.235 530
H8 1.30 0.352 370 -
H9 0.18 - - -
H10 1.31 - 149 -
H11 0.76 - 20 -
H12 20.87 0.222 790 -
H13 4.50 0.280 1389 -
H14 1.49 0.420 - -
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sibility was mapped from the results of these pumping tests
to elucidate the spatial T distribution as shown in Figure 8.
It shows that the T value varies greatly from region to
region with the increasing tendency from the north to the
south and from the city border to the city centre. There are
three zones of great transmissibility presenting a very high
potential of groundwater resources. These zones are
situated along the Red River in the southern Hanoi. The
highest T value zone with more than about 2700m2/day is
placed around the centre of the southern Hanoi. The second
and the third ones are located in the northeast and the south
of the highest T value zone along the Red River with more
than 2100m2/day and 1500m2/day, respectively.
Based on the aforementioned analysis, we could

conclude that the PCA has a very high potential of
groundwater resources. Accompanied with its great
thickness, PCA is sufficient for medium to large scale
domestic water supply. The findings also reflect a
corresponding distribution of hydrogeological characteris-
tics between PCA and HUA. With better pumping test data

in PCA, hydrogeological findings for PCA have a higher
accuracy than those for HUA.

Minor water-bearing units

As we described in Chapter 3, two other minor water-
bearing units are the NWL and the MFZ. The depth from
the ground surface to the top of NWL is around 20m at the
north but increases up to 100m or more in the south.
Hydrogeological parameters gained from 11 single-bore-
hole tests are presented in Table III including: q, TDS and T.
In Table III, boreholes N5 and N6 along the Red River and
borehole N7 along the Duong River in the southeastern part
of the city have q values of more than 1 L/s/m reflecting a
high groundwater potential, while the others have less than
1 L/s/m indicating low groundwater potential according to
the Vietnam guidelines for pumping tests (Tran, 2000). The
TDS values of boreholes N8 and N10, located in the Tu
Liem district and Thanh Xuan district in the south-western
part of Hanoi, are more than 1 g/L indicating brackish
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water not suitable as potable water. Four T values show
that the good potential groundwater areas correspond to the
locations of boreholes N6 and N7.
Table IV shows hydrogeological parameters of MFZ

gained from five single-borehole tests including: q, TDS
and T. In Table IV, the q values are mainly less than 1 L/s/m
except for M5, which is a sign of poor to medium potential
of groundwater resources. The groundwater here is proven
to be fresh by small TDS values of less than 1 g/L. T values
in the range of 64 to 305m2/day also reflect the limitation
of groundwater resources. Only some small weathered
parts can store considerable amounts of groundwater like
the location of M5 with high q values.
The T values of NWL and MFZ are much smaller than

those of the porous aquifers, HUA and PCA. The available
data of both NWL and MFZ are insufficient for estimat-
ing their groundwater storage capacities. The informa-
tion from surveyed notes stated that local communities
in the north, dominated by Mesozoic bedrocks, have
frequently employed hand-dug shallow wells to gain

groundwater for individual use, but the wells start drying
up in the dry season. Therefore, the groundwater in MFZ
and NWL is only sufficient for domestic use on a very
limited scale.

CONCLUSION AND DISCUSSION

In this paper, taking advantage of our recent project on
constructing a National Hydrogeological Database, the best
number of 240 boreholes including well logs and their
hydrogeological parameters were comprehensively ana-
lyzed for the first time in order to identify the aquifer
system and characterize the hydrogeological conditions in
all of Hanoi city from the viewpoint of potential
groundwater resources. The hydrogeological data were
interpolated, and the aquifer system of Hanoi city was
identified by creating the hydrogeological map and
hydrogeological cross sections. Also, we focused on
analyzing the hydrogeological parameters of HUA and
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PCA in more detail by making isopach maps of
thicknesses, depths and transmissibilities. As for the
results, Hanoi is composed of Quaternary-aged unconsoli-
dated sediments which consist of HUA, PCA and HPA,
directly overlaying the hard formations which aged from
the Neogene period to the Triassic period and form the
NWL and MFZ.

In more detail, the HUA is distributed at a rate of about
55% in the south of the city area. HUA has a relatively high
potential of groundwater resources and is sufficient for the
small to medium scale domestic water supply. On the other
hand, PCA is widely distributed at a rate of about 80% in the
south of the city and has the highest groundwater potential
serving the most important aquifer for water supply. In
contrast, both the NWL and MFZ have very limited
groundwater potential as proven by small q and T values.
The confining layer HPA is mostly located under HUA. The
groundwater in all water-bearing formations (HUA, PCA,
NWL and MFZ) is fresh except for some brackish water
parts of NWL in the south-western part of Hanoi.

Red River

Duong River

Yen So lake

ToLich  River
Red River

revi
R

e
u

h
N

West Lake

C
au R

iver

Calo River

HATAY
HUNG YEN

BAC NINH

HA NOI

THAI NGUYEN

BAC GIANG
VINH PHUC

5

Kilometers

100

40

40

20

15

0

30

25

40

40

30

5

10

10

20

25

30

45

45

50

35
40

35

30

45

40

50

Figure 7. Isopach map of PCA’s Thickness

Table II. Cross-borehole test results of Pleistocene confined
aquifer (PCA)

Well Number q(L/s/m) TDS(g/L) T (m2/day) S

P1 9.87 0.185 2574 0.06600
P2 13.60 - 2179 0.07000
P3 8.49 0.200 1295 0.04600
P4 5.03 0.221 991 0.02400
P5 9.00 0.124 2838 0.01400
P6 6.04 0.138 2756 0.00100
P7 3.31 0.240 700 0.00200
P8 7.65 0.247 2900 0.14500
P9 4.47 0.185 1500 0.00270
P10 7.73 0.272 800 0.02700
P11 14.46 0.440 1230 0.00030
P12 10.22 0.348 2319 0.00004
P13 3.99 0.345 1565 0.00034
P14 5.60 - 1556 0.01700
P15 1.27 0.145 727 0.00300
P16 - - 1228 0.00013
P17 - - 1074 0.00033
P18 - - 849 0.00022
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Table V tabulates the overall characteristics of the Hanoi
aquifer system. In Vietnam, the two biggest cities, Ho Chi
Minh and Hanoi, are located in two of the largest deltas, the
Mekong River Delta and the Red River Delta, respectively.
In comparison with the Red River Delta in Hanoi, the

Mekong alluvial in Ho Chi Minh city has a rather
complicated aquifer system with four interconnected
aquifers (Holocene, Pleistocene, Lower Pleistocene, Neo-
cene aquifers) (Nguyen, 2008). The hydrogeological
characteristics of the topmost unconfined Holocene aquifers
are quite similar in both thickness and materials. The
materials of the deeper PCA of Mekong alluvial in Ho Chi
Minh city is also similar to those of Hanoi’s PCA but the
aquifer thickness is much bigger, up to 110m. The
Pleistocene-aged sediments in Ho Chi Minh city form two
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Table III. Pumping test results of Neogene water-bearing layer
(NWL)

Well Number q(L/s/m) TDS(g/L) T(m2/day)

N1 0.01 - -
N2 0.05 - -
N3 0.87 - -
N4 0.66 - -
N5 1.42 - -
N6 3.46 0.270 840
N7 3.75 0.240 440
N8 0.01 2.230 -
N9 0.10 - -
N10 0.03 1.115 50
N11 0.73 - 55

Table IV. Pumping test results of Mesozoic fractured zones
(MFZ)

Well Number q(L/s/m) TDS(g/L) T(m2/day)

M1 0.58 0.249 305
M2 0.14 0.274 64
M3 0.31 0.293 153
M4 0.34 0.233 82
M5 6.15 0.150 -
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distinctive aquifers, Pleistocene and Lower Pleistocene
aquifers, whereas there is just one PCA in Hanoi. There
are Neocene aquifers with limited groundwater potential in
both regions.
In addition, the aquifer framework of Hanoi is much more

straightforward than the Shanghai Region of the Yangtze
River Delta, amain river delta inChina. The Shanghai Region
has a multi-system of up to six aquifers and six aquitards (Xu
et al., 2009). However, thickness andmaterials of the topmost
unconfined Holocene aquifers in both regions are quite
similar. For example, the aquifer thickness also variably
extends down to 35m, and the aquifer is also mainly
composed of silty clay, sandy silt, clayey silt and fine-grained
sands in Shanghai region. Although the deeper Pleistocene
aquifers in both regions are confined aquifers and mainly
composed of highly permeable sediments like sands, gravel
and cobble, there are differences in the ranges of their
thicknesses: Shanghai Region (0–85m) and Hanoi (0–50m).
In contrast, with reference to the Hanoi aquifer system, the
‘aquifer system’ of the Yellow River lower reaches plain,
China, is just present within the extent of 10–20 km along the
river, which are defined as the influence zone of recharge of
the Yellow River water on the groundwater. This region is
mainly composed of less permeable sediments like silty clay,
clay and fine sand. The groundwater potential is very limited
(Eryong et al., 2009). Thus, it could be said that the aquifer
system in Hanoi is distinctive and that the groundwater
reserves in Hanoi might be less than of Ho Chi Minh of the
MekongDelta and the Shanghai Region of theYangtze Delta,
yet much more than Yellow River lower reaches plain. The
brief comparison of aquifer systems in Hochiminh and
Shanghai to Hanoi was roughly summarized in Table VI.
The findings are indispensable for further groundwater

analyses contributed to ensure the sustainable groundwater
development not only in Hanoi, but also in poorly gauged
or ungauged neighboring basins.
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Spatio-temporal analysis of recent groundwater-level trends
in the Red River Delta, Vietnam

Duong Du Bui & Akira Kawamura & Thanh Ngoc Tong &

Hideo Amaguchi & Naoko Nakagawa

Abstract A groundwater-monitoring network has been in
operation in the Red River Delta, Vietnam, since 1995.
Trends in groundwater level (1995–2009) in 57 wells in
the Holocene unconfined aquifer and 63 wells in the
Pleistocene confined aquifer were determined by applying
the non-parametric Mann-Kendall trend test and Sen’s
slope estimator. At each well, 17 time series (e.g. annual,
seasonal, monthly), computed from the original data, were
analyzed. Analysis of the annual groundwater-level means
revealed that 35% of the wells in the unconfined aquifer
showed downward trends, while about 21% showed
upward trends. On the other hand, confined-aquifer
groundwater levels experienced downward trends in
almost all locations. Spatial distributions of trends
indicated that the strongly declining trends (>0.3m/year)
were mainly found in urban areas around Hanoi where
there is intensive abstraction of groundwater. Although the
trend results for most of the 17 time series at a given well
were quite similar, different trend patterns were detected
in several. The findings reflect unsustainable groundwater
development and the importance of maintaining ground-
water monitoring and a database in the Delta, particularly
in urban areas.

Keywords Groundwater monitoring . Groundwater-level
trend . Geographic information systems . Mann-Kendall .
Vietnam

Introduction

Groundwater plays a very significant role in public water
supply in many places around the world. Sustainable
management of groundwater resources is one of the
essential objectives for the future development of a
country, especially when the rising demand for clean
drinking water is considered (Mende et al. 2007). The
amount of groundwater abstraction has been rapidly and
continuously increasing worldwide (Van et al. 2010) and
excessive groundwater abstraction has caused serious
groundwater-level declines in many areas (Vietnam
2001; Phien-wej et al. 2006; Shamsudduha et al. 2009).
Declining groundwater levels have a number of adverse
impacts on the environment. Most directly, groundwater-
level decline is an indicator of groundwater depletion,
which threatens aquifer sustainable development (Akther
et al. 2009). Other obvious impacts are land subsidence
resulting from compaction of aquifer materials (Konikow
and Kendy 2005) and groundwater pollution due to
additional recharge from leaking sewers and other
wastewater sources (Hoque et al. 2007; Berg et al.
2007). Likewise, surface waters are also affected by
reduced groundwater discharges (Konikow and Kendy
2005) that can adversely affect ecosystems (Zektser et al.
2005).

In the Red River Delta, Vietnam, people depend greatly
on groundwater for their domestic water use because of
the uneven distribution and contaminated quality of
surface-water resources. Only a few studies have been
conducted on groundwater related issues and these studies
covered a small part of the delta. Most of these studies
targeted the capital of Hanoi, and were concerned about
groundwater pollution, land subsidence, and aquifer
system identification. Duong et al. (2003), for example,
considered the groundwater pollution in water supplies of
Hanoi. Groundwater arsenic contamination was identified
in some parts of Hanoi (Berg et al. 2007). Trinh and
Fredlund (2000) investigated the land subsidence due to
excessive groundwater exploitation in Hanoi. Even though
an understanding of spatio-temporal changes in ground-
water levels is essential for sound management of
groundwater resources (Ferdowsian and Pannell 2009;
Hoque et al. 2007), no analysis of trends or variability in
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groundwater levels has been conducted in the Red River
Delta. Detection of spatio-temporal trends in groundwater
levels in the Delta has long been a difficult issue because
of the lack of in situ observational records of sufficient
length, spatial coverage and quality.

Globally, very few studies have looked at spatio-
temporal changes in groundwater variables because of
the lack of a network of groundwater-level-monitoring
systems. Almedeij and Al-Ruwaih (2006) investigated the
periodic behavior of groundwater-level fluctuations in
residential areas of Kuwait. In Bangladesh, the spatio-
temporal patterns of groundwater-level fluctuation and
trends in Dhaka and the Ganges-Brahmaputra-Meghna
Delta were identified by Hoque et al. (2007), Akther et al.
(2009), and Shamsudduha et al. (2009). Ferdowsian and
Pannell (2009) studied trends in groundwater levels in
Esperance, Australia. In these studies, several methods
such as the graphical description, linear regression, and
seasonal-trend decomposition were applied to detect
trends in groundwater levels. The non-parametric Mann–
Kendall test, the most commonly used method for
detecting trends in environmental and hydrological vari-
ables (Esterby 1998; Kundzewicz and Robson 2004;
Delgado et al. 2010) was also used for preliminarily
testing groundwater-level time series in Orissa, India
(Panda et al. 2007); in the Hillsborough River Basin,
Florida, USA (Weber and Perry 2006); and Wisconsin,
USA (Ghanbari and Bravo 2011). In this study, the
Mann-Kendall test was applied, for the first time, to in
situ groundwater-level data for a considerable period
(1995–2009) to detect trends in water levels in the Red
River Delta.

Currently, a dense network of groundwater-level
monitoring stations, including 160 observation wells,
exists for the Holocene unconfined aquifer (HUA) and
the Pleistocene confined aquifer (PCA) in the Red River
Delta. This monitoring network was established in 1995
and a systematic groundwater-level-monitoring database
(GMD) has been maintained since 2000. This report
presents a spatio-temporal analysis of the trends and
variability of both HUA and PCA groundwater levels for
the period of 1995–2009 in order to understand ground-
water-level changes in aquifer systems. The Mann-
Kendall method was applied to detect trends in ground-
water-level time-series data while the Sen’s slope estima-
tor was used to estimate the magnitude of the trend.
Geostatistical and geographic information systems (GIS)
techniques were applied to map spatial trends in observed
groundwater levels in the Red River Delta.

Study area and groundwater-monitoring network

Study area
The Red River Delta (Fig. 1) has a surface area of about
13,000 km2 in the northern part of Vietnam, covering
4.5 % of the total Vietnam area. It is the most developed
region of Vietnam, comprised of 13 provinces and cities
as shown in Fig. 1. The population was about 19 million

in 2007, occupying 22 % of Vietnam’s total population.
Many important centers of economy in Vietnam such as
Hanoi and Haiphong, are located there. The major type of
topography is flood plains with an elevation mainly below
12 m.

The delta belongs to the tropical monsoonal area with
two distinctive seasons: the rainy season (May to October)
and the dry season (November to April). The annual
rainfall is about 1,600 mm; 75 % of the rainfall is during
the rainy season. The annual average humidity is about
80 %, and the average temperature is around 24 °C.
Evaporation is quite high with an annual average of
900 mm (Tong 2007).

The natural river network (i.e. excluding artificial
irrigation channel systems) in the delta is quite dense
with a density of about 0.7 km/km2 (Tong 2007). The
average discharge of the Red River at the Hanoi station is
385 m3/s in the dry season and 14,800 m3/s in the rainy
season. The water of the Red River is at a high level of
suspended load throughout the year. The tidal range along
the coast is approximately 4 m. Surface water, especially
in lakes, in some cities has been seriously polluted due to
infrastructure insufficiency and unwise management of
municipal waste (Tong 2007).

Groundwater is the main source of domestic water
supply (Tong 2007; Bui et al. 2003, 2011, 2012). The
amount of groundwater abstraction has been rapidly
increasing each year. Using field data from well logs
(e.g. thickness, materials and geological ages of each soil
layer) and pumping tests (e.g. specific capacity, and
hydraulic conductivity, storage coefficient, etc.), the
hydrogeological architecture of the aquifer system (i.e.
aquifers and aquitards) in the entire delta was identified
(Bui et al. 2003, 2011, 2012). According to these studies,
groundwater in the Red River Delta mainly exists in
Quaternary unconsolidated sediments (i.e. clay sands,
sands, gravels, cobbles) forming the topmost HUA and
the shallow Pleistocene confined aquifer (PCA), sand-
wiching the Holocene-Pleistocene aquitard. The depth to
the bottom of the aquifer system of the delta varies greatly,
up to 100 m in the coastal areas, and it shows an
increasing tendency from the northwest to the southeast of
the delta (Bui et al. 2003, 2011, 2012). The topmost
aquifer (HUA) and the shallow confined aquifer (PCA) are
two important aquifers as they have the highest potential
of groundwater resources (Bui et al. 2011, 2012).
Concentrations of ammonia, arsenic, and other heavy
metals in groundwater of the delta have increased over the
years (Agusa et al. 2005; Berg et al. 2001, 2007; Bui et al.
2007; UNICEF Vietnam 2001).

Establishment of the groundwater-monitoring
network and database
In Vietnam, detailed information and long-term observa-
tion data on groundwater levels were rare, which has been
an obstacle for the application of integrated groundwater
management on a large basin scale. Motivated by these
necessities, since 1989, the Vietnamese government had
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been investing funds in setting up groundwater observa-
tion wells. However, it was not until 1995 when a fairly
wide groundwater-monitoring network was set up in the
delta and was put into operation. The groundwater-level
data monitored by that network is huge, but not
systematically organized, and accessible only to a very
limited number of users. These primary data sets came
from various sources and have large differences in data
format, quality, and storage media. Therefore, a time-
consuming and costly project for better management and
utilization of the observed data was initiated in 2000 under
the support and nomination of the Vietnam Department of
Geology and Minerals, in which a GIS-based groundwater-
monitoring database (GMD) was constructed and main-
tained. The common advantages of a GIS-based database
approach are the reduction in data redundancy, maintenance
of data integrity, and security restrictions. Once monitoring
wells were successfully constructed, only information about
the height of monitoring well heads above the ground,
elevation of ground surface and locations of wells (latitude
and longitude) was documented and maintained. Other data
and information during the construction period such as
the drilling method, borehole diameter, annular space,
borehole alignment, total depth of the hole, selection

of backfill materials, the length of the screen/filter, and
other borehole construction notes were not included in
the GMD.

So far, 160 observation wells have been installed and
maintained in the delta. Basic groundwater variables such
as groundwater level, temperature, and quality are being
monitored. Groundwater levels are measured either man-
ually or automatically. Recognizing the importance of
proper well maintenance, a visual inspection of the
exterior of every well is conducted every 3 months to
identify such problems as: (1) cracked or corroded well
casing; (2) broken or missing well cap or locks; (3)
damage to protective casing; and (4) settling and cracking
of surface seals. If any of these problems are found, the
well should immediately be repaired or abandoned.
Furthermore, observers have to carefully check and
process all monitoring data before sending them to the
central office for updating into the GMD. From this
database, general information about groundwater-level
fluctuation such as average, max and min, are to be
assessed and presented to the public once every year. Prior
to the construction of the GMD in 2004, all monitoring
data had been mainly stored in paper formats. Now they
are stored in digital formats and managed by a GIS-based

Fig. 1 Study area and groundwater-monitoring network
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database, and thus the quality of monitoring data is
controlled. In order to find out the direction of ground-
water movement, it is necessary to determine the elevation
(i.e. the height above a datum plane) of the water level in
the wells. In this study, groundwater levels (water table)
above the mean sea level (amsl) were determined by
subtracting the depth of the water from the surface
elevation at each observation well. After the water-table
data were calculated and validated, they were inputted into
the GMD. The record lengths and intervals vary greatly
depending on the completion time and the intended usage of
the observation wells, as well as the aquifers and variables to
be monitored. The groundwater levels are recorded at three
types of time interval: every day, once per 3 days, and once
per 6 days. Up to now, the record lengths have been about
15 years (1995–2009), which satisfies the required length for
utilizing the Mann–Kendall trend test (Maidment 1993).
Even though these observed data sets play a vital role in
groundwater analyses, so far they are not yet open to the
public and only internally accessible by those who are
involved in implementing the database project. In addition,
the groundwater-monitoring network was installed for
groundwater management purposes, and therefore, the
recorded data are for internal uses only, not for research
purposes. This report is the first to utilize groundwater-level
data from the authors’ established database. These data sets
will be available to the public in the next stage, so that further
analyses based on groundwater levels can be performed by
scientists in Vietnam and elsewhere to ensure a sustainable
development of groundwater resources in the Red River
Delta. Details about this project and the database were
described in the final report of the project (Tong 2003).

Data used and methodology

Data used
In trend detection studies, the choice of the number of
stations is important in order to have a sufficiently high
spatial coverage. Stations were selected primarily based
on the record length and the quality of data. For the trend
analysis groundwater-level data from 120 out of 160
observation wells (Fig. 1) was selected based on the
following criteria: (1) a data span of 15 years (1995–
2009); (2) there are no more than 5 % missing data; and
(3) data are observed for either HUA or PCA, not for other
minor aquifers. Among the 120 observation wells select-
ed, there are 57 for HUA and 63 for PCA. The data
frequencies of groundwater-level observations are daily,
once per 3 days and once per 6 days for 20, 59 and 41
monitoring wells, respectively. The selected observation
points well represent the study area.

From the original records, the monthly average
groundwater levels were calculated and a total of 17 time
series (e.g. annual, rainy and dry season average, annual
maximum and minimum, and 12 time series for each
month across years) were computed for each well. This re-
sampling process is a commonly used way to solve
problems of serial correlation inherent in hydrological

time series prior to adopting the non-parametric Mann–
Kendall test (Boyles and Raman 2003; Burn and Elnur
2002; Serrano et al. 1999). Observational data were
averaged over each season or month in order to remove
the seasonal component from the time series, and thus it is
not necessary to include adjustments for seasonality and
serial correlation when applying the Mann–Kendall test
(Hirsch et al. 1982; Helsel and Hirsch 2002).

First, the focus was on detecting trends in the annual
time series by applying the Mann–Kendall test since it
represents the overall trend among others. Next, the other
16 time series were examined for their trends in more
detail by using the same method. While the dry and rainy
seasons were investigated to explore trends in seasons, the
possible trends in annual maximum and minimum time
series were also checked. The 12 time series for the
different months of a year were examined to provide
insights into groundwater-level trends for each month over
the period of 1995–2009.

Methodology
Before detecting the trends in groundwater levels by the non-
parametric Mann–Kendall test, a series of graphs of
groundwater levels, together with their monthly box plots
and linear trends using the parametric regression method,
were conducted to get the initial impression of seasonality
and trends in groundwater levels at every well. At this step,
basic statistics of groundwater levels such as mean,
maximum, minimum, coefficient of variation, standard
deviation, skewness, etc., were also calculated and summa-
rized into tables. After that, at each well, 17 time series
encompassing important groundwater-level components
(e.g. annual, dry and rainy seasons, annual maximum and
minimum, and the data for each of the 12 months of a year)
calculated from the original data were analyzed to detect
their trends by utilizing the Mann–Kendall test.

The non-parametric Mann–Kendall test is highly
appropriate for trend detection in hydrological variables
for several reasons: (1) it does not require data to be
normally distributed, (2) it supports multiple observations
per time period, (3) it allows missing values and censored
observations in the time series (Helsel and Hirsch 2002;
Kundzewicz and Robson 2004). This method is, however,
not appropriate for time-series data where observations are
highly seasonal and serially correlated. The test was
originally developed by Mann (1945) and later further
developed by Kendall (1948). The Mann–Kendall statistic
(S) is given by Eq. (1):

S ¼
XN�1

i¼1

XN
j¼iþ1

sgnðxj � xiÞ where sgnðθÞ ¼
1; θ > 0

0; θ ¼ 0

�1; θ < 0

8><
>: ð1Þ

xi and xj are the sequential data values, and N is the record
length.

Kendall (1955) showed that the distribution of S
approaches the normal distribution as the number of
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observations becomes large. The significance of a trend
can thus be tested by using the standardized variable u as
given in Eq. (2):

u ¼ ðS þ mÞffiffiffiffiffiffiffiffiffiffi
V ðSÞp where m ¼

�1; S > 0

0; S ¼ 0

1; S < 0

8><
>: ð2Þ

V ðSÞ ¼ 1

18
NðN � 1Þð2N þ 5Þ �

Xn
i¼1

eiðei � 1Þð2ei þ 5Þ
( )

ð3Þ
in which V(S) is the variance of S; n is the number of tied
groups; and ei is the number of data in the ith (tied) group
(i=1∼n) (Maidment 1993). The important parameter of
the test is the significance level α that indicates the trend’s
strength. In a two-sided test for the trend, the null
hypothesis is rejected at the α significance level if |u|>
u(1-α/2), where u (1-α/2) is the 1-α/2 quantile of the standard
normal distribution.

Furthermore, it is necessary to determine the slope (β)
of the detected trends, which provides the magnitude of
the trend. The non-parametric robust Sen’s slope estimator
was adopted herein to estimate β, since it is an unbiased
estimator of trends and has considerably higher precision
than a regression estimator where data are highly skewed
(Hirsch et al. 1982). The Sen’s slope estimator is given by
Eq. (4):

b ¼ Median ðxj � xiÞ=ðj� iÞ� �
for all i < j ð4Þ

The monthly time series, which were used for
exploratory analysis, were not used for trend analysis at
this stage since the presence of serial correlation and
seasonality increases the probability of detecting pseudo-
trends using the Mann-Kendall test even though no
obvious trend exists (Gouglas et al. 2000; Yue et al.
2002; Burn and Hesch 2007). Computer programs were
coded using FORTRAN to calculate the procedures of the
Mann-Kendall trend test and the Sen’s slope estimator.
Finally, spatial patterns of trends and their magnitudes
were mapped at the regional scale using GIS and Kriging
geostatistical techniques. Kriging applies weighted func-
tions according to a mathematical model of the variogram.
Kriging has several variograms and in this study, a simple
linear variogram was used as the fitting model since it
usually generates acceptable grids (Nas and Ali 2010).

Results

General characteristics of groundwater levels
For the exploratory analysis, monthly time series of
groundwater levels were plotted for the period of 1995–

2009 along with monthly average values on box-whisker
plots at 120 monitoring stations in the Red River Delta.

Holocene unconfined aquifer (HUA)
Figure 2 shows hydrographs of selected monthly ground-
water levels (1995–2009) in 3 out of 57 HUAwells along
with box-plots to show averaged monthly variations. It is
apparent from Fig. 2 that the seasonality in groundwater
levels is highly pronounced. The three time-series graphs
reveal three typical long-term trend patterns for HUA
groundwater levels among all 57 wells. The time series of
well H5 show an obvious annual cycle with an ambiguous
long-term trend, which is found widely in the delta. The
H28 time series reveal another distinct pattern consisting
of a slightly rising trend with an obvious annual cycle,
which is mainly found in the northern and coastal parts.
The H42 time series show a representation of a clearly
declining trend with an annual cycle of slightly decreasing
amplitude, which is generally observed in the highly
urbanized areas in the south of Hanoi. The box-whisker
plots in Fig. 2 show median, quartiles of 25 and 75 %, and
the maximum and minimum values of the monthly
groundwater levels. These plots indicate the observation
of seasonal variability. Although there are great differ-
ences in the monthly water levels among the three wells,
the highest water levels were all measured around August.
The box-whisker plot revealed that August and December
show the smallest and greatest spread (variation) in
groundwater-level observations, respectively, for well
H5. As the clear long-term trends are included in the
box-whisker plots for wells H28 and H42, information on
monthly variation of groundwater levels observed from
the box-whisker plots for these wells has less accuracy
than for well H5.

Table 1 shows the basic statistics for groundwater
levels in all 57 wells in the HUA, including the annual
water levels in 1995 and 2009, trends in annual water
levels during 1995–2009 (m/year), 15-year average of
annual cycle amplitude, and 15-year average of differ-
ences between rainy and dry seasons. As an average
(mean) result of the 57 wells, Table 1 reveals that HUA
water levels have decreased from 3.01 m asml—standard
deviation (SD) 2.74 m—to 2.60 m amsl (SD 2.96 m) with
a trend of 0.03 m/year (SD 0.10 m). The 15-year mean of
the annual cycle amplitude was 1.54 m (SD 1.31 m), and
the mean water level in the rainy season was 0.74 m (SD
0.76 m) higher than in the dry season.

Gravity is the dominant driving force in groundwater
movement, so groundwater usually moves from higher to
lower elevations or in the downward direction of the
hydraulic head gradient. To visualize the spatial pattern of
the water levels, contour maps of the annual mean water
levels of each year were generated using the ordinary
Kriging interpolation method within the ArcGIS environ-
ment. Figure 3a and b show the two selected maps for the
water levels in 1995 and 2009, respectively. It is clear
from the maps that a cone of depression had formed in
Hanoi, while the regional head gradient pattern still
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remained from northwest to southeast during the past
15 years. The contour maps of the other years, which are
not presented here, show gradual change in spatial
patterns in groundwater levels in each year.

Pleistocene confined aquifer (PCA)
Figure 4 shows hydrographs of selected time series of 3
out of 63 wells for PCA along with their monthly box-
whisker plots. The well P2 time series show a strong
downward trend with an ambiguous annual cycle, which
is generally observed in highly urbanized areas like Hanoi,
Haiphong, Namdinh. The P20 time series present a slight
downward trend with an annual cycle, which is commonly
found in less urbanized areas. The P53 time series reveal
an ambiguous trend with an obvious annual cycle, which
is commonly found in groundwater recharge areas (in the

margins of the delta). The three box-whisker plots shown
in Fig. 4 verify the different levels of seasonality among
the three wells. The P20 and P53, but not P2, show the
highest water levels in August. The strong declining trend
in P2 might diminish the seasonality. The box-whisker
plot for the well showing the smallest long-term trends
(P53) revealed that the smallest and greatest spread
(variation) in groundwater-level observations were found
in May and June, respectively.

Futhermore, Table 2 presents basic statistics for all 63
PCAwells during the study period. The mean values of 63
wells reveal that PCA groundwater levels have seriously
decreased from 2.54 m amsl (SD 4.66 m) to –0.38 m amsl
(SD 6.58 m) with a downward trend of 0.21 m/year (SD
0.18 m), which is much more serious than that of HUA.
The 15-year averages of the annual cycle amplitudes and
differences between two seasons are 1.35 and 0.51 m,

Fig. 2 Monthly groundwater levels (left panel) at three selected HUA wells (H5, H28, H42) along with box-plots of their monthly
variation (right panel). The straight line on the hydrographs indicate linear trends in groundwater levels
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respectively, which are smaller than for the HUA. Higher
standard deviations indicate that PCA water levels vary in
a larger range than HUA. It is interesting that a negative
value appeared in the minimum value of the 15-year
average of differences between dry and rainy seasons.
Figure 5a and b show the two selected contour maps for
PCA groundwater levels in 1995 and 2009, respectively.
As shown in these figures, the regional head patterns are
quite similar to each other, in which the regional head
gradient generally runs from northwest to southeast (from
inland to the sea) following the general topography of the
delta. Large cones of depression had already existed in
1995 in urban areas (Hanoi, Haiphong, and Namdinh) and
they were greatly expanded in 2009.

Spatio-temporal patterns of recent trends
Non-parametric trend results were analyzed using two
significance levels (α) of 5 % and 1 %. Referring to the
common classifications used for the standard normal
distribution (Jin et al. 2005a, b), trend results were
classified into five trend groups based on the u values by
Eq. (2): strong downward trend (u<u0.005), weak down-
ward trend (u0.005≤u<u0.025), no significant trend (u0.025≤
u≤u0.975), weak upward trend (u0.975<u≤u0.995), and

strong upward trend (u0.995<u), where u0:025j j ¼ u0:975 ¼
1:96 and u0:005j j ¼ u0:995 ¼ 2:58.

Holocene unconfined aquifer (HUA)
Table 3 summarizes the trend results for the 17 time series
(1995–2009) of 57 HUA wells along with the details for
five selected wells. Each selected well is a typical example
of each trend group. Table 3 shows statistically significant
trends at 5 % in 32 wells (56 %), while no significant
trends were found in the remaining 25 wells. Among the
32 wells with significant trends, 20 wells (62 %) show
declining trends. The nature of trends for each trend group
for the dry and rainy seasons, and annual maximum and
minimum time series is quite similar to the trends in the
annual time series. Trend results of the 12 months
(January to December) show a bigger variation in trends
for every trend group. Fewer strong declining trends were
found in mostly October, November, and December.
Detailed results of the five selected wells reveal that each
of the five wells exhibits similar trend results regardless of
the 17 time series. In the case of well H42, exactly the
same results were obtained.

To examine the spatial distribution of the detected
trends, maps showing the locations of 57 wells of the five

Table 1 Basic groundwater-level statistics for all 57 wells in the HUA

Statistics Annual groundwater levels 15-year average of annual
cycle amplitudes (m)

15-year average of differences
between rainy and dry seasons (m)1995 (m

amsl)
2009 (m
amsl)

Trends by least square
method (m/year)

Mean 3.01 2.60 –0.03 1.54 0.74
Maximum 12.45 13.35 0.11 5.19 2.94
Minimum 0.29 –3.66 –0.52 0.27 0.03
Median 2.12 1.93 –0.01 0.94 0.46
Coefficient of
Vvariation

7.52 8.77 0.01 1.70 0.58

Standard
deviation

2.74 2.96 0.10 1.31 0.76

Skewness 1.55 1.26 –2.77 1.51 1.55

Fig. 3 Contour maps of annual mean of HUA groundwater levels (m asl) in a 1995 and b 2009
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trend groups were created for the 17 time series. Among
these maps, the one for the annual time series is shown in

Fig. 6. As seen in this figure, there are noticeable spatial
groupings of wells with significant trends. The downward

Fig. 4 Monthly groundwater levels (left panel) at three selected PCAwells (P2, P20, P53) along with box-plots of their monthly variation
(right panel). The straight line on the hydrographs indicate linear trends in groundwater levels

Table 2 Basic groundwater-level statistics for all 63 wells in the Pleistocene confined aquifer (PCA)

Statistics Annual groundwater levels 15-year average of annual
cycle amplitudes (m)

15-year average of differences between
rainy and dry seasons (m)1995 (m

amsl)
2009 (m
amsl)

Trends by least square
method (m/year)

Mean 2.54 –0.38 –0.21 1.35 0.51
Maximum 11.43 9.11 0.07 5.04 2.68
Minimum –15.35 –21.41 –0.66 0.21 –0.43
Median 2.09 0.34 –0.16 1.09 0.43
Coefficient of
variation

21.73 43.25 0.03 0.97 0.42

Standard
deviation

4.66 6.58 0.18 0.99 0.65

Skewness –1.05 –1.09 –0.99 1.79 1.43
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trends are widely observed in the upper parts of the delta,
especially in Hanoi and Hanam, while the upward and
insignificant trends are mainly located in the coastal areas.

Table 4 shows trends (m/year) for the 17 time series of
five selected wells. The positive and negative signs of
trend present rising and declining water levels, respec-
tively. As shown in Table 4, the mean of the trends varies
from –0.50 to 0.02 m/year, and they are different between
the wells. The rising trend calculated for H28 (∼ 0.02 m/
year) is in contrast to the declining trend of H42 (–0.5 m/
year) at the same significance level of 1 %. Considering
the detailed results of the trends of all 57 HUA wells,
similar results of spatial heterogeneity were observed.

To visualize the spatial pattern of trends, contour
maps of the trends for each time series were created
by utilizing GIS and Kriging interpolation methods as
mentioned earlier. Figure 7 shows a selected map for
the annual time series where distinct regional slope

patterns are highlighted. Declining slope trends are
distributed in a major portion of the delta, while three
zones of upward trends are identified in the coastal
region, Hungyen province, and northern parts of the
delta. As shown in Fig. 7, downward trends are mainly
less than 0.2 m/year except for around 60 km2 in the
south of Hanoi where severe downward trends of more
than 0.3 m/year are observed. On the other hand, the
upward trends are rather small, less than 0.1 m/year.

Pleistocene confined aquifer (PCA)
Similar to Table 3, Table 5 presents a summary of the
trend results of 63 PCA wells along with the details for
three typical wells. The number of trends for the annual
time series in Table 5 indicates that statistically significant
downward trends were identified in almost all the wells
(57 strong and 3 weak downward trends out of 63 wells).

Fig. 5 Contour maps of annual mean of PCA groundwater levels (m amsl) in a 1995 and b 2009

Table 3 Results of Mann-Kendall test for trends in 57 HUA groundwater levels along with the details for five selected wells

Time series Number of trends in 57 wells Trend details of five selected wells
DD D X U UU H42 H50 H5 H29 H28

Annual 16 4 25 3 9 DD D X U UU
Rainy season 15 6 22 5 9 DD D X UU UU
Dry season 15 5 24 4 9 DD D X U UU
Maximum 16 6 24 5 6 DD D X U U
Minimum 14 5 25 5 8 DD D D U UU
January 12 3 32 4 6 DD D X X U
February 15 3 27 3 9 DD X X X UU
March 13 4 27 4 9 DD X X UU UU
April 17 5 26 3 6 DD D X U UU
May 11 6 31 3 6 DD X X U UU
June 11 3 34 3 6 DD X X U UU
July 15 8 26 3 5 DD D X U UU
August 11 12 26 2 6 DD D X U U
September 12 4 31 2 8 DD D X UU U
October 9 7 29 4 8 DD X X UU U
November 7 6 35 1 8 DD X X UU U
December 10 5 31 5 6 DD X X U UU

UU strong upward trend, U weak upward trend, X no significant trend, D downward trend, and DD strong downward trend
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Only three wells show no significant trend and there is no
upward trend at all. Regarding the other time series,
upward trends were also not detected at all, while the

numbers of no significant, strong and weak downward
trends were different among time series. The annual and
dry season time series show the highest number (60) of

Fig. 6 Spatial distribution of Mann-Kendall trends in annual mean of HUA groundwater level

Table 4 Results of Sen’s estimator for trends in groundwater levels in five typical HUA wells (m/year). SD standard deviation

Time series H42 H50 H5 H29 H28

Annual –0.50a –0.05 0.00 0.04 0.02a

Rainy season –0.55a –0.06 0.01 0.03a 0.02a

Dry season –0.46a –0.04 0.00 0.05 0.02a

Maximum –0.57a –0.05 0.01 0.02 0.02
Minimum –0.46a –0.05 –0.02 0.06 0.02a

January –0.43a –0.04 –0.01 0.04 0.01
February –0.42a –0.04 0.01 0.04 0.01a

March –0.44a –0.04 0.00 0.05a 0.02a

April –0.48a –0.06 –0.01 0.02 0.02a

May –0.47a –0.05 0.01 0.03 0.03a

June –0.53a –0.04 0.01 0.03 0.03a

July –0.61a –0.07 0.01 0.02 0.03a

August –0.61a –0.09 0.01 0.02 0.02
September –0.51a –0.10 0.01 0.02a 0.02
October –0.50a –0.06 0.00 0.04a 0.01
November –0.51a –0.06 –0.01 0.05a 0.01
December –0.48a –0.05 –0.02 0.05 0.02a

Mean –0.50 –0.06 0.00 0.04 0.02
SD 0.06 0.02 0.01 0.01 0.01

a Indicates trends at 5 % significance
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downward trends (both strong and weak downward
trends), while only 52 cases are found in November. The
detailed results of three selected wells reveal that wells P2

and P53 show exactly the same trend results regardless of
the 17 time series. The trend results with different trends
in several time series like P20 are only observed in a few

Fig. 7 Spatial distribution of trends in annual mean of HUA groundwater levels. Negative values represent downward trend and positive
values represent upward trend

Table 5 Results of Mann-Kendall test for trends in 63 PCA groundwater levels along with the details for three selected wells

Time series Number of trends in 63 wells Trend details of three selected wells
DD D X U UU P2 P20 P53

Annual 57 3 3 0 0 DD D X
Rainy season 56 3 4 0 0 DD DD X
Dry season 57 3 3 0 0 DD D X
Maximum 54 4 5 0 0 DD DD X
Minimum 56 2 5 0 0 DD X X
January 52 7 4 0 0 DD X X
February 55 3 5 0 0 DD X X
March 56 2 5 0 0 DD X X
April 57 1 5 0 0 DD D X
May 53 5 5 0 0 DD X X
June 51 5 7 0 0 DD X X
July 55 4 4 0 0 DD DD X
August 55 3 5 0 0 DD DD X
September 51 4 8 0 0 DD DD X
October 50 6 7 0 0 DD D X
November 45 7 11 0 0 DD X X
December 53 5 5 0 0 DD X X

UU strong upward trend, U weak upward trend, X no significant trend, D downward trend, and DD strong downward trend
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of the 63 wells. Compared to HUA, it is clear that the
trend results for the PCA are quite different from those for
HUA. Both PCA and HUA show the highest number of
insignificant trends in November. Furthermore, Fig. 8
shows the locations of 63 PCA wells with the symbols of
the five trend groups for the annual time series. As shown
in this figure, strong downward trends widely occur over
the study area. Only three wells (P32, P53, and P54),
located in the margins of the delta, show no significant
trend.

Table 6 presents the trends (m/year) for the 17 time
series of 3 selected wells for PCA. Similar to HUA,
Table 6 reveals that the mean of the trends varies from –
0.53 to 0.01 m/year, and they are quite similar among time
series. P2 exhibited the most severe downward trends,
with more than 0.50 m/year, in all time series. Upward
trends of about 0.01 m/year were observed in P53, even
though it has the same significance level of 5 % as P2.

In order to examine the spatial distribution of the
trends, the 17 contour maps of the trends for all time series
were created. Figure 9 shows a selected map for the
annual time series where distinct patterns of trends are
clarified. An extensive decreasing tendency was dominant
almost all over the study area. Serious downward trends

occurred in the central and coastal regions of the delta,
particularly in main cities such as Hanoi, Hatay, Haiphong
and Namdinh. Figure 9 indicates three areas, of around
3,400 km2 in total, with serious downward trends of more
than 0.30 m/year. These areas occupy almost 25 % of the
delta, and are much larger than those of the same
downward trends occurring in HUA.

Discussion

Analyses of groundwater-level trends in this report
revealed several interesting features of groundwater-level
patterns in the Red River Delta. The seasonality in
groundwater levels for both HUA and PCA is closely
associated with the annual cycles of rainfall and river-
water levels (Tong 2007). The smaller annual cycle
amplitudes and less differences between two seasons
found in PCA indicate that the influences of rainfall and
river-water levels on PCA are less than those on HUA.
Interestingly, the minimum values of the 15-year average
of differences between dry and rainy seasons were found
to be negative in some wells (as shown in Table 2), which
indicates higher groundwater levels in the dry season than

Fig. 8 Spatial distribution of Mann-Kendall trends in annual mean of PCA groundwater levels
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the rainy season. This phenomenon could be due to the lag
time for rainwater to be infiltrated into the deeper aquifer
(PCA). Both parametric and nonparametric procedures

revealed long-term trends in groundwater levels through-
out the delta. The trends estimated here could be a useful
reference to estimate groundwater levels in both aquifers

Table 6 Results of Sen’s estimator for trends in groundwater level in three typical PCA wells (m/year). SD standard deviations

Time series P2 P20 P53

Annual –0.53a –0.06 0.01
Rainy season –0.54a –0.05a 0.02
Dry season –0.53a –0.06 0.00
Maximum –0.50a –0.05a 0.02
Minimum –0.53a –0.03 0.00
January –0.55a –0.06 0.00
February –0.54a –0.04 –0.01
March –0.52a –0.04 0.00
April –0.50a –0.06 –0.01
May –0.52a –0.05 0.01
June –0.55a –0.04 0.01
July –0.55a –0.06a 0.01
August –0.54a –0.05a 0.01
September –0.53a –0.05a 0.03
October –0.53a –0.06 0.02
November –0.53a –0.07 0.00
December –0.52a –0.04 0.01
Mean –0.53 –0.05 0.01
SD 0.02 0.01 0.01

a Indicates trends at 5 % significance

Fig. 9 Spatial distribution of trends in annual mean of PCA groundwater levels
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in the Red River Delta in the future. The trend results for
the two aquifers in the delta are complicated and vary in
wide ranges, which results from great heterogeneities of
groundwater abstraction, climatic variations, and charac-
teristics of the aquifers. The spatial distribution of
groundwater pumping for each province within the delta
quoted in the survey report (Tong 2007) illustrates that the
urban areas with substantial abstractions (e.g. Hanoi,
Hatay) are well matched with the areas of serious
declining trends. In Hanoi, for example, almost 100 %
of domestic water is from groundwater, and the amount of
groundwater abstraction has been rapidly increasing from
200,000 m3/day in the 1970s to about 400,000 m3/day in
1990s and up to 800,000 m3/day at present (Tong 2007).
Although there have been no quantitative estimations of
groundwater recharge in the delta, the aquifer framework
identified by earlier studies (Bui et al. 2011, 2012)
indicated that the recharge zones of the aquifers are
mainly in the neighboring mountains around the border of
the Delta. This fact could be one of the reasons for
reduced downward trends (< 0.1 m/year) in water levels
along the margin of the delta because the groundwater
recharge in these areas is obviously higher than in other
areas due to the exposures of aquifers on the ground
surface. Regarding the trend results for HUA (Fig. 7), the
cone of depression of the upper aquifer (HUA) in the
south of Hanoi is partly due to a serious drop in
groundwater levels of the deeper aquifer (PCA), because
the thicknesses of the aquitard sandwiched by the HUA
and PCA in Hanoi are much thinner than those in other
areas (Bui et al. 2011, 2012) and groundwater levels of the
two aquifers in Hanoi are highly interconnected (Tong
2007). As indicated in these studies, the confining layer
between the HUA and the PCA is mainly composed of
slightly permeable or impermeable materials like silty
clay, clay sand and clay. It has an average thickness of
about 10 m and low permeability, less than 0.1 m/day.
However, in some minor places in Hanoi the confining
layer has been thinned out and PCA is covered directly by
HUA and they even share a unique hydraulic head. As for
the PCA, this report identified the biggest cone of
depression in Namdinh (Fig. 9), but total pumping from
the PCA in Namdinh is only about 5 % of total abstraction
in Hanoi (Tong 2007). This is not a contradiction because
the earlier study (Bui et al. 2011, 2012) indicated that the
PCA in Hanoi is shallow, highly permeable, and closely
interconnected with the Red River. Therefore, groundwa-
ter in Hanoi receives more recharges from surface water
than in Namdinh because shallow aquifers adjacent to
rivers mostly experience greater groundwater recharge
(Shamsudduha et al. 2011). In lower reaches of the river,
groundwater levels are also mostly low, which is similar to
the phenomena observed in other regions such as the
Rivers Brahmaputra and Ganges (Shamsudduha et al.
2011) and the River Meghna (WMO and GWP 2003).

Serious water-level decline over the coastal areas of the
PCA likely causes saltwater intrusion, which was proven
by the high concentration of total dissolved solids (>1 g/
L) in groundwater in these areas (Bui et al. 2011).

Projected rises in sea level due to effects of global
warming would accelerate the intrusion of saline water,
thereby impairing groundwater quality and threatening
sustainable development of coastal aquifers. The <0.1 cm/
year rising trend observed from 1995–2009 in HUA
groundwater levels mainly resulted from the changes in
pumping strategy, whereby the local governments in those
areas recently stopped pumping groundwater from the top
most aquifer (HUA; Tong 2007), and thus the HUA
groundwater levels have gradually recovered to their
normal stages. Rising trends in groundwater levels in the
estuary and coastal areas of HUA in the Red River Delta
is also likely associated with rising sea levels. Observed
sea levels from 1960–2005 in the adjacent sea (Gulf of
Tonkin) revealed mean rates of sea level rise of around
0.4 cm/year (MONRE 2009). These rates are much higher
than the average rate of global sea level rise of 0.18 cm/
year for the twentieth century (IPCC 2007). Other studies
have indicated that, as sea levels rise, shallow groundwa-
ter in coastal areas is elevated through an overall rise in
the position of the freshwater-seawater interface (McCobb
and Weiskel 2003; Barlow 2003). It is important to note
that a rise in the groundwater level caused by sea level rise
could impact river deltas up to 20–50 km inland (Barlow
2003), and coastal defenses (e.g., embankments, dykes)
will not inhibit groundwater intrusion from seawater
(Shamsudduha et al. 2011).

Furthermore, rising trends in HUA groundwater levels
in lower parts of the delta could be associated with land
subsidence. Even though there are no data on land
subsidence in the lower part of the delta, evidence of land
subsidence in other areas within the delta could provide
valuable references for these processes. For example,
Nguyen and Nguyen (2004) found that the land surface in
Hanoi had subsided with an average rate of about 0.02 m/
year. The highest land subsidence rate (0.04 m/year) was
found in the central and southeastern parts of Hanoi where
groundwater levels have seriously declined, and the soil
strata are composed of thick, compressible soils. Similar
land subsidence might take place in two coastal cities (i.e.
Haiphong and Namdinh) in the lower deltaic region
because similar cones of depression have occurred. Once
land subsidence occurs, the tops of the wells might move
down and then affect measurement of groundwater levels.
The detected upward trends in groundwater levels might
be overestimated and the downward trends could be
underestimated. Thus, field observation of land subsidence
in these regions needs to be implemented in the future so
that contribution of land subsidence to the groundwater-
level trends can be taken into account.

Furthermore, it is also noted that the observation wells
in the delta (Fig. 1) are denser in urbanized areas, and thus
the trend results for cities have higher accuracy than those
for rural areas. The contour maps showing spatial pattern
of annual groundwater levels (Figs. 3, 5) and trends
(Figs. 7, 9) would provide more insights if there were
more observation wells in rural areas. In addition, similar
to the Red River Delta, the annual cycle in groundwater
levels and its strong linkages to rainfall and surface water
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have been clarified in other countries. The strong seasonal
variations in groundwater levels are closely associated
with monsoon rainfall in the Ganges-Brahmaputra-
Meghna Delta, Bangladesh (Shamsudduha et al. 2009),
while direct relationships between groundwater storage
and river-water levels (Sanz et al. 2011) as well as lake
water levels (Ghanbari and Bravo 2011) were found in
Spain and Wisconsin, USA, respectively. Groundwater-
level declines due to over-exploitation have also been
studied in other Asian cities such as Dhaka and Bangkok
(Phien-wej et al. 2006; Shamsudduha et al. 2009, 2011).
Current groundwater abstractions in other Asian Deltas
such as the Chao Phraya Delta (Thailand) and Ganges-
Brahmaputra-Meghna Delta are higher than in the Red
River Delta but increasing groundwater abstraction in the
Red River Delta, particularly in urban areas are likely to
intensify groundwater-level declines. The findings of this
project reflect unsustainable development of groundwater
resources in the Red River Delta, particularly in urban
areas, and the importance of maintaining groundwater-
level monitoring and the database.

Conclusion

A groundwater-level database has been constructed con-
sisting of 160 monitoring wells in the Red River Delta,
Vietnam, and examined spatio-temporal patterns of recent
(1995–2009) trends in groundwater levels using the robust
non-parametric Mann-Kendall trend test and Sen’s slope
estimator. Estimated trends in annual, seasonal, maximum,
minimum, and monthly groundwater-level time-series data
at 120 monitoring locations are given. Results from the
annual time series showed declining trends in 20 out
of the 57 wells for the HUA, but rising trends were
found in 12 wells. Analyses have highlighted that
strong declining trends are mainly in Hanoi, with
magnitudes of about 0.30 m/year, whereas rising trends
are found in the coastal region, Hungyen province, and
northern parts of the delta with magnitudes of around
0.10 m/year. On the other hand, the study revealed that
groundwater levels of the PCA have decreased in 63
wells with an average trend of about 0.20 m/year. The
areas which showed strongly declining trends of >0.30 m/
year occupied an area of 3,400 km2 (about 25 % of
the delta). In general, the groundwater levels in the
main cities such as Hanoi, Haiphong, and Namdinh
showed greater declines in groundwater levels than
other areas. Rapidly declining groundwater levels in
coastal areas particularly threaten sustainable develop-
ment of aquifers due to saltwater intrusion.
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y = 9.244×10-5x1
1.645x2

0.667………………………………………………………………………

x1 = Water temperature,  x2 = Turbidity,  R* = 0.665, (n=57) 
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INTRODUCTION
In general, water purification sludge created during the water processing at water 

purification plants is conventionally treated by first being concentrated and 
homogenized before being dewatered, dried, and solidified to be disposed of in landfills. 
However, due to the efforts in waste reduction and recycling, as well as the lack of 
available disposal space in landfills, sludge has been effectively utilized in recent years 
as agricultural soil dressing/compost, land development material, raw cement material, 
and backfilling material. Meanwhile, a new method in water purification technology to 
utilize sludge has been developed to focus on absorbing phosphorus by using flocculant 
contained in water purification sludge, while efforts have begun to examine also joint 
processing with sewage works companies by focusing on the phosphorus absorption 
effect and the sedimentation property of activated sludge in sewage works1) 2).
 In an attempt to mainly improve the sedimentation property of activated sludge in 

Chichijima Island of Ogasawara-mura (Tokyo), water purification sludge has been 
continually added to the sewer since 1998. However, there were no manuals on the 
adding of water purification sludge in sewers. 
This paper will focus on the aluminium (Thereafter Al) in the flocculant contained in 

the water purification sludge, in order to grasp the amount of added water purification 
sludge in terms of the amount of Al content in activated sludge and wastewater sludge. 
In addition, by experiment analysis at actual treatment plants, the relation between the 
Al content and the quality of treated wastewater will be presented numerically. 

CURRENT SITUATION WITH THE ADDING OF WATER PURIFICATION 
SLUDGE ON CHICHIJIMA ISLAND IN OGASAWARA
Water purification on Chichijima Island in Ogasawara is processed at one location, the 
Ogiura Water Purification Plant. The water purifications sludge created at this water 
purification plant contains powdered activated carbon and flocculant (PAC). The water 
purification sludge is first concentrated in the sludge concentration tank and processed 
to contain around 98% of water, before being transported out on tank trucks. Part of the 

concentrated sludge, about 3.2 m3 each 
time, is dumped into the sewer from the 
manhole at the pumping facility (with 1.0 
m3/minute power) located approximately 2 
km from the wastewater treatment plant. 
An overview presenting the adding of 
water purification sludge in the sewer on 
Chichijima Island in Ogasawara is shown 
in Fig. 1. Normally, it takes about 3-4 
hours after the water purification sludge 
has been added for the sludge to reach the 
wastewater treatment plant. Presently, the 
adding of water purification sludge is 
implemented once a day, for a period of 
within five consecutive days. 

Fig. 1 Overview of the adding of water  
purification sludge 
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QUALITY OF TREATED WASTEWATER AND CONTENT OF ALUMINIUM 
IN ACTIVATED SLUDGE 
The experiment lasted two weeks, with 

the first four days for grasping the normal 
conditions, before introducing water 
purification sludge into the sewer culvert 
everyday at eleven o’clock in the morning 
for six consecutive days. Six days after, 
the experimentation of adding water 
purification sludge began the amount of 
Al content increased. The amount 
continued to increase for two days even 
eleven days after the experimental adding 
of water purification sludge had ended. 
The amount gradually decreased, but maintains a higher value than prior to the adding 
of water purification sludge. The reason may be that, due to the great mass of return 
sludge, sludge containing water purification sludge must have been left behind in the 
biological reactive tank. This showed that the adding water purification sludge remained 
effective even about one week after the adding of water purification sludge had ended. 
The relationship between the concentration of Total Organic Carbon (Thereafter TOC) 
and total phosphorus (Thereafter T-P) in treated water and the amount of total Al 
increase in the aeration tank are shown in Fig. 2. As the amount of Al content inside the 
aeration tank increased, the concentration of TOC and T-P in treated water decreased, 
with the lowest values obtained when the increased Al content was 4-6 kg before the 
values then went up. This result is consistent with the onsite experience that saw the 
quality of treated water deteriorate when excessive amounts of water purification sludge 
were continuously added. In addition, from this experiment result we were able to 
obtain relational expressions showing the relation between the quality of treated water 
and the amount of increased Al within the aeration tank, as indicated in Fig. 2. 
Particularly, we were able to obtain the relational expression containing a statistically 
very precise level of TOC concentration in treated water. 

CONCLUSIONS 
This paper has attempted to present the effects of Al contained in activated sludge and 

wastewater sludge on sewer condition, through adding water purification sludge at the 
Chichijima Island Wastewater Treatment Plant in Ogasawara. In order to grasp the 
absolute value of the amount of water purification sludge to add, we first focused on the 
Al in flocculants contained in the water purification sludge, and by using the amount of 
increased Al content as an indicator of the content of water purification sludge, we then 
sought the relation between water purification sludge content and the concentration of 
TOC and T-P in treated wastewater. The result showed that the concentration of TOC 
and T-P in treated wastewater is most improved when the total amount of Al contained 
in activated sludge inside the biological reactive aeration tank increased to about 4-6 kg.
Furthermore, relational expressions for Al content and the concentration of TOC and T-
P in treated wastewater enabling us to show quantitative estimation of the advantages 
and disadvantages of adding water purification sludge made clear.  
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Fig.  Concentration of TOC and total phosphorus in 
treated water and increased amount of aluminium 

within the aeration tank.
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  We investigate changes in the longitudinal salinity distribution in the Red River estuary (RRE), where the 
channel shape and size greatly vary as a function of tidal amplitudes. A theoretical salt intrusion model was 
applied to analyze the salinity along the channel, considering the topographic characteristics. The model was 
originally developed based on the tidally averaged cross-section. In this study, assuming topographic parameters 
that exponentially vary under different tidal conditions, we could estimate the spatial and temporal distribution of 
the salinity using a modified model. The extension of the salt intrusion model agrees satisfactorily with field data 
that measured in the RRE during the dry seasons in 2006 and 2008. This finding indicates the applicability of the 
modified model for the further investigation in estuaries having more complex topography. 

Key Words: Topographic characteristics, salinity distribution, salt intrusion model, Red River estuary.

1. INTRODUCTION 

The channel topography is one of important factors 
that influence physical processes determining salinity 
distribution in estuaries. In alluvial estuaries, the 
cross-sectional area, channel width, and depth 
significantly vary during a tidal cycle1),2),3). The effect of 
topography on salinity in such estuaries is less understood 
compared to the simple estuaries that have rectangular 
cross-section such as the man-made shipping channel. 
The aim of this study is to investigate the effect of 
changes in topographic characteristics on the longitudinal 
distribution of salinity due to tidal variation.  

The present study area is located in the northern part 
of Vietnam, where the Red River and its distributaries 
spread out to form a large alluvial plain, Red River delta 
(RRD). The RRD has an area of approximately 16,600 
km2 and occupies approximately 23% of the Vietnam’s 
population. It is the most developed area in the nation, 
comprising numerous modern cities and important 
economic zones, as shown in Fig. 1a. The Red River 
estuary (RRE) is the largest estuary in the RRD. It forms 

a typical lowland river with large floodplain that is 
regularly inundated under high tidal conditions (Figs. 1b
and 1c). The estuarine channel exhibits a nearly prismatic 
shape with a narrow width at low tide, but at high tide, 
the channel width becomes much wider and the 
longitudinal profiles of cross-sectional area and width 
strongly converge from the estuary mouth to the 
upstream direction (Fig. 1d). 

In recent years, the level of salt intrusion in the RRE 
has increased due the rapid growth of human population. 
The extent of saltwater intrusion length has been 
increasing by 11% when the observed data for the period 
from 1993 to 2007 are compared with those for the 
period from 1965 to 1985. This results in the 
impossibility of surface water supply system for 
agricultural lands in the coastal area4). Salt intrusion has 
been investigated in the RRE since the 1980s. The 
previous studies usually used numerical models such as 
Mike11, Mike21, Delft3D, and EFDC. The numerical 
models frequently provide high-resolution views of 
salinity variation. However, this numerical method 
requires detailed hydro-meteorological datasets that are 
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not always available in the RRE, especially during the 
dry season from November to April4). Recently, 
Savenije5) developed a predictive analytical model for salt 
intrusion in alluvial estuaries. His model has been applied 
successfully in 18 estuaries in the world. It was originally 
developed for a single alluvial estuary and estimates the 
longitudinal salinity distribution, considering topographic 
characteristics under tidally averaged conditions. 
Although the model does not account for changes in 
estuary shape as a function of tidal amplitude, it expresses 
the overall variation of salt intrusion quite well with some 
basic physical parameters6). The Savenije’s model may 
be applied to the RRE if the tidal amplitude is small. 
However, as the amplitude becomes higher at spring tide, 
it should be extended to consider the effects of complex 
topography. 

In this paper, to better understand the topographic 
effects on the longitudinal salinity distribution in an 
alluvial estuary, we conducted a field measurement of 
salinity in the RRE from January 3-7, 2006. An 
adaptation of Savenije’ s model was applied to analyze 
the in-situ data. As the cross-sectional shape varies 
significantly from low to high tides, we consider some 
appropriate topographic parameters in the salt-intrusion 
model. We modify the Savenije’s model adding some 
new parameters that may be crucial to determine the 
salinity distribution in the estuary like the RRE. The 
modified model was then validated by using another 
salinity dataset, which was measured in 2008. The 
computed results indicate that changes in topographic 
characteristics during tidal variation drastically affect the 
longitudinal distribution of the salinity. 

2. METHODS 

There is a common shape in an alluvial estuary: the 
area and width converge exponentially in the upstream 
direction, whereas the depth is almost constant over the 
estuary length. Savenije5) suggested this simplification 
after investigated numerous estuary geometries in several 
regions, and described the estuary shape as: 

N = N0 exp(−x/ln)   (1) 

where N is the geometric value at a distance from the 
estuary mouth (the origin), N0 is the geometric value at 
the mouth, ln is the convergence length, and x is the 
coordinate taken to the upstream direction from the 
mouth. These variables (i.e., N, N0, and ln) can be 
replaced with the parameters of A, A0, and la for the 
cross-sectional area, B, B0, and lb for the width, and h, h0, 
and ld for the depth. 
 There are some exceptions in the case of complex 
estuary, in which its shape may be described with multi 
exponential functions. Fig. 1d and Table 1 show such 
geometric characteristics in the RRE. This kind of estuary 
cannot be expressed with a single exponential function. It 
may be split into two segments as follows:

  N1 = N0 exp(−x/ln1)   if 0 < x x1  (2a) 
  N2 = N1exp(−(x−x1)/ln2)  if  x > x1  (2b) 

where the subscripts 1 and 2 indicate the segment 
numbers taken from the estuary mouth, x1 is the distance 
from the mouth to the inflection point between the 
segments 1 and 2, and N1 is the geometric value at the 
inflection point. 
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Fig. 1 (a) Map of the Red River estuary (RRE). (b) Consecutive cross-sectional profiles along the RRE, numbered star indicates the 
location of a cross-section with its distance in meter from the estuary mouth. (c) An example of a cross-sectional profile, showing 
different channel shapes at high water (HW), mean water (MW), and low water (LW). (d) Topography of the RRE, showing the 
cross-sectional area, width, and depth at HW and LW (the rhombus, circle, and triangular symbols indicate measured data, and 
the blue and red lines represent the profiles computed from exponential equations). 
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             Table 1 Topographic parameters 

Tidal 

condition 

A0

(m2) 

B0

(m) 

la1

(km) 

lb1

(km) 

A1

(m2) 

B1

(m) 

la2

(km) 

lb2

(km) 

HWS 6300 1950 12 8 2976 633 135 90 

LWS 2500 530 18 20 1516 338 140 140 

Note: A0 and B0 are the parameters at the estuary mouth; A1 and B1

are the parameters at the inflection location, x1 = 9 km. The water 
level at HWS is approximately 1.70 m and that at LWS is -1.10 m. 

Savenije5) presented the steady one-dimensional salt 
balance equation, which is applicable to various tidal 
conditions in an estuary. The unified equation can be 
written as: 

Sj − Sf = (AjDj/Qf) (dSj/dx)  (3)

where j indicates the tidal states, i.e., high water slack 
(HWS), low water slack (LWS), and tidal average (TA), 
and Sj=Sj(x,t) is the salinity in a steady state condition, Sf

is the river water salinity, Dj=Dj(x,t) is the dispersion 
coefficient, Qf is the freshwater discharge, and t is time. 
Because the positive x-direction is to the upstream, Qf is 
always negative. The dispersion coefficient can be 
calculated by means of the following equation: 

dD/dx = QfK/A   (4) 

where K is the Van den Burgh’s coefficient, which falls 
in a range between 0 and 1. The coefficient K is used to 
determine the relative strength of tide-driven and 
density-driven salt transports. Combining Eqs. (3) and 
(4), and assuming Sf ≈ 0, the longitudinal variation of 
the salinity can be computed by: 

S/S0 = (D/D0)
1/K   (5) 

Considering the exponential variation in the 
cross-sectional area, the solution for the longitudinal 
dispersion can be obtained by substituting Eq. (1) into 
Eq. (4) after replacing N with A and integrating with 
respect to x. Thus, Eq. (5) becomes: 

1

0 0 0

1 exp 1
K

f a f

f a

S S l KQ x

S S A D l

−
= + −

−
 (6) 

where S0 and D0 are the salinity and dispersion coefficient 
at the estuary mouth, respectively. Use of Eq. (6) is 
troublesome because values of the freshwater discharge 
and dispersion coefficient are often unknown. Savenije5)

proposed a relation in which a new variable is introduced: 

α0 = −D0/Qf   (7) 

where α0 is the mixing coefficient at the estuary mouth. 
Substitution of Eq. (7) into Eq. (6) that allows different 
values of α0 to be tested against measurements. In this 
way, the computed HWS and LWS salinity curves by Eq. 
(6) can be fitted to salinity data by trial and error method. 

In the case of the RRE, where the estuary shape can 
be well described by two segments, we propose herein 
two different equations for the salinity distribution: 

1

1

0 0 0 1

1 exp 1
K

f a

f a

S S l K x

S S A lα
−

= − −
−

 if 0 <x x1  (8a) 

1

2 1

1 1 1 2

1 exp 1
K

f a

f a

S S l K x x

S S A lα
− −

= − −
−

if x>x1 (8b)

where la1 and 0 are the convergence length and mixing 
coefficient for the downstream segment, la2 and 1 are 
those for the upstream segment, and A1 is the 
cross-sectional area at the inflection point. 

To analyze the salinity distribution, values of K, 0, 
and 1 must be determined in advance. With 
successfully applying the method in many estuaries, 
Savenije5) derived a predictive equation for K:  

( )

0.65 0.39
3 0 0

2

0.58 0.14
2.0 0

0

0.2 10

      1 b a
b

a

E EK H C

l E ll l Aδ

−

−

= ×

−
  (9) 

where E0 is the tidal excursion at the estuary mouth, H is 
the tidal range, C is the Chezy coefficient, and 
=(1/H)(dH/dx) is the tidal-range damping rate. In this 

study, first, the Van den Burgh coefficient K was 
estimated from Eq. (9), and a sensitivity analysis was 
performed by changing the value of K within a 
reasonable range (0<K<1). Second, the mixing 
coefficients α0 and α1 were obtained by calibrating the 
modified model involving Eqs. (8a) and (8b). In contrast 
to normal marine salinity, the salinity at the mouth of the 
RRE is not constant over a tidal cycle because of the 
influence of freshwater outflow. Therefore, a set of α0

and α1 values was identified by fitting the HWS or LWS 
curve to the corresponding datasets with a fixed K value. 
It should be noted that when freshwater discharge is 
constant along the  estuary, the value of α1 can be 
calculated on the basis of α0 as follows: 

11 1 1

0 0 0 0 1

1 exp 1a

a

l KD x

D A l

α
α α

= = − −   (10) 

3. DATASETS

Data used in this paper are salinity, tidal level, and 
topography. A series of field measurements of salinity 
was conducted during the dry season in 2006 and 2008. 
The first measurement was carried out from January 3-7, 
2006, during a spring tidal period. Salinity was measured 
at two locations (S1 and S2), which are located at 
distance of 8 km and 23 km, respectively, from the 
mouth of the RRE. This field survey was conducted 
under a joint project between the Tokyo Metropolitan 
University and the Hanoi Water Resources University. At 
each location, water was sampled simultaneously at three 
different elevations: at a height of 0.5 m from the bottom, 
at mid-depth, and at a depth of 0.5 m from the water 
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surface. The sampling interval was one hour during the 
flood tide and two hours during the ebb tide. In addition 
to these field data, the Institute of Meteorology, 
Hydrology, and Environment (IMHE) provided official 
dataset for salinity at the estuary mouth. The second 
measurement was conducted by the IMHE during a 
spring tidal cycle on December 15, 2008. A longitudinal 
transect for salinity was sampled under both HWS and 
LWS conditions. 

During the measurement periods, the daily discharge 
observed at the Son Tay station, which is located in the 
upstream of the Red River, was approximately 1300 m3/s 
and 1400 m3/s in the first and second surveys, 
respectively. The tide of the Gulf of Tonkin is 
predominantly a diurnal type. The average water slope is 
relatively small and approximately 1.48 x 10-5. Because 
the high water (HW) and low water (LW) do not lag far 
behind equilibrium states, we assumed these two 
corresponding levels are close to HWS and LWS in the 
same day. Therefore, values of cross-sectional area, width, 
and depth obtained at HW and LW can be regarded as 
those at HWS and LWS. Detailed information on the 
estuarine topography was acquired from the biggest 
measurement campaign during the dry season in 
1999-2000, which was conducted by the Department of 
Dike Management and Flood and Storm Protection, the 
Ministry of Agriculture and Rural Development.  
  
4. RESULTS AND DICUSSION 

(1) Estuarine mixing 
Hansen and Rattray7) proposed a generalized 

stratification-circulation diagram for characterizing 
estuary types, using two dimensionless parameters. The 
first parameter is the stratification level ( S/ S ) that is the 
ratio of the top-to-bottom salinity difference ( S) to the 
depth averaged salinity ( S ). The second parameter is the 
circulation number (us/uf), where us is the residual 
velocity at the surface and uf is the depth mean velocity. 
Later, Prandle8) converted the Hansen and Rattray’s 
diagram into a new form, considering more readily 
available parameters. He defined that ( S/ S ) = 4ST

−0.55, 
where ST is the stratification number: ST = 
(0.85kυ0

3L)/(Δ / )gh2uf, where k is the friction coefficient, 
υ0 is the amplitude of the tidal current, L is the salt 
intrusion length, and h is the water depth. Prandle8)

showed that the estuary varies from a well-mixed state to 
a stratified state as ST decreases from  above 400 to 
below 100, namely, S/ S < 0.15 is ‘well-mixed’, S/ S

> 0.32 is ‘stratified’, and 0.15 S/ S  0.32 is ‘partially 
mixed’.

Fig. 2 shows the stratification parameter values that 
were computed for two sampling locations using the 
measured data in 2006. It appears that the value of S/S
at the lower sampling location (S1) is always smaller than 

the lowest indicator value (0.15), indicating the 
occurrence of well-mixed state. The value at the upper 
sampling location (S2) varies from 0.27 to 0.48 during 
low tide. It suggests that the upstream part of the estuary 
is ‘partially mixed’ and ‘stratified’. In contrast,  the 
well-mixed state apparently occurs at the upper location 
during high tide because the stratification parameter is 
small (<0.15). The level of stratification in the RRE 
seems to vary along the estuary, depending on the tidal 
level and the estuary shape. However, in this study we 
assumed that the RRE was well mixed during these 
survey periods, and hence, we used the representative 
value for each cross-sectional profile as the 
depth-averaged salinity. 

(2) Model calibration 
Using the fitted geometric parameters, the salt 

intrusion model was calibrated using salinity data 
provided by the IMHE at the estuary mouth and data 
sampled at two locations during spring tide (January 4-7, 
2006). Calibration results are presented for model 
parameters (K, α0, and α1) in Fig. 3. Calibration process 
confirms an acceptable value of K when compared with 
one predicted by Eq. (9) that ranges from 0.15 to 0.21. 
The calibrated value of K is relatively small. We attribute 
this to the dominance of tidal mixing in the RRE. 
Because K is fixed throughout the time, the salinity curve 
becomes sensitive to the value of mixing coefficient. 

In contrast with the general use of Savenije’s model, 
which includes only one mixing coefficient defined at the 
estuary mouth for the computation of salinity in the HWS, 
LWS, and TA conditions, the mixing coefficients (α0 and 
α1) must be identified by fitting the HWS and LWS 
curves individually to the salinity dataset. Salinity 

Fig. 2 Stratification parameter calculated at two salinity-sampling 
locations. A value above 0.32 indicates a stratified 
condition and that below 0.15 indicates a well-mixed 
condition. 

-1
0
1
2

H
(m

)
S /

S
S/

S

0
1
2

S
(p

su
) 0

8
16
24

S
(p

su
)

Date

S2

S1

0.4
0.3
0.2
0.1

0.4
0.3
0.2
0.1
0.0

δ
δ

3-Jan 4-Jan 5-Jan 6-Jan 7-Jan

0.32

0.15

0.32

0.15

S1

S2
0.0

I_274

[164]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

intrusion curves were computed by the modified model 
with two different parameters α0 and α1 that would cause 
a difference in the shape of the corresponding curve. In 
these computations, the value of α0 is obtained through 
calibration, while the value of α1 is acquired directly from 
Eq. (10). Computed salinity profiles at HWS vary more, 
because α1 plays an important role in the shape near the 
toe of salinity intrusion as well as the intrusion length. 
Whereas, LWS curve is most sensitive to α0 because 
seawater intrudes into middle reach of the estuary. It 
appears that the HWS curves were not fitted well with the 
observed data. This discrepancy may be attributed to the 
abrupt of the convergence of the longitudinal 
cross-sectional profile, and the effect of the mixing due to 
freshwater discharge. This is consistent with the finding 
by Gay and O’Donnell9) who demonstrated that strong 
channel convergence contributes significantly to 
buffering freshwater inflow. Hence, in these cases as a 
constructive attempt, we extend the model applicable to 
estuary with two segments in which salinity and mixing 
coefficient should be determined individually. This 
allows the independent fitting of salt intrusion curve for 
each segment. 

 Based on this idea, we will propose a new calibration 
process for the model parameters. The calibrated results 
are plotted in Fig. 4. The computed salinity curves at 
HWS and LWS show a better fit to the observation data. 
At HWS, the new calibrated mixing coefficient in the 
downstream segment is much larger than that in the 
upstream one. However, at LWS, the difference between 
these two mixing coefficients is rather small. The value of 
α1 is almost equal to one acquired from Eq. (10) in the 
previous calibration process. 

Fig. 4 The discontinuous computed salinity curves, which were 
acquired by using independent calibrated values of α0 and α1

in the downstream and upstream segments. 

It appears that, the shape of the computed salinity
curve varies from a bell type at HWS to a recession type 
at LWS. This is   subject to differences in estuary shape 
and size, as represented by the mixing coefficient related 
to freshwater discharge. According to Savenije5), the 
bell-type curve occurs in tidally dominated estuaries with 
low freshwater inflow and a short convergence length of 
the cross-sectional area near the mouth, whereas the 
recession type occurs in narrow estuaries that have a large 
river discharge. At HWS, when the channel converges 
strongly, the mixed water retains high salinity from the 
estuary mouth to the inflection location but the salinity 
decreases gradually from that point to the end of the 
upstream segment. However, salinity profile at LWS 
shows a gradual decrease from the mouth to the upper 
stream. 

(3) Model validation 
On December 15, 2008, the IMHE performed a field 

measurement of salinity. The measurement started at 0.5 
km from the mouth and carried out along the RRE at 
intervals of 4 km during HWS and LWS. Before 
verifying the modified model relative to the collected 
dataset of salinity in a detailed manner, we discuss the 
influences of estuarine topography and the resulting 
mixing coefficient on the longitudinal salinity distribution 
computed by the Savenije’s model. Using field data and 
Eq. (6), salinity curve envelopes at HWS and LWS were 
estimated for the RRE, by assuming different values of 
cross-sectional area at the estuary mouth, convergence 
length, and mixing coefficient. The computed curve 
under different assumptions was compared with the 
measured salinity data in Fig. 5. 

Use of a constant value to the cross-sectional area at 
the estuary mouth, the mixing coefficient, and the 
convergence length of the cross-sectional area in the 
tidally averaged state yields the underestimation and 
overestimation of the computed salinity in the 
downstream segment at HWS and LWS, respectively 
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(Figs. 5a and 5b). In addition, when different calibrated 
convergence length is used individually for the 
downstream segment (Fig. 5a) and the upstream segment 
(Fig. 5b), the model results indicate two different trends 
in these salinity curves at HWS. The mixing coefficient 
also showed different values. Because K is constant in the 
Savenije’s model, the mixing coefficient α0 is sensitive 
only to the convergence of the estuary shape, which 
varies between high and low tides. Owing to the 
uncertainty in the freshwater discharge, a relative error in 
α0 will cause a rather high error in the mixing rate 
between fresh and saline waters. Hence, an analytical 
model of the tidally averaged state can yield misleading 
predictions of salt intrusion in the RRE. On the other 
hand, the Savenije’s model was tested against field data, 
considering the asymmetry of the cross-sectional profile 
between HWS and LWS (Figs. 5c and 5d). Using 
calibrated values of the convergence length and averaged 
mixing coefficient in the downstream part at spring tide, 
the model predicted salt intrusion at HWS reasonably 
well for the downstream segment but overestimated it for 
the upstream one, whereas it predicted well the salt 
intrusion curve at LWS (Fig. 5c). Furthermore, the model 
predicted salt intrusion at HWS quite adequately for the 
upstream segment but underestimated it for the 
downstream one (Fig. 5d) when corresponding calibrated 
values of the convergence length and the mixing 
coefficient in the upstream part were used. In Fig. 5d, the 
computed salinity curve at LWS also agrees well with 
measured data. This is in agreement with results 
described above, which suggest that the Savenije’s model 
may be applied to the RRE at LWS if unique values of 
the mixing coefficient and one spatial scale for the 
estuary shape under tidally averaged conditions are used. 
However, this model requires modification at HWS for 
estuaries with complex topography such as the RRE. 

Having calibrated values for K, α0, α1, and geometric 
parameters, we can estimate the salinity distribution for 
the RRE. Results computed by the modified model [Eqs. 
(8a) and (8b)] against measurement on December 15, 
2008 are presented in Fig. 6. The application of calibrated 
parameters produced qualitatively good results that form 
exact envelopes of observed curves at HWS and LWS. 
This underlines the importance of the modification that 
splits the branch into two segments by considering 
changes in the topographic parameters caused by the tidal 
variation.

Fig. 6 Computed and observed salinity distributions along the RRE. 

5. CONCLUSION 

To understand changes in topographic characteristics 
and related spatial and temporal salinity distributions 
properly, an analytical model for salt intrusion was 
applied to the RRE. Owing to changes in the estuary 
shape and size following tidal amplitude variations, we 
split the estuary branch into two segments, taking into 
account of two exponentially shaped scales for 
topographic characteristics under both HWS and LWS 
conditions. Model parameters were calibrated using 
topography and salinity data measured along the branch 
during spring tide. To achieve the expected result, and 
also to compare our results with those predicted by 
Savenije’s model, these calibrated parameters were used 
to validate the model by comparison with another salinity 
dataset. Overall, results of salinity computations indicate 
that assumptions made in this study are acceptable and 
that the modified model can produce satisfactory results 
for a complex estuary such as the RRE. However, further 
work should consider the appropriate number of 
sampling sites for salinity measurement and more 
detailed observations for freshwater discharge as well as 
more accurate topography information, particularly in the 
downstream part of the estuary. 
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INTRODUCTION

Fresh water carries dissolved and particulate materials from upper streams to lower pathways,
which makes a significant impact on physical, geological, chemical, and biological phenomena
(Skreslet, 1986; Sklar and Browder, 1998). The discharge rate changes over time with a concomitant
shift in the atmospheric circulation. Although functional role of the fresh water in estuarine
environments has been scientifically reviewed and relatively well understood (e.g., Slinger et al.
1994; Longley, 1994; Kimmerrer, 2002; Azevedo et al. 2010), determination of actual fresh-water
inflow into tributaries and most estuaries is not well-defined due to the inherent difficulty of field
observation.

Numerous studies have been conducted to quantify fresh-water discharge in tidal estuaries.
Previous research has presented the issue within the context of a tidally-averaged condition in
which the rate of discharge is constant both spatially and temporally. In tide-dominated estuaries,
discharge rate varies because the tidal flux into the mouth of a river stops its flow and mixes with
fresh water. When river discharge is low or when tidal discharge is significant, the net transport may
reverse in the upstream direction. In such a case, the fresh water is bounded near the mouth during
the first half of the cycle and is released from the near-mouth region into the sea during the second
half (Chao 1990; Ruijter et al. 1997). The continuous succession of the event leads to pulsed
distribution of fresh-water discharge. Further predictive studies in estuary regions are complicated
due to these variations.

Traditionally, an estuary’s daily fresh-water discharge has been determined through in-situ
measurement. The local residual flow, or fresh-water discharge, was recorded after averaging the
observed data throughout a full tidal cycle. Although effective, this observation technique is also
labor-intensive and expensive. Moreover, during the dry season, fresh–water discharge is too small
for precise measurement of its magnitude, and it is much smaller than the measurement error under
the influence of tidal flows (Savenije, 2005). Therefore, fresh-water discharge is generally
observed only at the upstream stations located outside the tide-affected region. Several hydrodynamic
models yield high-resolution views of temporal and spatial discharge distributions (Ulses et al.
2005; Whitney and Garvine, 2006; Liu et al. 2008). However, these models require precise hydro-
meteorological, geometric, and tidal data, which are not always available in the study area. The
empirical-analysis method, known as the steady-flow rating curve, is also widely used for
estimating river discharge as a function of water level on the basis of significant historical data.
However, it is unlikely that this method determines fresh-water discharge accurately because
interpolation and extrapolation errors do not factor into calculations (Dymond and Christian,
1982; Fenton, 2001; Dottori et al. 2009; Baldassarre and Montanari, 2009).

Apart from field measurement, numerical modeling, and empirical treatment, several steady-
state models have been developed to elucidate estuarine salinity problems that can be used to
predict fresh-water discharge. Savenije (2005) derived a salt-intrusion solution based on simplified
one-dimensional hydrodynamic equations that use appropriate salinity, topographical, and tidal
parameters to estimate fresh-water discharge. This model was originally developed for a single
channel that considered the cross-sectional shape in tidally-averaged conditions. On the basis of
this model, Nguyen et al. (2008) and Zhang et al. (2011) proposed individual models that were
modified for multi-estuary use. After examining their models for the Mekong Delta in Vietnam and
the Yangtze estuary in China, they concluded that with slight modifications, Savenije’s model is
appropriate for calculating the mean fresh-water discharge in complex geometric estuaries.
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Geometric features are important factors to be considered for mathematical modeling of
estuarine hydrodynamics. Savenije’s model does not address the change in channel geometry due
to tidal variation; cross-sectional area, width, and depth at specific locations are fixed throughout
one tidal cycle. In a geometrically-complex alluvial estuary, channel dimensions vary significantly
from low to high water levels (e.g., Toffolon, 2002; Prandle, 2003; Eaton, 2007). Such an estuary
exhibits a prismatic shape from the upstream region to the estuary mouth with a narrower width at
low water and a wider and larger area at high water (Wright et al. 1973, Brown and Davies, 2010).
Geometric changes due to tidal variation affect the balance of mixing between fresh water and sea
water (e.g., Toffolon et al. 2006; Gay and O’Donnell, 2007). An estuary naturally exists in
equilibrium, compensating with fresh water for intruding salt by tidal advection near the mouth of
the river. The river discharge, estuary shape, and tidal amplitude are curial factors to determine the
behavior and appearance of the estuary. Thus, the use of tidally-averaged values in a mathematical
model may conflict with actual physical parameters.

The purpose of this study is to characterize and quantify temporal and spatial variations in fresh-
water discharge, which are primarily responsible for controlling salt intrusion. The methodology
proposed in this paper is a series of analytical equations originally developed by Savenije (2005).
We have modified the original model with different geometric parameters for both high and low
water levels during spring and neap tides. The study area is the Red River estuary (RRE) near the
southwest region of the Gulf of Tonkin in Vietnam. The proposed solution combined with the salt-
intrusion model provides a useful tool for analyzing water-flow distribution in complex estuarine
systems.

STUDY SITE AND DATA

Figure 1 shows the RRE in the northern part of Vietnam. It is the largest estuary in the Red River
delta (RRD), which consists of a large low-lying plain of approximately 16,600 km2 and includes
approximately 23% of the Vietnam’s population. Since 1956, the Institute of Meteorology,
Hydrology, and Environment (IMHE) has measured the daily discharge at upstream stations in Son
Tay and Hanoi for the Red River and in Thuong Cat for the Duong River. No systematic discharge
data are available from other downstream stations. The Red River receives a large volume of fresh
water with a mean annual discharge of approximately 3,800 m3/s at the Son Tay station (based on
the data of 1956-2009). The maximum of monthly mean discharge is 19,000 m3/s in the wet season
(May-October), and the minimum is 1,100 m3/s in the dry season (November-April). The tide of
the Gulf of Tonkin is predominantly a diurnal type. The mean spring and neap tidal ranges are 2.8
m and 0.6 m, respectively. Owing to the influence of river flow, the period of the rising stage is
shorter than that of the falling stage, e.g., they occupy 42% and 58% of one cycle, respectively
(MHMC, 1996-2009).

The datasets used in this study are salinity, tidal velocity, and topography. A series of field
measurements of salinity was conducted during the dry season in 2006. The measurement was
carried out from January 3 to 19, 2006, including a fortnight tidal variation. Salinity was measured
at two stations: 8 km and 23 km from the mouth of the RRE. This field survey was conducted under
a joint project between the Tokyo Metropolitan University and the Hanoi Water Resources
University. At each location, water was sampled simultaneously at three different elevations: a
height of 0.5 m from the bottom, mid-depth, and a depth of 0.5 m from the water surface. The
sampling interval was one hour during the flood tide and two hours during the ebb tide. In addition
to these field data, the IMHE provided official dataset for salinity at the estuary mouth. The tidal
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information was collected from the Ba Lat station, which is located near the mouth of the RRE (see
in Figure 1). During the measurement period, the tidal velocity amplitude was about 0.8 m/s in
spring tide and 0.3 m/s in neap tide. Detailed information on the estuarine topography was acquired
by the Department of Dike Management and Flood and Storm Protection, the Ministry of
Agriculture and Rural Development (MARD-DMFSP) during the dry seasons in 1999-2000 and
2007.

THEORETICAL BACKGROUND

The shape of alluvial estuaries

One may regard an alluvial estuary as an ideal channel, in which the depth is constant and the
width and cross-sectional area vary exponentially in the longitudinal direction (Pillsbury, 1939;
Langbein, 1963). By analyzing field data, Wright et al. (1973), Prandle (1986), and Dyer (1986)
showed that the bathymetry of common estuary can be approximated by an exponential function,
and later, Savenije (1993, 2005) expressed the profile as

0 exp
n

xN N
l            (1)

Figure 1.  Map of the study area.
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where N is the geometric value at a distance from the estuary mouth (the origin), N0 is the
geometric value at the mouth, ln is the convergence length, and x is the coordinate taken to the
upstream direction from the mouth. These variables (i.e., N, N0, and ln) can be replaced with the
parameters of A, A0, and la for the cross-sectional area, B, B0, and lb for the width, and h, h0, and
ld for the depth.

Salt balance equation

The longitudinal salinity distribution in a certain tidal condition can be predicted when the
topography, tide, and river discharge data are available. Savenije (2005) presented an one-
dimensional unsteady salt-balance equation

( , ) ( , )( , ) ( , )s f t s
S S x t S x tr A Q Q AD x t S x t R
t x x x            (2)

where rs is the storage width ratio between the total surface width and the actual flow width,
S(x, t) is the salinity, Qf is the fresh-water discharge, Qt is the tidal discharge, D(x, t) is the
longitudinal dispersion coefficient, Rs is the source term, and t is time. Because the positive
x-direction points to the upstream direction, Qf has a negative value for convenience.

Assuming no sinks and sources in the system and an equilibrium state between advective and
dispersive terms at the tidally averaged (TA) condition (i.e., S/ t = 0 and Qt = 0), Equation (2)
becomes

TA TA
TA

f
S SQ AD

x x x            (3)

In this formulation, the fresh-water discharge is assumed to be constant over space and time, and
the cross-sectional area at a certain point along the channel is kept constant throughout one tidal
cycle. Thus, Equation (3) can be integrated with respect to x to give

TA TA
TA

f
f

AD SS S
Q x            (4)

where Sf is the river-water salinity at the upstream end. Aside from the TA condition, the present
assumption can be valid for two other extreme cases at high-water slack (HWS) and low-water
slack (LWS) (Eaton, 2007). For both cases, Equation (4) has been applied to predict the
longitudinal salinity distributions in several alluvial estuaries. The salinity curves at HWS and LWS
can be obtained by shifting TA salinity curve over half the tidal excursion toward the sea and
upstream end (Savenije, 2005; Nguyen and Savenije, 2006). Since the tidal excursion is assumed
to be independent of x, the salinity profiles at HWS, LWS, and TA have the same shape.

Salt intrusion model

Based on previous work by Van den Burgh (1972), the longitudinal dispersion coefficient in an
estuary can be calculated. The relationship among the dispersion coefficient, fresh-water discharge,
and cross-sectional area is given by

fQdD K
dx A

           (5)
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where K is Van den Burgh’s coefficient, which determines the relative strength of tide-driven and
density-driven salt transports. A simple equation is proposed here to develop a model of salt
intrusion, assuming a constant value of K throughout the estuary. Substituting Equation (1) into the
right hand side of Equation (5) after replacing N, N0, and ln with A, A0, and la, respectively, and
integrated along the estuary, we have an analytical equation

0 0 0
1 exp 1a f

a

l KQD x
D A D l            (6)

where D0 is the dispersion coefficient at the estuary mouth. When substituting Equation (6) into
Equation (4) and integrating it with respect to x, we can obtain the salinity equations for HWS,
LWS, and TA. The unified cross-sectionally averaged salt-balance equation is

1

0 0 0
1 exp 1

i Kf a f
i i

af

S S l KQ x
lS S A D

           (7)

where the subscript i indicates the three different tidal conditions (i.e., HWS, LWS, and TA). This
one-dimensional steady advection-diffusion model has been applied to describe the salinity
variations along numerous well-mixed estuaries (Savenije, 2005) and partially-mixed estuaries
(Nguyen and Savenije, 2006).

Previous researchers were confronted with various difficulties when they developed the salt
intrusion model. Input values such as fresh-water discharge and dispersion coefficient were not
known at all points. To overcome the chronic problems, Savenije (2005) proposed a solution by
introducing a new variable as

0

0

i
i

f

D
Q            (8)

where i
0 is the mixing coefficient. Combining Equations (7) and (8), the salinity curves at HWS,

LWS, and TA can be fitted to salinity data. Applying this method to many estuaries in Thailand,
Indonesia, Malaysia, Mozambique, Gambia, England, the Netherlands, Portugal, and the United
States, Savenije (1993, 2005) also obtained an empirical equation for D0. This relationship was
generalized and improved by Nguyen and Savenije (2006) for partially- and well-mixed estuaries.
The dispersion coefficient D0, particularly for the HWS situation, is expressed as follows

0.50
0 01400HWS

R
b

ED hN
l            (9)

where E0 is the tidal excursion at the mouth, defined as the difference between the intrusion lengths

at HWS and LWS, 0 is the tidal velocity amplitude,  h is the average depth over the salt intrusion
length, and NR is the Estuarine Richardson number. Fischer (1972) introduced the Estuarine
Richardson number as

2
0

f
R

t

ghQ T
N

P          (10)
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where  is the relative density of fresh water with respect to sea water,  is the density of fresh
water, T is the tidal period, and Pt is the flood volume of saltwater entering the estuary over a tidal
cycle (Pt = A0E). When the flood volume can be well approximated by the product of A0 and E0
(= 0T/ð) at the estuary mouth, the dispersion coefficient becomes

3 2
0

0
0

1400HWS

b

EhD gT
l A          (11)

Finally, the dispersion coefficients at TA and LWS, i.e., D0
TA and  D0

LWS, were determined from
the longitudinal dispersion curve at HWS as follows

0

0
0 2 exp

2
TA HWS

x E
a

ED D
l          (12)

0

0
0 expLWS HWS

x E
a

ED D
l          (13)

where HWS
xD  is determined through combination of Equations (6) and (11).

To compute the salinity distribution using Equations (7) and (8), A0, la, K, and a0 must be
determined in advance. The value of A0 can be obtained from bathymetry data. The convergence
length la can be acquired by calibration of Equation (1) against the data of cross-sectional area
along the estuary. The value of K is calculated from an empirical predictive equation

0.58 0.140.65 0.39
2.03 0 0 0

2
0

0.2 10 1 b a
b

a

E E l E lK l
H l AC

         (14)

where H is the tidal range, C is the Chezy coefficient, and  = (1/H)( H/ x) is the tidal-range
damping rate. Although K is determined from Equation (14), in this study the value was verified
from the model calibration process with salinity data measured at HWS and LWS. A sensitivity
analysis was performed by changing the value of K within a reasonable range (0 < K < 1). When the
K value is fixed, the a0 value can be obtained by calibrating the salt intrusion model against salinity
data.

Estimation of fresh-water discharge

In the case in which the salinity distribution is known, we can estimate the fresh-water discharge
by dividing the computed dispersion coefficient at the estuary mouth to the calibrated mixing
coefficient. Thus, rearranging Equation (8) for the discharge rate, with respect to the HWS
condition, we write

0

0

HWS

f HWS
DQ          (15)

Substituting Equation (11) into Equation (15) yields
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METHODS

In a geometrically-complex estuary, it is sometimes difficult to describe the geometric
profiles with a single exponential function (Equation (1)). In fact, a trumpet shape appears near the
estuary mouth in many alluvial estuaries. In these estuaries, two or multiple segments will be
needed to describe the longitudinal shape of the channel. A sketch of a geometrically-complex
estuary with a trumpet shape is presented in Figure 2, in which three different cross-sectional
profiles are indicated at high water level (HWL), mean water level (MWL), and low water level
(LWL).

The geometric characteristics in an estuary with multi-reach segments may be described by the
following exponential function

1
1 exp j

j
nj

x x
N N

l ( j  1)          (17)

where the subscript j indicates the segment number taken from the estuary mouth, Nj-1 is the
geometric value at the inflection point that is located at the junction between the j-1th segment and
the jth segment, and xj-1 is the distance from the mouth to the j-1th inflection point.

Assuming that the discharge rate in each segment is constant, we propose longitudinal
dispersion and salinity equations as

1

1 1 1
1 exp 1aj j

j j j aj

l K x xD
D A l (j  1)          (18)

1

1

1 1 1
1 exp 1

K
f aj j

j f j j aj

S S l K x x
S S A l (j  1)          (19)

where Dj-1, Aj-1, aj-1, and Sj-1 are the dispersion coefficient, cross-sectional area, mixing coefficient,
and salinity at the j-1th junction point, respectively.

This modified salt balance equation will be adapted to the RRE, after some of the assumptions
are relaxed in the theoretical development. First, because of the presence of a large intertidal area
throughout the whole RRE, along with the channel shape at TA, we viewed changes in the cross-
sectional area, width, and depth from a new angle, taking into account of HWS and LWS. As these
two levels do not lag far behind the HWL and LWL in the same day, we use the cross sectional
profiles acquired at HWL and LWL to replace those at HWS and LWS, respectively. In addition,
the channel width of the RRE exhibits a small convergence length near the estuary mouth, but a
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large convergence length in the upstream portion. For this reason, we split the branch into two
segments. Two exponential functions will be used to describe the longitudinal variation of the
channel shape at each of the HWS, LWS, and TA conditions. Secondly, in contrast to the offshore
salinity, the salinity at the mouth of the RRE is not constant over a tidal cycle because of the
influence of river water. Three different sets of a0 and a1 values will be identified for the fitting
of the HWS, LWS, and TA curves to the observed data with a fixed K value. Thirdly, as the salinity
curves are calculated independently, values of E0 are not estimated from the LWS and HWS curves.
In the present formulation, we estimate the E0 values based on the tidal flow data collected at the
Ba Lat station. Finally, due to the variation in the geometric parameters, values of dispersion
coefficient D0 at TA and LWS will be estimated using Equation (11). In addition, for a multi-
segment estuary likes the RRE, we use an average value of lb weighted between lb1 and lb2 over the

salt intrusion length (L) in the computation of D0 (i.e. l l x l x
L

L
b

b1 b21 1( )
). Furthermore, we

use the averaged depth h  over the segment length instead of the mean depth at the estuary mouth
(e.g., Savenije, 2005) and the averaged depth throughout the salt intrusion length (e.g., Nguyen et
al. 2008). The fitted salt intrusion curve defined by Equation (19) will be used to constrain the
dispersion coefficient along the RRE.

Figure 2.  Sketch of a funnel-shaped estuary with complex geometry.

[175]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

Journal of Environmental Hydrology                                     Volume 20  Paper 9  July  201210

Fresh-water Discharge, Red River Estuary, Vietnam    Nguyen, Umeyama, and Shintani

Saltwater concentrations obtained at three locations during the dry season of 2006 will be used
to calibrate the salt intrusion model. The sampling schedule was designed to provide several
measurements at high water and low water for each site. Because the RRE are well mixed during
the dry season (IMHE, 2009), we assume that the depth-averaged salinity data represent the average
value at each cross-section. After calibration of the modified model for the HWS, LWS, and TA
data, values of mixing coefficient and dispersion coefficient in the downstream and upstream
segments will be determined. With calibrated values of the geometric parameters, the fresh-water
discharge in individual segment will be calculated for different tidal conditions using Equation
(15). The results calculated at TA will be compared with the daily data obtained by a hydraulic
model, both for accuracy and efficiency.

RESULTS

Topography of the RRE

Figure 3 and Table 1 present geometric characteristics along a channel in the RRE. The shapes
of cross-sectional area, channel width, and depth are indicated at HWS, LWS, and TA (table only)
during spring and neap tides. The cross-sectional area and width are plotted directly from
bathymetric data, and the water depth represents the ratio of these two geometric values. The
convergence lengths (la1, la2, lb1, lb2, ld1, and ld2) were obtained by calibrating Equation (17) against
the measured data.

Computed geometric parameters in the two exponential functions fit the observed data well. The
cross-sectional area, width, and depth profiles differ in profile among HWS, LWS, and TA during
spring tide, but they appear identical during neap tide. It is significant to note that the neap HWS
and LWS levels are nearly equal to the elevation of the estuarine floodplain, indicating that the
channel width expands considerably as the tidal level exceeds the floodplain and reaches the spring
HWS level. The estuary branch appears to contain an inflection point approximately 9 km from the
estuary mouth. The channel displays strong convergence in the downstream segment but is weak
upstream. The cross-sectional area and width expand significantly from the inflection point to the

Figure 3.  Cross-sectional area, width, and depth profiles of the Red River estuary (RRE). The rhombus,
circle, and triangular symbols indicate the measured data. The blue curve indicates the computed result by
Eq. (17) at high water slack (HWS) and the red one indicates that at low water slack (LWS).
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mouth, particularly at HWS, while depth gradually decreases. In contrast, the area and width
decrease slightly from the inflection point to the upstream, whereas the depth is nearly constant
over the estuary length at a specific tidal level. The influence of tidal variation on convergence
length clearly begins to emerge in these profiles; an increase in tidal level correlates with greater
channel convergence.

Calibration of modified salt-intrusion model

Based on the geometric parameters, the modified salt-intrusion model was calibrated for HWS,
LWS, and TA using a set of salinity data acquired at the mouth by the IMHE, and in-situ salinity data
sampled at two locations during two separate spring tidal periods (January 4–8 and January 17–18,
2006) and one neap tidal period (January 11–14, 2006). The curves at HWS and LWS were fitted
to maximum and minimum salinity values, respectively. The curve at TA was calibrated using
salinity averaged over the measured data during a full tidal cycle. Calibrated results for model
parameters (K, a0, a1) in the RRE are presented in Figure 4.

The computed salt-intrusion curve is in good qualitative agreement with the corresponding in-
situ data. The mixing coefficients a0 and a1 at each tidal condition (HWS, LWS, and TA) were
averaged over calibrated values, whereas the coefficient K remained constant in every tidal
condition. The calibrated result of K = 0.18 is an acceptable value because the calculated K was
0.15. The calibrated K value is relatively small; we attribute this to the dominance of tidal mixing
in the RRE. Because the K value remained constant, fitted salinity curves were sensitive to the
mixing coefficients a0 and a1 at HWS, LWS, and TA. These mixing coefficients obtained at HWS
in the downstream segment were larger than those upstream. However, the difference between
these mixing coefficients at LWS and TA was insignificant. Therefore, at LWS and TA, two mixing
coefficients (a0 and a1) can be combined into a single coefficient (a0). This treatment corresponds
to the observations of Savenije (1993, 2005), Nguyen and Savenije (2006), Eaton (2007), and
Zhang et al. (2011) who used a single mixing coefficient to compute longitudinal-salinity
distribution in a single-segment estuary.

The value of a0 varied significantly with the tidal range in the downstream segment. The value
obtained at HWS was generally much greater than that at LWS or TA during spring and neap tidal
periods. The difference between calibrated  a0 values at HWS and LWS was 162% at spring tide
and 42% at neap tide. The corresponding differences between HWS and TA were 122% at
spring tide and 24% at neap tide. The value of a1 in the upstream segment also showed a similar
trend under these tidal conditions. However, these differences were unnoticed, particularly at neap
tide.

Table 1.  Geometric characteristics of the Red River estuary.
Tidal condition A0 B0 h0 A1 B1 h1 la0 lb0 ld0 la1 lb1 ld1 

 (m2) (m) (m) (m2) (m) (m) (km) (km) (km) (km) (km) (km) 

Spring HWS 6200 1950 2.9 2929 633 4.6 12 8 20 120 90 1000 
Spring LWS 2500 530 4.9 1516 338 4.1 18 20 50 190 240 1000 
Neap HWS 4000 1350 3.1 2195 549 4.2 15 10 30 140 130 1000 
Neap LWS 3350 850 3.4 1909 450 4.3 16 13 40 160 190 1000 

Spring/neap TA 3600 980 3.3 1980 402 4.2 15 13 40 150 150 1000 

 Note: A0, B0, and h0 refer to the estuary mouth; A1, B1, and h1 refer to the inflection location; la0, lb0, and ld0 belong to
downstream segment; and la1, lb1, and ld1 belong to upstream segment.
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Salt-intrusion curves exhibit two distinct trends: a dome shape at HWS and a recession shape
at LWS and TA. This difference is related to channel shape and fresh-water discharge (Savenije,
2005; Zhang et al. 2011). The dome shape occurs in a tide-dominated estuary with little fresh-water
discharge and a short convergence length of the cross-sectional area near the mouth. However, the
recession shape occurs in a narrow estuary, having a near-prismatic shape and significant fresh-
water discharge. At HWS, the mixed water retains high salinity from the estuary mouth to the
inflection point when the channel converges abruptly although salinity decreases abruptly from the
inflection point to the end of the upstream segment. Under different sea-level conditions during
spring and neap tides, the salt-intrusion curve remains a fixed recession shape. The salinity
gradually decreases inland from its maximum value at the estuary mouth. Therefore, the Savenije’s
model may be applied to the RRE at LWS and TA, but it requires significant modification at HWS
in a geometrically-complex estuary.

Numerical modeling of salinity distribution

Because salinity observation is limited along the estuary branch, it is difficult to validate the
modified salt-intrusion model with field data under variations of geometry, discharge, and tide. In
addition to the modified model, therefore, we used a hydraulic model, MIKE11, which is a
professional engineering software package developed by DHI Water and Environment for
simulating the flow, water quality, and sediment transport in rivers, estuaries, and other bodies of
water. The advective–diffusive module of MIKE11 solves vertically integrated equations for the
conservation of mass and momentum (Saint–Venant equations). The data for schematization of the
hydraulic model were obtained from the IMHE and MARD-DMFSP that provide the observed
discharge as an upstream boundary value, the observed tidal variation at the downstream boundary,
salinity, and cross-sectional topography along the river. The model was calibrated for datasets in
the dry seasons of 2000–2004 and 2006 (Vu and Bui, 2006; IMHE, 2009; Nguyen et al. 2010).

We used MIKE11 to acquire salinity distributions in the dry season of 2006 in the RRE. Figure
5 represents a comparison of salinity profiles at HWS, LWS, and TA during spring and neap tidal
periods, computed by MIKE11 and the modified salt-intrusion model. The numerical prediction
agrees reasonably well with the analytical result although a slight discrepancy exists between salt

Figure 4. Salinity distributions in the RRE during spring tide and neap tide.
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values near the inflection point in the HWS curve. The present estimation shows a marked
difference between the two curves at spring tide. Salt distribution begins as a concave shape and
becomes convex within 20–40% of the salt-intrusion length. The normalized HWS curve
computed by the modified salt-intrusion model does not exhibit a continuous variation, which is
mainly attributed to the larger channel width and shallower depth, in addition to the sudden change
in fresh-water discharge near the estuary mouth. For the other tidal cases, however, computed
results by these two models appear identical without discontinuous point. Although salt intrusion
along the estuary is highly sensitive to the upper and lower boundary conditions, these parameters
obtained from the calibration of the modified salt-intrusion model are acceptable for common
usage in the RRE.

Calculations of dispersion coefficient and fresh-water discharge

With calibrated values of the hydraulic and geometric parameters, the dispersion coefficient at
the mouth was calculated for three different tidal conditions using Equation (11). Figure 6 presents
the D0 value calculated against the tidal range in the RRE. In addition, estimated values in several
other global estuaries are shown (e.g., Swart et al. 1997; Lewis and Uncles, 2003; Austin, 2004;
Banas et al. 2004; Savenije, 2005; Nguyen and Savenije, 2006; Shaha et al. 2011). It is significant
to note that the range of D0 is wide at spring tide but considerably narrow at neap tide. The D0 value
was 87 m2/s at spring HWS, 871 m2/s at spring LWS, 195 m2/s at neap HWS, and 471 m2/s at neap
LWS, and the value varied from 393 m2/s at neap TA to 496 m2/s at spring TA. The present
calculation result indicates that the river-mouth diffusion coefficient decreases with an increase
in the tidal level. However, this result is inconsistent with the findings of Shaha et al. (2011), in
which a dispersion coefficient given at a seaward end is reduced to the minimum value if the tidal
force weakens. This inconsistency is attributed to specific local conditions such as geometric
variation in the RRE. Due to the presence of a large intertidal area in a channel segment, the average
depth at HWS is significantly smaller than that at LWS (Table 1). Because the dispersion
coefficient is proportional to the three-second power of the water depth, it increases considerably

Figure 5.  Comparison of computed salt intrusion curves for HWS, TA, and LWS conditions during spring
and neap tides by the salt intrusion model and MIKE11.
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with a significant increase in depth. The dispersion coefficient D1 at a junction can be determined
from Equation (18). Among several global estuaries of various tidal ranges (0.5–4 m), the
calculated dispersion coefficient is within a reasonable range.

After the calibrated values of a0, a1, D0, and D1, and geometric parameters were provided, fresh-
water discharges were calculated in every segment for the various tidal conditions using Equation
(16). Table 2 shows the calculated discharges for all upstream and downstream segments, in
addition to daily fresh-water discharge data acquired by MIKE11. A significant difference was
detected between HWS and LWS discharge and the daily value (TA). Calculated fresh-water
discharge was lowest at HWS and highest at LWS due to the influence of flood–ebb modulation
of tide to river flow. The computed results presented here for HWS and LWS can represent
discharge rates at HWL and LWL, respectively. The difference between HWS and HWL patterns
or between LWS and LWL patterns is attributed to uncertainty in the tidal stage, at which maximum
and minimum salinity values were acquired.

Fresh-water discharge computed by the salt-intrusion model at spring HWS exhibited a sudden
change at the intersection between upstream and downstream segments, which may possibly be due
to significant changes in geometry and mixing coefficients. In contrast, under the other tidal
conditions at LWS and TA, differences in fresh-water discharge computed between the downstream
and upstream segments were negligible. These computed results are in agreement with previous
studies that presumed a constant value of fresh-water discharge over the entire estuary length.
When the computed results by the salt-intrusion model and MIKE11 are compared, discharge for
the TA condition by the former model agrees reasonably well with that by the latter. This finding
supports our argument of fresh-water-discharge distribution in a multi-segment estuary using the
analytical model. Reconsidering the inconsistency of fresh-water inflow into an estuary, the
calculation method provides an important step for the investigating fresh-water discharge at high
and low tides.

Figure 6.  Plot of calculated dispersion coefficient at the RRE mouth together with estimated data in other
estuaries against tidal range.
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DISCUSSION
In this study, we improved a salt-intrusion model to estimate fresh-water discharge in a

geometrically-complex estuarine system. Although the previous model has the ability to investigate
the distribution of fresh-water discharge rates at high and low tides, limitations remain in the
application to actual complex estuaries. The present method will be useful for estimating the
hydrologic quantities of estuaries when adequate observation points are unavailable.

The geometric feature is the most important factor because it influences salt-intrusion length
and river water velocity. A precisely increased description in the geometric complexity may yield
a more reliable result. Therefore, geometric parameters were distinguished among HWS, LWS,
and TA in order to avoid errors. However, the high sediment amount in the RRE causes the river
mouth to continually spread seaward (Van Maren and Hoekstra, 2004), which should be considered
by additional bathymetry observations.

Computation of fresh-water discharge is sensitive to a number of parameters in the salt-
intrusion model such as K, a0, a1, E0, and D0. The K value was acquired from the calibration process
with salinity data obtained in 2006. Although the calibrated value is fairly consistent with the
predictive data, Van den Burgh’s equation for K is can be re-evaluated after collecting detailed
observation data such as tidal excursion, tidal velocity, and tidal damping rate. Because the K value
remained constant throughout this analysis, the model was sensitive only to the mixing coefficients
a0 and a1. Fresh-water discharge alters a degree of salt intrusion primarily through these mixing
coefficients, which depend on topographical data. With an increase in the cross-sectional area
from low to high water levels, these mixing coefficients increase in conjunction with a smaller
convergence length. Hence, analyzing variation in geometric characteristics under different tidal
conditions can help explain changes in model coefficients and provide some clarifications for the
effect of different aspects on the fresh-water discharge. If a complex, multi-segment estuary is
analyzed, additional salinity data must be collected in order to calibrate the model. Because
observation was performed only at three sampling locations in this study, the calibrated results may
be less reliable. Further investigation based on a more sufficient dataset for salinity is required for
a considerable improvement of the present study.

The tidal excursion E0 and dispersion coefficient D0 are difficult to determine properly in
reality. In the original model, E0 is estimated based on the fitted HWS and LWS salinity curves.
Because these salinity curves were acquired independently, E0 was determined based on the
measured tidal currents. The coefficient D0 is a critical parameter when Equations (15) and (16)
are used for determining the fresh-water-discharge rate. For each tidal condition, the D0 value was
estimated by Equation (11) and was inversely proportional to the tidal level. Linden and Simpson
(1988) considered that turbulence generated by strong tidal currents effectively reduce the
dispersing action of velocity shear; consequently, the D0 value tends to decrease as the tidal level

Tidal condition  
(m) 

lb 
(km) 

Qf0 
(m3/s) 

Qf1 
(m3/s)  by MIKE11 

(m3/s) 
Spring HWS 2.95 67.6 11 41  
Spring TA 3.44 79.4 171 167 189 

Spring LWS 4.61 123.5 379 373  
Neap HWS 3.05 59.8 81 97  
Neap TA 3.44 60.0 207 196 199 

Neap LWS 3.51 63.6 295 307  
 

Table 2.  Calculation of freshwater discharge at different water levels in spring and neap tides.
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increases. Without corresponding velocity data, estimating the relative contribution of the shear
dispersion by tidal currents becomes impossible. The present results demonstrated that the
dispersion coefficient increases with fresh-water discharge. This finding is consistent with
previous studies (e.g., Lewis and Uncle 2003; Shaha et al. 2011).

Demonstrating fresh-water distribution in a multi-segment estuary is slightly complicated
because of the variation in bathymetric parameters defining the estuary shape in addition to the tidal
change. The pronounced influence by geometric parameters is evident in the magnitude of fresh-
water discharge shown in Table 2. Extension of RRE floodplain creates a significantly wider and
shallower channel toward the coastal delta. A shorter convergence length results in a lower
discharge rate at high water levels. In contrast, the channel becomes deeper and narrower with a
greater convergence length at low water levels. As expected, fresh-water discharge value was high
in this case.

During spring tide, river water flow is obstructed in the RRE because of significant sea-water
advection from the Gulf of Tonkin. During ebb tide, river water drains, thereby expelling the sea
water from the mouth. This sequential phase modulation of water discharge is consistent with the
investigation in the Rhine estuary by Van Alphen et al. (1988), who used hydrographic data to
illustrate that nontransported river water exhibits a pinching-off effect in reversed tidal conditions.
Ruijter et al. (1997) gave a principle criterion that concerns the pulsed distribution of fresh-water
discharge over one tidal cycle: the river discharge is halted if the value of tidal current is larger than
that of river velocity. According to the measured current profiles within the RRE in the dry season
of 2000 by Van Maren and Hoekstra (2004), the maximum outflow and inflow were 0.49 m/s and
-0.29 m/s, respectively, during spring tide, and 0.24 m/s and -0.06 m/s, respectively, during neap
tide. These values imply that the average tidal current and river flow were 0.39 m/s and 0.10 m/s,
respectively, for the former and 0.15 m/s and 0.09 m/s, respectively, for the latter. These velocity
changes may indicate a spring–neap variation with a pulsed fresh-water discharge if they comply
with the criterion of Ruijter et al. (1997). This finding from the observation agrees well with our
calculated results (Table 2).

It is significant to note that the calculated fresh-water discharge was spatially varied at HWS but
was nearly constant over the estuary length at LWS and TA. This geometric variation plays a crucial
role in mixing rate and tidal forcing during each tidal phase. The present finding is consistent with
that of Horrevoets et al. (2004), who illustrated the influence of fresh-water flow on spatial
variations of both mixing and tidal-damping rates in the Schelde estuary. This type of data is
particularly significant in shallow estuaries, in which tidal flux dominates saline transport. In
computations, fresh-water discharge was maintained constant throughout each segment length;
thus, the discharge became discontinuous at the inflection point. To overcome this discrepancy,
a sufficient number of segments with detailed salinity measurements must be provided.
Unfortunately, the salinity data lack a critical value to support the proposed mechanism of
discharge along the RRE. Although several three-dimensional numerical models support the
calculation of fresh-water discharge spatially, their application is beyond the scope of the present
study.

CONCLUSIONS
We used a salt-intrusion model to estimate temporal and spatial variations of fresh-water

discharge in the RRE. Owing to changes in the estuary shape and size following tidal variations, we
split the estuary into two segments, taking into account of two exponentially shaped scales for
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geometric characteristics under HWS, LWS, and TA conditions. Model parameters were calibrated
using bathymetry and salinity data measured along the RRE during spring and neap tides. The
present method allowed us to estimate fresh-water distribution for multiple segments on the basis
of the modified one-dimensional, steady-state salt-intrusion model. We found that geometric
feature is one of the most important factors affecting the character of salt intrusion curves and the
temporal and spatial distributions of fresh-water discharge. A comparison of analytical and
numerical salt variations in several tidal conditions showed reasonable agreement although there
is a small discrepancy near the inflection point at HWS. Overall, the analytical model provided an
acceptable estimation of the distributions of the fresh-water discharge. This study will serve as a
useful guide for future research of water resources in tidal rivers and estuaries.
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s u m m a r y

We investigate changes in geometric characteristics and related processes of the longitudinal salinity dis-
tribution in an alluvial estuarine system. We focus on tide-dominated estuaries, which are usually char-
acterized by a convergent shape, and analyze effects of intra-tidal and sub-tidal variations of the
geometric characteristics on the salinity distribution. A theoretical salt intrusion model is applied to
the Red River estuarine system (RRES), where the channel shape and size greatly vary as a function of
tidal amplitudes. The model was originally derived for single-channel estuaries by considering the
cross-sectional profile only at tidally averaged condition. This assumption makes the application of the
model to the RRES a challenging task. In this paper, we split the estuary branch into multi-connected seg-
ments to describe the longitudinal variation of geometric characteristics. In addition, by prescribing geo-
metric parameters to exponentially vary under different tidal conditions, we were able to estimate spatial
and temporal changes in the salinity distribution. A series of field surveys for salinity in the dry season of
2006, 2008, and 2009 were used to examine and validate the method. We found that the modified model
described salt intrusion with a good fit between the computed and measured salinity. This finding pro-
vides a key for the further investigation of salt intrusion for estuaries having complex geometry.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Saltwater intrusion is one of the important problems in estuar-
ies because it affects the quality of surface water and ground water
as well as the aquatic species habitat. Salinity has been used as an
indicator of the water quality for organism distribution and water
consumption criteria, or the dilution capacity of the system (Jassby
et al., 1995; Lewis and Uncles, 2003; Reinert and Peterson, 2008).
Various complex processes such as tidal variation, hydrological
flux, wind stress, and natural or human interference reflect
changes in the spatial distribution of salinity. Salt intrusion is gen-
erally caused by an imbalance between river and tidal flows but
variations in seawater intrusion are also attributable to estuarine
geometry. Changes in some geometric characteristics during tidal
variation drastically affect the longitudinal salinity distribution
(Gay and O’Donnell, 2007; Ralston et al., 2008).

Numerous efforts have been made to understand the spatial and
temporal distributions of salinity under the external influences of
tidal current, river discharge, and geometry. Previous research has
yielded satisfactory methods based on hydrographic surveys
(Kjerfve and Proehl, 1979; Geyer et al., 2000; Peters and Bokhorst,

2001), remote sensing techniques (Prandle, 1997; Aerts et al.,
2000; Shen and Evans, 2001), numerical models (MacCready and
Geyer, 2001; Bowen and Geyer, 2003; Lerczak et al., 2006; Ma
et al., in press), and analytical solutions (Hansen and Rattray,
1965; Van den Burgh, 1972; Rigter, 1973; Jay and Smith, 1990a,b;
Savenije, 1986, 1989, 1993, 2005; Prandle, 2004). Although the
fieldwork is one of the most effective methodologies that can
directly address the estuarine salt transport, efforts to measure this
transport are sometimes extremely labor intensive and expensive.
Remote sensing from satellites and aircraft greatly facilitates the
observation of spatial variations like frontal phenomena, but this
method is valid only for the surface analysis (Zou and Li, 2010).
Numerical modeling has apparently become the prevailing method
because of its convenience, and its results frequently provide
high-resolution views of phenomena such as spatial and temporal
variations. However, the numerical method has a high computa-
tional cost, and it requires detailed hydro-meteorological, bathy-
metric, and tidal datasets that are not always available for
complex estuarine systems. Analytical models are also widely used
because they are very simple while still retaining basic physical
characteristics involved. Among analytical models, the method
developed by Savenije has been used for numerous estuaries (e.g.,
Savenije and Pagès, 1992; Aerts et al., 2000; Savenije, 2005; Nguyen
and Savenije, 2006; Eaton, 2007; Ervine et al., 2007; Graas and
Savenije, 2008; Shaha and Cho, 2009; Zhang et al., 2011). Themodel
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was originally developed for use in single alluvial estuaries and esti-
mates the longitudinal salinity distribution considering geometric
characteristics under tidally averaged conditions. Savenije’s meth-
od includes mathematical expressions for the cross-sectional area,
width, and depth, which exponentially converge with distance in-
land. More recently, Nguyen and Savenije (2006) and Zhang et al.
(2011) modified the analytical solution for application to multi-
channel estuaries such as the Mekong delta in Vietnam and the
Yangtze estuary in China, respectively. Their solutions obtained
with one exponentially shaped scale for the cross-sectional profile
in the tidally averaged state suggested that Savenije’s (2005) model
is quite capable of describing salt intrusion in complex estuaries
and can be used as a predictive tool for estuaries involved.

The geometric characteristics are the most important boundary
conditions in Savenije’s model because they are directly related to
estuary hydraulics (Savenije, 2005). However, this model does not
account for changes in the estuary shape as a function of tidal
amplitudes. Values of the cross-sectional area, width, and depth
at a certain location along the channel are assumed to be constant
during a tidal cycle. In many alluvial estuaries with complex geom-
etry, the cross-sectional area, width, and depth significantly vary
from high to low tides (e.g., Toffolon, 2002; Prandle, 2003; Eaton,
2007). Such estuaries are narrow and exhibit a nearly prismatic
shape with a lower width to depth ratio at low tide, but at high tide,
they are very broad, with a higher ratio, and the banks strongly con-
verge upstream (Wright et al., 1973; Brown and Davies, 2010).
These channel types are often found in tide-dominated estuaries
such as theMekong and the Red River estuarine system (RRES, Viet-
nam), the Hooghly (India), the Yangtze (China), the Ord (Australia),
the Fly (New Zealand), and the Patía (Colombia). In addition to the
geometry, the river discharge, which is the other main boundary
condition of themodel, is assumed to be stable over space and time.
In an estuary, the tidal exchange is more or less independent of the
river discharge, whereas tidally driven mixing is strongly depen-
dent on the freshwater input (Shaha et al., 2010). The influence of
freshwater discharge on mixing process can be disregarded in the
downstream part of the estuary, where the area is large compared
to that of the river, but it gains importance over the influence of ti-
dal flow in the upstream part of the estuary (Horrevoets et al.,
2004). This is especially important for shallow estuaries where
the tidal salt flux dominates transport processes. Downstream
water near the estuary mouth is almost saline, whereas water in
the middle and upstream parts varies periodically between fresh
and brackish (Parsa and Shahidi, 2010). Furthermore, during a tidal
cycle, the strength of tidally driven mixing may significantly vary
between spring and neap tides (Jay and Smith, 1990a,b) and be-
tween high and low tides (Ralston et al., 2008). Both estuarine
geometry and freshwater discharge, together with tidal forcing
are crucial in establishing the longitudinal distribution of salinity.
Because Savenije’s (2005) model contains calibration coefficients
based on assumptions regarding the geometry and freshwater dis-
charge, the use of assumed parameters for a tidally averaged condi-
tion has limited the application range of the model for estuaries
with complicated geometry.

The objective of this study is to investigate changes in geometric
characteristics and related processes of the longitudinal salinity dis-
tribution. In this study,we conducted a series of fieldmeasurements
of salinity in multi- estuary branches of the Red River estuarine sys-
tem (RRES). Measurements were carried out from January 3–19,
2006, covering the spring-neap variation in a tidal period. An adap-
tation of Savenije’s (2005) method was applied to the analysis of
salinity data. Unlike the general use of Savenije’s model, which re-
quires geometric characteristics under tidally averaged conditions,
we analyzed changes in the cross-sectional area, width, and depth
at high-water slack (HWS) and low-water slack (LWS) during
spring, mean, and neap tides. The extension of the theoretical salt

intrusionmodel described here accounts for variations in geometric
characteristics and their resulting influence on the spatial and tem-
poral salinity distributions. The modified model was then validated
by other salinity datasets, which were measured in 2008 and 2009.
The validation showed good results in estimating salt intrusion, and
hence, it is demonstrated that the modifiedmodel can be applied to
an estuary system with complex geometry.

2. Description of the study area and datasets

2.1. Overview

The study area is located in the northern part of Vietnam, where
the Red River and its distributaries spread out to form the Red Riv-
er Delta (RRD). The RRD has a surface area of approximately
16,600 km2 and occupies 4.5% of the total area of Vietnam. It is
the most developed area in the nation, comprising numerous mod-
ern cities and important economic zones, as shown in Fig. 1. The
RRES, located in the southeastern part of the RRD, comprises four
estuary branches: the Tra Ly, Red River, Ninh Co, and Day branches.
These branches form typical lowland rivers with large floodplains
that are regularly inundated under high tidal conditions. The width
of the main channel under tidally averaged conditions varies from
200 to 500 m, and the width between main dikes is few kilometers.
At estuary mouths, the average channel depth and width are
approximately 4 m below the mean water level (MWL) and
approximately 700 m, respectively. The channel banks are cohesive
and steep up to the MWL (Maren and Hoekstra, 2004).

The RRES receives a large volume of freshwater with a mean an-
nual discharge of approximately 3800 m3/s at the Son Tay gauge
station (based on data from 1956 to 2009). The discharge pattern
of river flow shows seasonal variation. The maximum monthly
mean discharge is 19,000 m3/s in the wet season (May–October),
and its minimum is 1100 m3/s in the dry season (November–April)
(MONRE, 1956–2009). During the observation period, minimum
monthly and daily discharges were 700 m3/s (in January 1989)
and 550 m3/s (on February 15, 1999), respectively. As the main
stream in the RRD, the Red River plays a major role in storing
and distributing water among downstream distributaries before
approaching the Gulf of Tonkin. In the RRES, ratios of discharge dis-
tributed into four branches were 10% for Tra Ly, 25% for the Red
River, 6% for Ninh Co, and 22% for Day, based on the total annual
discharge measured at Son Tay (Pruszak et al., 2005). The rest of
the water is distributed into other branches via the Duong river
and the Luoc river.

The tide of the Gulf of Tonkin is predominantly a diurnal type,
and tidal range decreases gradually from 4 m at the north coast
to 2 m at the south coast (Fang et al., 1999). The tidal range at estu-
ary mouths of the RRES varies from 0.6 m during neap tide to 2.8 m
during spring tide (MHMC, 1996–2009). Owing to the influence of
river flow, the period of the rising stage of the tide is shorter than
that of the falling stage, i.e., they occupy 42% and 58% of one cycle,
respectively.

Seasonal variations of river flow influence the salinity distribu-
tion in the RRES. In the wet season, when the river discharge is
large, salt intrusion reaches only the area near the mouth. In the
dry season, however, the impact from the sea increases drastically.
Seawater intrudes through estuaries into rivers, threatening the
safety of surface water supply to cities and villages along the river
(Minh et al., 2010). The extent of saltwater intrusion shows an in-
crease of 7–15% when observed data for the period from 1993 to
2007 are compared with those for the period from 1965 to 1985,
according to IHME (2009). Hien et al. (2009) reported that a rapid
increase in the freshwater demand during the recent years is a ma-
jor factor that increases the level of salt intrusion in the RRES.

2 D.H. Nguyen et al. / Journal of Hydrology 448–449 (2012) 1–13
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2.2. Datasets

Data used in this paper are salinity, tidal level, river discharge,
and topography. A series of field measurements for salinity were
conducted in the Tra Ly, Red River, Ninh Co, and Day branches dur-
ing the dry season in 2006, 2008, and 2009. The field measurement
in 2006 was carried out at eight locations in the polyhaline and
mesohaline parts of these branches (Fig. 1), and the two in 2008
and 2009 were carried out at various locations from the estuary
mouth to the upstream end of the four branches. The first field sur-
vey was conducted as part of a joint project between the Tokyo
Metropolitan University and the Hanoi Water Resources University
from January 3–19, 2006 (a period of spring-neap variation). Saline
water was sampled at two locations along each individual estuary
branch. At each location, water was sampled simultaneously at
three different elevations: at a height of 0.5 m from the bottom,
at mid-depth, and at a depth of 0.5 m from the surface of the water.

The sampling interval was 1 h during the flood tide and 2 h during
the ebb tide. The Institute of Meteorology, Hydrology, and Environ-
ment (IMHE) also provided official salinity data for the four estuary
mouths. These data were obtained by the computation of a fore-
casting model, MIKE21, for the RRD (IHME, 2009). Flow velocities
and tidal levels at all stations along the four estuary branches were
provided by the IMHE during the first field survey period. Second
and third surveys were conducted by the IMHE on December 18,
2008 at spring tide and on March 9, 2009 at mean tide, respec-
tively. A longitudinal transect for salinity was sampled under both
HWS and LWS conditions using the moving boat method, which
was described by Savenije (1989, 1992) and summarized by
Nguyen and Savenije (2006). At the moment of slack water, each
cruise started from the mouth and moved with the velocity of
the tidal wave in the upstream direction. Measurements were
conducted at 0.5 km from the mouth and at approximately 4 km
intervals along each branch. Global positioning system was used

Fig. 1. Map of the study area. The triangular symbol indicates the sampling location for salinity during field measurement in January 2006. The red line denotes the
measuring location for cross-section during the dry season in 1999–2000. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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to obtain exact measuring locations. At each measuring location,
water was sampled quickly at mid-depth, and its salinity was
determined using an electrical conductivity meter.

In the RRES, the river discharge was measured during the dry
season at upstream stations in Son Tay and Hanoi for the Red River
and in Thuong Cat for the Duong River. No systematic data are
available from other downstream stations. For this study, we used
the river discharge measured at the Son Tay station from 1956 to
2009. These data were collected from official databases of the
IMHE. As the major gauge station in the lower reaches of the Red
River, the Son Tay station is located approximately 260 km up-
stream from the Red River’s mouth. The daily discharge observed
at the Son Tay station varied from 1120 m3/s to 1480 m3/s during
the first field survey period; it was approximately 1400 m3/s and
1100 m3/s during the second and third field surveys, respectively.
Topographic data were collected from the Department of Dike
Management and Flood and Storm Control in the Ministry of Agri-
culture and Rural Development. Detailed information on the water
depth, width, and cross-sectional area were acquired from the big-
gest measurement campaign, which was performed for 126 cross-
sectional profiles along the four estuary branches in the RRES dur-
ing the dry season in 1999–2000 (Fig. 1).

3. Theoretical background

Savenije (1986, 1989, 1993, 2005) proposed a comprehensive
theoretical framework for tidal dynamics and salinity intrusion in
alluvial estuaries. Alluvial estuaries generally resemble an ‘‘ideal
estuary,’’ as described by Pillsbury (1939) and Langbein (1963),
with constant depth and exponentially varying width and cross-
sectional area in the longitudinal direction. This simplification cor-
responds well to the geometry of numerous estuaries worldwide
(Savenije, 2005) in which the estuary shape can be described as:

N ¼ N0 exp
�x
ln

� �
ð1Þ

where variables N, N0, and ln can take on values of the cross-sec-
tional area (A, A0, la), width (B, B0, lb), or depth (h, h0, ld). A, B, and
h are the cross-sectional area, width, and depth, respectively, x is
the distance upstream from the estuary mouth, A0, B0, and h0 are
those at the mouth, and la, lb, and ld are the convergence lengths
of the area, width, and depth, respectively. These convergence
lengths are related to each other by ld = lalb/(lb � la). If la > lb, the
depth increases exponentially in the upstream direction; if la < lb,
the depth decreases exponentially; and if la = lb, the depth is con-
stant along the estuary, h = h0.

Savenije (2005) presented a steady one-dimensional equation
for salt intrusion in alluvial estuaries; the cross-sectional averaged
salt balance equation can be written as:

Si � Sf ¼ ADi

Qf

@Si
@x

ð2Þ

where the subscript i indicates three different tidal conditions,
HWS, LWS, and tidal average (TA); S = S(x,t) is the salinity, Sf is
the riverine salinity, Qf is the freshwater discharge of the river
entering the estuary, and D = D(x, t) is the dispersion coefficient. Be-
cause the positive x-direction is in the upstream direction, Qf has a
negative value. Salinity curves at HWS and LWS are considered
more practically applicable because they provide envelope curves
for the longitudinal salinity distribution (Eaton, 2007). TA salinity
curves can be obtained by shifting the HWS or LWS curve over half
the tidal excursion (Savenije, 2005; Nguyen and Savenije, 2006).

According to Savenije (2005), the longitudinal dispersion coeffi-
cient in an estuary can be calculated for HWS, LWS, and TA based
on previous work by Van den Burgh (1972). The general equation
is:

dD
dx

¼ K
Qf

A
ð3Þ

where K is the dimensionless Van den Burgh coefficient, which has a
value between 0 and 1. K is used to determine the relative strength
of tide-driven and density-driven salt transports (Savenije, 2005;
Nguyen et al., 2008; Shaha and Cho, 2009, 2011). Tidally driven
mixing becomes dominant for K � 0 but density-driven mixing
dominates the transport for K � 1. By combining Eqs. (2) and (3)
and disregarding subscript i for simplicity, Savenije (2005) inte-
grated the salt balance equation with respect to x to obtain:

S� Sf
S0 � Sf

¼ D
D0

� �1
K

ð4Þ

where S0 and D0 are the salinity and dispersion, respectively, at the
estuary mouth (x = 0). Considering the exponential variation in the
cross-sectional area, the solution for the longitudinal dispersion can
be obtained by substituting Eq. (1) into Eq. (3) after replacing Nwith
A and integrating with respect to x. Thus, Eq. (4) becomes:

S� Sf
S0 � Sf

¼ 1þ laKQf

A0D0
exp

x
la

� �
� 1

� �� �1
K

ð5Þ

The difficulty in using Eq. (5) is that values of the freshwater
discharge and dispersion coefficient are often unknown. Savenije
(1993, 2005) proposed a solution by introducing a new variable,
the mixing coefficient a0:

a0 ¼ �D0=Qf ð6Þ
Eq. (5) is a steady one-dimensional advection–diffusion model

that estimates salinity intrusion in alluvial estuaries. Eaton
(2007), Nguyen et al. (2008), and Zhang et al. (2011) developed
their own solutions to this equation, considering changes in the
geometric profile and the dispersion coefficient along the estuary.

With success in applying the method for many estuaries in
Thailand, Indonesia, Malaysia, Mozambique, Gambia, England,
the Netherlands, Portugal, and the United States, Savenije (1993)
derived a predictive equation for K. This relationship was general-
ized and improved by Savenije (2005) as:

K ¼ 0:2� 10�3 E
H

� �0:65 E

C2

� �0:39

1� dlbð Þ�2:0 lb
la

� �0:58 Ela
A0

� �0:14

ð7Þ

where E is the tidal excursion at the river mouth, H is the tidal
range, C is the Chezy coefficient, and d = (1/H)(oH/o x) is the tidal-
range damping rate.

To apply the steady-state salt intrusion model in an estuary, one
should examine how quickly the system adjusts to a new situation
in relation to the variation of the boundary condition (i.e., tidal ele-
vation or river discharge). Nguyen and Savenije (2006) proposed an
expression for examining the system response time, which repre-
sents the time required for the system to adjust itself from one
steady state to another. They assumed that the system reaches a
state of 90% equilibrium at about half the salt intrusion length.
The expression reads:

Ts � 1
Qf SL=2

Z L

L=2
A0S0dx ð8Þ

where Ts is the system response time and L is the salt intrusion
length.

4 D.H. Nguyen et al. / Journal of Hydrology 448–449 (2012) 1–13

[189]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

4. Methods

In the RRES, the longitudinal transect of the cross-sectional pro-
file varies strongly within the tidal range, especially near the estu-
ary mouth. The estuary shape generally exhibits a short
convergence in the downstream segment near the mouth but long
convergence in the upstream segment. Thus, a single exponential
function cannot fit the real geometry appropriately under various
tidal conditions. For this reason, on the basis of the theory devel-
oped by Savenije (2005), the shape of the branch in the RRES
may be described by two different exponential functions:

A ¼ A0 exp � x
la1

� �
if 0 < x � x1 and

A ¼ A1 exp � x� x1
la2

� �
if x > x1 ð9Þ

B ¼ B0 exp � x
lb1

� �
if 0 < x � x1 and

B ¼ B1 exp � x� x1
lb2

� �
if x > x1 ð10Þ

h ¼ h0 exp � x
ld1

� �
if 0 < x � x1 and

h ¼ h1 exp � x� x1
ld2

� �
ifx > x1 ð11Þ

where A1, B1, and h1 are the cross-sectional area, width, and depth at
the inflection location, x1, respectively; la1, lb1, and ld1 are the corre-
sponding convergence lengths in the downstream segment, and la2,
lb2, and ld2 are those in the upstream segment.

In addition, the magnitude of the cross-sectional area, width, or
depth at certain locations along the estuary branch varies signifi-
cantly between low and high tide. At spring tide, the high-water le-
vel (HWL) at the estuary mouth is approximately 1.70 m higher
than the MWL while the low-water level (LWL) is 1.10 m lower
than the MWL. Corresponding values at mean tide are 1.30 m
and �0.75 m from the MWL for HWL and LWL, respectively, and
at neap tide, they are 0.55 m and �0.10 m from the MWL for
HWL and LWL, respectively. For each water level (HWL or LWL),
we used two different exponential functions to describe variations
in geometric characteristics for the upper and lower segments. In
the RRES, the tidal-range damping rate (d) is relatively small and
approximately 1.4 � 10�5. The corresponding value is 2.0 � 10�5

for the Tra Ly, 1.6 � 10�5 for the Red River, 1.1 � 10�5 for the Ninh
Co, and 1.0 � 10�5 for the Day. In comparison to the high variation
of tidal amplitudes, we assumed that the HWL and LWL in spring,
mean, and neap tides are constant over the salt intrusion length. In
addition, because the HWL and LWL do not lag far behind equilib-
rium states, based on the measured salinity data, we assumed
these two corresponding levels are close to HWS and LWS in the
same day. Therefore, the values of cross-sectional area, width,
and depth obtained at HWL and LWL can be regarded as those at
HWS and LWS.

Because of the longitudinal variation in the cross-sectional area,
herein, we propose two different equations for estimating the lon-
gitudinal salinity distribution:

S� Sf
S0 � Sf

¼ 1� la1K
A0a0

exp
x
la1

� �
� 1

� �� �1
K

if 0 < x 6 x1 ð12Þ

S� Sf
S1 � Sf

¼ 1� la2K
A1a1

exp
x� x1
la2

� �
� 1

� �� �1
K

if x > x1 ð13Þ

where a0 and a1 are mixing coefficients in the downstream and up-
stream segments, respectively, and S1 is the salinity at the inflection
location. Equating the left hand sides of Eqs. (4) and (12), recalling
Eq. (6), and substituting D1 = �a1Qf, we obtain:

a1

a0
¼ 1� la1K

A0a0
exp

x1
la1

� �
� 1

� �
ð14Þ

In case two branches are required to fit the exponential function,
the salt intrusion length, L, can be derived by substituting S = Sf in
Eq. (13) and adding the distance from the estuary mouth to the
inflection location yields:

L ¼ x1 þ la2 ln
A1a1

Kla2
þ 1

� �
ð15Þ

To compute the salinity distribution curve, values of K and a0
must be determined beforehand. In this study, first, the Van den
Burgh coefficient K was estimated from Eq. (7), and a sensitivity
analysis was performed by changing the value of K within a rea-
sonable range (0 < K < 1). However, owing to the large uncertainty
in the predictive equation (Nguyen et al., 2008; Zhang et al., 2011),
the K value was determined from the calibration process of the
model using salinity data measured at HWS and LWS. Second, mix-
ing coefficient a0 was obtained by calibrating Eqs. (12) and (13) by
using salinity data. In contrast to normal marine salinity, the salin-
ity at the estuary mouth in the RRES is not constant over a tidal cy-
cle because of the influence of freshwater inflow. Two different sets
of a0 value were identified by fitting the HWS or LWS curves to
individual datasets with a fixed K value.

Saltwater concentrations measured at eight locations during
the dry season of 2006 were used to calibrate the salt intrusion
model. The sampling schedule was designed to provide several
measurements at high and low tides for each site. Because the
estuary branches of the RRES are well mixed during the dry season
(IHME, 2009), we assumed that the depth-averaged salinity data
represent the average value in each cross section. Because no tidal
velocity observations were made during field measurements, the
tidal velocity amplitude and tidal excursion in each estuary branch
were estimated from data recorded at nearest tidal stations.

5. Results

5.1. Shape of estuary branches in the RRES

The longitudinal variation in the estuary shape changes remark-
ably. Every estuary branch in the RRES has an inflection point in its
shape; this inflection point is located at a distance of 11 km, 9 km,
10 km, and 5 km from the estuary mouth in the Tra Ly, Red River,
Ninh Co, and Day branches, respectively. Here, we show the longi-
tudinal variation of the geometry of the four estuary branches for
six different tidal levels by combining two exponential functions
(Fig. 2, Table 1). Magnitudes of the cross-sectional area and width
were defined directly from bathymetric data, and the water depth
was obtained from the ratio of the area to the width. Geometric
parameters (lines) computed using Eqs. (9)–(11) fit the data well
(diamonds, circles, and triangles) (Fig. 2). Geometric parameters
differ significantly between HWS and LWS at spring and mean
tides but these differences are much smaller at neap tide. It is
interesting to note that the water levels at neap HWS and neap
LWS are almost equal to the elevation of the estuarine floodplain
(Tra Ly: 0.54 m, Red River: 0.50 m, Ninh Co 0.35 m, Day: 0.72 m),
indicating that the channel width expands greatly as the tidal level
exceeds the floodplain elevation.

In each branch, the cross-sectional area and width expand
greatly from the inflection point to the mouth, especially at HWS,
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Fig. 2. Calculated cross-sectional area, width, and depth profiles. The predictions are fitted to measured data along four estuary branches in the Red River estuarine system
(RRES) with (a) spring tide at left, (b) mean tide in the middle, and (c) neap tide at right. The blue and red lines indicate the computed results by Eqs. (9)–(11). The blue curve
indicates the profile at high water slack (HWS) and the red one indicates that at low water slack (LWS). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Geometric characteristics of estuary branches in the Red River estuary system.

Branches Tidal conditions A0 (m2) B0 (m) la1 (km) lb1 (km) A1 (m2) B1 (m) la2 (km) lb2 (km)

Tra Ly Spring HWS 2800 730 16 13 1408 313 68 50
Spring LWS 1080 320 24 23 683 198 76 80
Mean HWS 2300 630 19 14 1289 287 70 52
Mean LWS 1200 340 22 20 728 196 72 76
Neap HWS 1740 470 21 17 1031 246 70 68
Neap LWS 1500 410 21 17 888 215 70 69

Red River Spring HWS 6200 1950 12 8 2929 633 135 90
Spring LWS 2500 530 18 20 1516 338 140 140
Mean HWS 5400 1750 13 8 2702 568 138 100
Mean LWS 2800 680 17 15 1649 373 140 140
Neap HWS 4000 1350 15 10 2195 549 138 110
Neap LWS 3500 900 16 13 1994 450 138 130

Ninh Co Spring HWS 4300 1220 16 14 2302 597 45 48
Spring LWS 1600 400 19 20 945 243 52 62
Mean HWS 3500 1150 16 14 1873 563 47 48
Mean LWS 1650 450 18 18 947 258 50 58
Neap HWS 2400 880 17 14 1333 431 50 51
Neap LWS 1850 610 17 16 1027 327 50 53

Day Spring HWS 3900 740 11 12 2475 488 95 75
Spring LWS 2000 450 14 14 1399 315 105 115
Mean HWS 3450 700 12 13 2274 476 95 75
Mean LWS 2200 460 14 14 1539 322 105 115
Neap HWS 2750 500 14 14 1924 350 105 110
Neap LWS 2480 470 14 14 1735 329 105 110

Note: A0 and B0 refer to the estuary mouth; A1 and B1 refer to the inflection location; la1 and lb1 belong to downstream segment; and la2 and lb2 belong to upstream segment.
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whereas the depth increases slightly. In contrast, the area and
width gradually decrease from the inflection point to the upper
stream, whereas the depth is almost constant over the estuary
length at a certain tidal level. This confirms that the estuary system
may be described by an ideal estuary theory with more or less con-
stant depth. The influence of tidal variations on the convergence
degree of the downstream segment clearly emerges. The channel
converges more as the tidal level grows. The channel is weakly
convergent at the LWS, but it strongly convergent at HWS with
shorter convergence lengths of the cross-sectional area and the
width.

5.2. Model calibration

On the basis of fitted geometric parameters, the salt intrusion
model was calibrated using salinity data provided by the IHME at
the four estuary mouths and data sampled at eight locations during
spring tidal periods (January 4–8 and January 17–18, 2006), mean
tidal periods (January 9–10 and January 15–16, 2006), and neap ti-
dal period (January 11–14, 2006). As freshwater is well mixed with
saltwater in the dry season, measured data averaged over the
depth were used for calibration. Calibration results for model
parameters (K, a0) in the Tra Ly, Red River, Ninh Co, and Day
branches are presented in Fig. 3.

Computed salt intrusion curves are generally in good qualitative
agreement with corresponding in situ data. The magnitude of the
salinity data acquired at estuary mouths and upper sampling loca-
tions show a small deviation around the computed curve, whereas
data measured at lower locations have a large range, especially at

HWS. These discrepancies at lower locations can be attributed to
the uncertainty in freshwater inflow and its effect on the mixing
rate of tidal flow. In Fig. 3, mixing coefficient a0 in each tidal con-
dition (HWS or LWS) was averaged from calibrated values, whereas
the coefficient K was fixed at a constant value over time for every
estuary branch. Calibration processes confirm an acceptable range
of K from 0.15 to 0.27 when compared with the value predicted by
Eq. (7) that ranges from 0.11 to 0.34. These calibrated values of K
are relatively small; we attribute this to the dominance of tidal
mixing in the RRES. Because the K value in each branch remained
constant, fitted salinity curves were sensitive to values of mixing
coefficient a0 at both HWS and LWS. In contrast with the general
use of Savenije’s method, two different values of a0 must be iden-
tified for the independent fitting of the HWS and LWS curves to the
salinity dataset. For the downstream segment, the value of a0 var-
ies strongly with variation in tidal amplitude. During spring, mean,
and neap tidal periods, values obtained at HWS are greater than
those at LWS. Differences in calibrated a0 values between HWS
and LWS for the Tra Ly branch were 55% at spring tide, 53% at mean
tide, and 21% at neap tide. The corresponding values for the Red
River branch were 61% at spring tide, 42% at mean tide, and 11%
at neap tide; those for the Ninh Co branch were 24% at spring tide,
21% at mean tide, and 10% at neap tide; and those for the Day
branch were 81% at spring tide, 66% at mean tide, and 26% at neap
tide. The difference in a0 values between HWS and LWS at neap
tide is rather small when compared to that at spring tide or mean
tide. Therefore, at neap tide, these mixing coefficients can be ex-
pressed by a single value. This agrees with observations by Save-
nije (1993, 2005) and Nguyen and Savenije (2006), who used

Fig. 3. Computed salinity intrusion fitted to the measured data for four estuary branches during (a) spring tide (at left), (b) mean tide (in the middle), and (c) neap tide (at
right) in 2006. The blue and red curves correspond to the HWS and LWS conditions. In each tidal condition, the mixing coefficient a0 is the averaged value. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

D.H. Nguyen et al. / Journal of Hydrology 448–449 (2012) 1–13 7

[192]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

only one mixing coefficient defined at the estuary mouth for the
computation of salinity in the HWS, LWS, and TA conditions. Com-
paring calibrated values of a0 among the four estuary branches, the
highest value of a0 appears for the Ninh Co branch at all water lev-
els. This is attributable to the smaller amount of freshwa-
ter received from upstream (Pruszak et al., 2005); consequently,
the saltwater intrudes much farther inland in the Ninh Co branch
than in other branches.

Fig. 4 presents some types of salt intrusion profile at HWS and
LWS during the spring, mean, and neap tidal periods. Using the fit-
ted envelop curves, the shape of the curve was characterized based
on the non-dimensional salt intrusion length (x/L) and the non-
dimensional salinity (S/S0). It appears that the salt intrusion curve
computed in the spring tide and mean tide varies from a bell-type
shape at HWS to a recession-type shape at LWS. This is subjected
to changes in the degree of convergence of the cross-sectional pro-
file, and the effect of the mixing due to freshwater discharge.
According to Savenije (2005), the bell-type curve occurs in tidally
dominated estuaries with low freshwater inflow and a short con-
vergence length of the cross-sectional area near the mouth,
whereas the recession-type curve occurs in narrow estuaries that
have a near-prismatic shape and high river discharge. At spring
HWS and mean HWS, when the channel converges strongly, the
mixed water retains relatively higher salinity from the estuary
mouth to the inflection location (approximately x/L = 0.16) but
the salinity decreases gradually from that point to the end of the

upstream segment. However, salinity profiles under all LWS condi-
tions show a gradual decrease from the mouth to the upper stream.
In contrast, all estuary branches seem to have a recession-type
curve under both HWS and LWS in the neap tide. These dimension-
less salinity curves look alike even the computation was carried
out in different tidal conditions. This is attributable to a small
asymmetry between the cross-sectional profiles at HWS and LWS.

5.3. System response time scale

Methods presented in Section 4 are applicable only to steady
states. Estuaries require a certain period of time to adjust to
changes in boundary conditions before they reach a steady-state
equilibrium. If this response time is not too long, the steady-state
salt intrusionmodel can be used. Savenije (2005) found that system
response times for different estuaries are of the order of magnitude
of days to months. For a complex estuary for which two different
exponential functions are required to describe the longitudinal var-
iation of estuary shape, the upstream segment is considered more
important because Ts is determined by integration over the distance
from L/2 to L. Hence, in Eq. (8), values of the cross-sectional area
and salinity at the inflection point were used instead of those at
the estuary mouth. From Eq. (8), we computed the system response
time for estuary branches in the RRES on the basis of computed re-
sults for salinity in the dry season of 2006. In the Tra Ly branch,
maximum computed system response times were 0.9 days at neap

Fig. 4. Types of computed salt intrusion curves at the spring, mean, and neap tides for the Tra Ly branch (a), Red River branch (b), Ninh Co branch (c), and Day branch (d).
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tide, 4.8 days at mean tide, and 7.1 days at spring tide. Correspond-
ing values in the Red River branch were 0.6 days at neap tide,
1.1 days at mean tide, and 1.7 days at spring tide; those in the Ninh
Co branch were 12.1 days at neap tide, 17.8 days at mean tide, and
22.6 days at spring tide; and those in the Day branch were 3.9 days
at neap tide, 9.9 days at mean tide, and 10.1 days at spring tide. In
view of the short response time, these estuary branches can be con-
sidered to be near steady state. Therefore, we can use the steady-
state method to compute salt intrusion in the RRES.

5.4. Model validation

On December 15, 2008 and March 9, 2009, the IMHE performed
field measurements of salinity by using the moving boat method.
Measurements started 0.5 km from the mouth of the Tra Ly, Red
River, Ninh Co, and Day branches; the salinity was measured along
branches at approximately 4 km intervals at both HWS and LWS.
Before verifying the salinity computation of the present model
with those datasets in a detailed manner, it is interesting to discuss
the influence of estuarine geometry upon the parameters in the
Savenije’s (2005) model with an assumption having two segments.
Using field data taken on December 15, 2008, salinity curve enve-
lopes at HWS and LWS were estimated for the Red River branch,
the largest tributary of the RRES, by using different values of the
cross-sectional area at the estuary mouth, the convergence length
of the channel, the tidal excursion, and the mixing coefficient.
Salinity curves were computed under different assumptions are
compared with measured data in Fig. 5. Depending on the value
of mixing coefficient, the use of Savenije’s model assumed for
two segments results in a reasonable fit with measured data points
whether it uses geometric parameters (cross-sectional area at the
estuary mouth, A0, and the convergence lengths, la1, la2) in the TA
condition (Fig. 5a) or in the HWS condition (Fig. 5b). In Savenije’s
model, along with two calibrated parameters K and a0, the tidal
excursion, E0, is another important calibrated parameter. In these
computations, E0 was fixed. The salt intrusion curve was first com-
puted for the TA condition using the average salinity at the mouth,
STA, and this curve was shifted upstream or downstream over half

the tidal excursion length to obtain, respectively, the HWS and
LWS curves (Graas and Savenije, 2008). In an ideal estuary, E0 is as-
sumed to be constant along the channel length. This fact is related
to the morphological equilibrium (Savenije, 1989). Since the tidal
excursion is not a function of x, the salinity distribution is similar
in shape at HWS to that at LWS. However, as there is a certain de-
gree of tidal damping in reality due to effects of geometric and
hydrologic conditions (Nguyen and Savenije, 2006; Graas and
Savenije, 2008), the tidal excursion is damped along the channel,
and its value is difficult to determine properly. In Fig. 5c, the Save-
nije’s model was tested against field measurements, considering
the asymmetry of the cross-sectional profile between HWS and
LWS. The observed data of salinity are shown to be in good quali-
tative agreement with results predicted by the model, although its
calculation was carried out using different values of tidal excursion
E0 and mixing coefficient a0. Because K is constant in the Savenije’s
model, E0 and a0 are sensitive only to the convergence of the estu-
ary shape, which changes suddenly from the high to low tides in
the Red River branch. Moreover, owing to the uncertainty in the
freshwater discharge, a relative error in a0 will cause a rather high
error in the mixing rate between fresh and saline waters (e.g., Ngu-
yen et al., 2008). Use of an analytical model based on the tidally
averaged state may yield the misleading values of model parame-
ters. Fig. 5d shows the predicted profiles that agree well with the
measurements using the present model in which the tidal
excursion E0 and the average salinity STA at the estuary mouth
are not taken into account. The salinity intrusion was calculated
independently using different geometric parameters at HWS and
LWS. It appears that the predicted results from these two models
seem have no significant difference. However, the resulting model
parameters have a great variation depending on the geometric
characteristics.

Having calibrated values for K, a0, and geometric parameters,
we can estimate the salinity distribution for each of the other three
estuary branches. Results computed by the modified model (Eqs.
(12) and (13)) against measurements at spring tide (December
15, 2008) and mean tide (March 9, 2009) are presented in Fig. 6.
The application of calibrated parameters produced qualitatively

Fig. 5. Sensitivity of salinity intrusion computed by Savenije’s model (a–c) and modified model (d) at HWS and LWS along the Red River branch. The rhombus and triangular
symbols indicate field data measured at HWS and LWS, respectively, on December 15, 2008. The blue and red lines indicate the computed salinity curves for different
assumptions of cross-sectional area at estuary mouth (A0), convergence length (la), and mixing coefficient (a0). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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good results that form exact envelopes of observed curves at HWS
and LWS. This underlines the importance of the modification that
splits each branch into two segments by considering changes in
the geometry caused by the tidal elevation.

6. Discussion

It is important to understand limitations of applying modified
methods such as those presented here to real estuary shapes that
vary more complexly than those described by Savenije (1993,
2005), Nguyen and Savenije (2006), and Zhang et al. (2011). Mod-
els are averaged representations of a real system in both space and
time, and both types of averaging may introduce errors or obscure
important features of the system (Webster et al., 2000). We have
shown that increasing the tidal amplitude at the mouth tends to
produce shorter convergence lengths of the cross-sectional area
and width (Table 1). At spring tide and mean tide, the magnitude
of geometric parameters varies significantly from HWS to LWS.
The convergence or divergence of the channel can dramatically
change the shape of the salt intrusion curve (Gay and O’Donnell,
2007). This tendency appears clearly in the non-dimensional salt
intrusion curve (Fig. 4). On the other hand, differences among var-
ious cross-sections along the channel at HWS and LWS at neap tide
are very small, and salinity curves at these water slacks show the

same trend of gradual decrease from the estuary mouth in the up-
stream direction. For this case, as in previous works, the magnitude
of geometric parameters in the tidally averaged state may be suffi-
ciently accurate for scaling or for gross comparisons of both neap
HWS and neap LWS; however, these assumptions are not always
reasonable. A precisely increased description in the geometric
complexity may yield a more accurate salinity distribution. There-
fore, when the tidal range is high, geometric parameters must be
identified in order to avoid errors.

Computation by using the salt intrusion model is sensitive to a
number of parameters that have a certain degree of uncertainty,
i.e., cross-sectional areas A0 and A1, convergence lengths la1 and
la2, the Van den Burg coefficient K, and mixing coefficients a0 and
a1. The cross-sectional area and the convergence length of the up-
stream and downstream segments can be obtained accurately if
sufficient topographical data of RRES branches is available. How-
ever, estuary mouths are continually spreading seaward because
of high sediment supply. The shape of these mouths can vary from
year to year (Maren and Hoekstra, 2004). This requires additional
observations of estuary bathymetry. K values were obtained by a
calibrated process using field salinity data from 2006. Although
these values are fairly consistent with predictive results from Eq.
(7), this predictive equation for K should be reevaluated when de-
tailed data for tidal excursion, tidal velocity, and damping rate of ti-
dal range are available (Savenije, 2005). In the RRES, Kwas constant

Fig. 6. Computed and observed salinity distributions along four estuary branches in the RRES. The rhombus and triangular symbols indicate field data observed at HWS and
LWS, respectively. The blue and red lines indicate the computed salinity distributions by Eqs. (12) and (13). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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over time but different for each individual estuary branch. Hence,
the sensitivity of computed salinity curves is transferred to values
of mixing coefficients. Salt intrusion curves for HWS and LWS were
calculated for different sets of a0 and a1 values. Computed salinity
profiles at HWS vary more with a1, which was calculated from
(Eq. (14)) based on the basic of a0 value. The mixing coefficient a1
plays an important role in the shape near the toe of salinity intru-
sion as well as in the intrusion length. Whereas, LWS curves are
most sensitive to values of a0 because seawater intrudes into mid-
dle reaches of the estuary. This is consistent with findings of Eaton
(2007), who estimated hydraulic parameters in Flushing Bay. In
addition, considering the estuary with complex geometry, Save-
nije’s model can be applied for estimating salt intrusion at neap
tide, but it should be modified at spring and mean tides because
the cross-sectional profile at HWS is much different from that at
LWS. Furthermore, as the model becomes increasingly complex,
data requirements increase. When the estuary branch must be sep-
arated into two or more segments, we need measured data near
inflection locations. These data can be used to compare results of
the model in the lower segment and to provide boundary condi-
tions in the upper segment. In this study, although measurements
provide a good overview of how salinity is distributed over
branches of the RRES, observations are limited to two sampling
locations along each branch. Because the organization of field mea-
surements requires considerable equipment and human resources,
we could not performmeasurements at multiple locations simulta-
neously on a vast estuary system. Therefore, calibrated results in
these branches are less reliable. Nevertheless, as suggested by Save-
nije (2005), a better way to collect salinity data for use with this
modelwould be to gather data along the estuary axis from amoving
boat following the tide at HWS and LWS.

Salt intrusion in the RRES is somewhat complicated. This is be-
cause of the effect of the river discharge, together with relevant
parameters defining the estuary shape and tidal forcing. In the
RRES, where multiple estuary branches are connected with each
other, the distribution of freshwater discharge over separate
branches has an important effect on salt intrusion and other char-
acteristics of the channel. Obviously, the discharge can affect the
magnitude of salt intrusion in downstream receiving branches.
Our computed results demonstrated that the highest salinity corre-
sponds with the lowest discharge rate. This would explain why,
under similar tidal conditions, the salinity in the Ninh Co branch
always remains higher than that of other estuary branches. How-
ever, because the freshwater discharge distributed into estuaries
can varies during a tidal cycle, future work based on more accurate
bathymetry data and more detailed freshwater discharge measure-
ments is needed.

It may be of interest to discuss our results in light of an original
method developed by Savenije (2005). The Savenije’s model with
two segments was testedwith field data, using different sets of geo-
metric parameters in the HWS, LWS, and TA conditions. This model
estimated salt intrusion at HWS and LWS reasonably well, although
it used individual calibrated values of a0 and E0. In Savenije’s model,
as the dispersion coefficient and the cross-section area at the estu-
arymouth are assumed constant in time, consequently, a0 value has
the same magnitude at both HWS and LWS. In contrast, our modi-
fied model required two different values of a0 that must be inden-
tified for independent fitting the HWS or LWS curves to the
corresponding individual dataset. In fact, it is not easy to compare
both models directly under different assumptions for geometry
and mixing. The difference between the two models is one of kind
of parameters not kind of model. Since eachmodel has independent
calibrated parameters, the choice of appropriate parameters is
rather difficult because of the lack of available data for freshwater
discharge in each estuary branch as well as the dispersion coeffi-
cient at the estuary mouths. Although our model requires an addi-

tional calibrated mixing coefficient at downstream boundaries, but
it can reduce two parameters (i.e., the tidal excursion, and the aver-
age salinity at the estuary mouth) in Savenije’s model.

It is also of interest to discuss our results of salt intrusion length
to recent solutions of Savenije (2005), Nguyen and Savenije (2006),
Graas and Savenije (2008) and Shaha and Cho (2009), who pro-
posed a simplified analytical prediction for the salt intrusion
length. The most important output of an analytical model is the
salt intrusion length (Savenije, 1993). In the RRES, because of the
complex geometry, the salt intrusion length can be obtained based
on Eq. (15). In Fig. 7, measured and computed salt intrusion lengths
of estuary branches in the RRES during spring and mean tides are
plotted together with corresponding data in other estuarine sys-
tem such as the Mekong estuaries in Vietnam (Nguyen and Save-
nije, 2006), the Pungue estuary in Mozambique (Graas and
Savenije, 2008), the Sumjin estuary in Korea (Shaha and Cho,
2009), and other estuaries described by Savenije (2005). The salt
intrusion length at both HWS and LWS has been defined as the
length from the estuary mouth to the location where the salinity
was zero. What we observe is that computed salt intrusion lengths
in the RRES agree very well with the measured data. The results
show a smaller scatter when compared with datasets in other estu-
aries. This underlines the usefulness of our approach for analyzing
the effect of geometric characteristics on the salinity distribution
for convergent estuaries, which is typically observed in many allu-
vial estuaries worldwide.

7. Conclusions

To understand changes in geometric characteristics and related
spatial and temporal salinity distributions properly, an analytical
model for salt intrusion was applied to the RRES, which is an estu-
arine system with multiple connected branches and complex
geometry. Owing to changes in the estuary shape and size follow-
ing tidal amplitude variations, we split each branch into two seg-
ments, taking into account of two exponentially shaped scales for
geometric characteristics under both HWS and LWS conditions.
Model parameters were calibrated using bathymetry and salinity

Fig. 7. Comparison of measured and computed salt intrusion lengths at HWS and
LWS in the spring tide and mean tide. The measured and predicted lengths in the
RRES are plotted together with ones obtained by Savenije (2005), Nguyen and
Savenije (2006), Graas and Savenije (2008), and Shaha and Cho (2009) in other
estuarine systems.
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data measured along estuary branches during spring, mean, and
neap tides. To achieve the expected result, and also to compare
our results with those predicted by Savenije’s (2005) model, these
calibrated parameters were used to validate the model by compar-
ison with other salinity datasets. Overall, results of salinity compu-
tations indicate that assumptions made in this study are
acceptable and that the modified method can produce satisfactory
results for a complex estuary system such as the RRES.

We showed that the geometry is one of the most important
parameters in the analytical salt intrusion model. It affects the
character of the salinity distribution and appears prominently in
the shape of salt intrusion curves. Because the effect of freshwater
discharge on salt intrusion appears primarily through mixing coef-
ficients, which are the model’s key calibration parameters, com-
puted results reveal that variations in the sensitivity of these
parameters are likely to depend on changes in geometric charac-
teristics. An increased cross-sectional area at the high tidal level,
in conjunction with a short convergence length, tends to produce
higher mixing coefficients that increase the dominance of tidal
flow over the freshwater discharge. Analyzing spring-to-neap vari-
ations in geometric characteristics can help explain changes in
model coefficients and provide some clarification for the effect of
different aspects (channel convergence, tidal forcing, and freshwa-
ter discharge) on the salinity distribution. Further aspects should
be added, such as the freshwater discharge fraction and the pres-
ence of intertidal areas but a systematic analysis of their role is be-
yond the scope of the present work.

As suggested by Savenije (2005), a better way to collect salinity
data for use with this model would be to gather data along the
estuary axis from a moving boat following the tide at HWS and
LWS. Although this measuring method is not always feasible, this
work shows that the modified model may still be useful for esti-
mating the HWS and LWS salinity curves by using a small number
of observations. In cases similar to this study, where the estuary
has complex geometry with multiple segments, a salinity station
should be set up near the place where two segments intersect.

As a concluding remark, we note that although the extension of
the salt intrusion model described here is quite simple, the model
prediction for the salt intrusion length shows satisfactory agree-
ment with field data measured under various tidal conditions.
Thus, the method can be used to estimate the salinity distribution
in different alluvial estuary systems. However, further work should
consider appropriate locations for salinity measurement and more
detailed observations for freshwater discharge as well as more
accurate bathymetry information, particularly in the downstream
part of the estuary.

Acknowledgments

The authors thank the Tokyo Metropolitan Government for
financial support from the Asian Human Resources Fund under
the project ‘‘Solutions for the water related problems in Asian
metropolitan areas.’’ We would like to acknowledge the members
of the Institute of Hydrology, Meteorology, and Environment
(IHME), Hanoi, Vietnam for their kindly supports during the data
collection. We also would like to acknowledge two anonymous
reviewers and editor for their valuable and fruitful comments to
improve the manuscript.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhydrol.2011.10.
044.

References

Aerts, J.C.J.H., Hassan, A., Savenije, H.H.G., Khan, M.F., 2000. Using GIS tools and
rapid assessment techniques for determining salt intrusion: STREAM, a river
basin management instrument. Phys. Chem. Earth 25 (B3), 265–273.

Bowen, M.M., Geyer, W.R., 2003. Salt transport and the time-dependent salt balance
of a partially stratified estuary. J. Geophys. Res. 108 (C5). http://dx.doi.org/
10.1029/2001JC001231.

Brown, J.M., Davies, A.G., 2010. Flood/ebb tidal asymmetry in a shallow sandy
estuary and the impact on net sand transport. J. Geomorphol. 114, 431–439.
http://dx.doi.org/10.1016/j.geomorph.2009.08.006.

Eaton, T.T., 2007. Analytical estimates of hydraulic parameters for urbanized
estuary – Flusing Bay. J. Hydrol. 347, 188–196.

Ervine, D.A., Bekic, D., Glasson, L., 2007. Vulnerability of two estuaries to flooding
and salinity intrusion. Water Sci. Technol.: Water Supply 7 (2), 125–136.

Fang, G., Kwok, Y.K., Yu, K., Zhu, Y., 1999. Numerical simulation of principal tidal
constituents of the South China Sea, Gulf of Tonkin and Gulf of Thailand. Cont.
Shelf Res. 19, 845–869.

Gay, P.S., O’Donnell, J., 2007. A simple advection–dispersion model for the salt
distribution in linearly tapered estuaries. J. Geophys. Res. 112, C07021. http://
dx.doi.org/10.1029/2006JC003840.

Geyer, W.R., Trowbridge, J.H., Bowen, M.M., 2000. The dynamics of a partially mixed
estuary. J. Phys. Oceanogr. 30, 2035–2048.

Graas, S., Savenije, H.H.G., 2008. Salt intrusion in the Pungue estuary,
Mozambique: effect of sand banks as a natural temporary salt intrusion
barrier. Hydrol. Earth Syst. Sci. Discuss. 5, 2523–2542. http://dx.doi.org/
10.5194/hessd-5-2523-2008.

Hansen, D.V., Rattray Jr., M., 1965. Gravitational circulation in straits and estuaries.
J. Mar. Res. 23, 104–122.

Hien, L.T., Quy, P.N., Viet, T.N., 2009. Assessment of salinity intrusion in the Red
River under the effect of climate change. In: ICEC Conference, September,
Sendai, 6pp.

Horrevoets, A.C., Savenije, H.H.G., Schuurman, J.N., Graas, S., 2004. The influence of
river discharge on tidal damping in alluvial estuaries. J. Hydrol. 294, 213–228.

IHME, 2009. Forecasting of Tidal Propagation and Salinity Intrusion in the Red River
Delta. Technical Report, Vietnam Institute of Hydrology, Meteorology, and
Environment, 183pp (in Vietnamese).

Jassby, A., Kimmerer, W., Monismith, S., Armor, C., Cloern, J., Powell, T., Schubel, J.,
Vendlinski, T., 1995. Isohaline position as a habitat indicator for estuarine
populations. J. Appl. Ecol. 5 (1), 272–289.

Jay, D.A., Smith, J.D., 1990a. Residual circulation in shallow estuaries, 1: Highly
stratified, narrow estuaries. J. Geophys. Res. 95, 711–731.

Jay, D.A., Smith, J.D., 1990b. Residual circulation in shallow estuaries, 2: Weakly
stratified and partially mixed, narrow estuaries. J. Geophys. Res. 95,
733–748.

Kjerfve, B., Proehl, J.A., 1979. Velocity variability in a cross-section of a well-mixed
estuary. J. Mar. Res. 37, 409–418.

Langbein, W.B., 1963. The hydraulic geometry of a shallow estuary. Bull. Int. Assoc.
Sci. Hydrol. 8, 84–94.

Lerczak, J.A., Geyer, W.R., Chant, R.J., 2006. Mechanisms driving the time-dependent
salt flux in a partially stratified estuary. J. Phys. Oceanogr. 36 (12),
2296–2311.

Lewis, R.E., Uncles, R.J., 2003. Factors affecting longitudinal dispersion in estuaries
of different scale. Ocean Dyn. 53, 197–207.

Ma, G., Shi, F., Liu, S., Qi, D., (in press). Hydrodynamic modeling of Changjiang
Estuary: model skill assessment and large-scale structure impacts. Appl. Ocean
Res. doi: http://dx.doi.org/10.1016/j.ecss.2010.11.008.

MacCready, P., Geyer, W.R., 2001. Estuarine salt flux through an isohaline surface. J.
Geophys. Res. 106 (C6), 11629–11637.

Maren, D.S.V., Hoekstra, P., 2004. Seasonal variation of hydrodynamics and
sediment dynamics in a shallow subtropical estuary: the Ba Lat River,
Vietnam. Estuar. Coast. Shelf Sci. 60, 529–540.

MHMC, 1996–2009. Annual Tide Tables. Marine Hydro-meteorological Center,
Hanoi, Vietnam.

Minh, L.T.N.M., Josette, G., Gilles, B., Didier, O., Julien, N., Quynh, L.T.P., Thai, T.H.,
Anh, L.L., 2010. Hydrological regime and water budget of the Red River Delta
(Northern Vietnam). J. Asian Earth Sci. 37, 219–228.

MONRE, 1956–2009. Annual Report on Hydrological Observation in Vietnam.
Ministry of Natural Resources and Environment, Vietnam.

Nguyen, A.D., Savenije, H.H.G., 2006. Salt intrusion in multi-channel estuaries: a
case study in the Mekong Delta, Vietnam. Hydrol. Earth Syst. Sci. 10,
743–754.

Nguyen, A.D., Savenije, H.H.G., Pham, D.N., Tang, T.T., 2008. Using salt intrusion
measurements to determine the freshwater discharge distribution over the
branches of a multi-channel estuary: the Mekong Delta case. Estuar. Coast. Shelf
Sci. 77, 433–445.

Parsa, J., Shahidi, A.E., 2010. Prediction of tidal excursion length in estuaries due to
the environmental changes. Int. J. Environ. Sci. Technol. 7 (4), 675–686.

Peters, H., Bokhorst, R., 2001. Microstructure observations of turbulent mixing in a
partially mixed estuary, Part II: Salt flux and stress. J. Phys. Oceanogr. 31, 1105–
1119.

Pillsbury, G., 1939. Tidal Hydraulics. US Corps of Engineers, Vicksburg, USA.
Prandle, D., 1997. Tidal and wind-driven currents from OSCR. Oceanography 10, 57–

59.

12 D.H. Nguyen et al. / Journal of Hydrology 448–449 (2012) 1–13

[197]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

Prandle, D., 2003. Relationships between tidal dynamics and bathymetry in strongly
convergent Estuaries. J. Phys. Oceanogr. 33, 2738–2750.

Prandle, D., 2004. Saline intrusion in partially mixed estuaries. Estuar. Coast. Shelf
Sci. 59, 385–397.

Pruszak, Z., Ninh, P.V., Szmytkiewicz, M., Hung, N.M., Ostrowski, R., 2005. Hydrology
and morphology of two river mouth regions (temperate Vistula Delta and
subtropical Red River Delta). Oceanologia 47 (3), 365–385.

Ralston, D.K., Geyer, W.R., Lerczak, J.A., 2008. Subtidal salinity and velocity in the
Hudson River Estuary: observations and modeling. J. Phys. Oceanogr. 38, 753–
770. http://dx.doi.org/10.1175/2007JPO3808.1.

Reinert, T.R., Peterson, J.T., 2008. Modeling the effects of potential salinity shifts on
the recovery of striped bass in the Savannah river estuary, Georgia-South
Carolina, United Sates. Environ. Manage. 41 (5), 753–765.

Rigter, B.P., 1973. Minimum length of salt intrusion in estuaries. J. Hydraul. Div. 99
(9), 1475–1496.

Savenije, H.H.G., 1986. A one-dimensional model for salinity intrusion in alluvial
estuaries. J. Hydrol. 85 (1–2), 87–109.

Savenije, H.H.G., 1989. Salt intrusion model for high-water slack, low-water slack,
mean tide on spreadsheet. J. Hydrol. 107 (1–4), 9–18.

Savenije, H.H.G., 1992. Rapid Assessment Technique for Salt Intrusion in Alluvial
Estuaries. Ph.D. thesis, International Institute for Infrastructural, Hydraulic and
Environmental Engineering, Delft, The Netherlands.

Savenije, H.H.G., 1993. Predictive model for salt intrusion in estuaries. J. Hydrol. 148
(1–4), 203–218.

Savenije, H.H.G., 2005. Salinity and Tides in Alluvial Estuaries. Elsevier, Amsterdam,
197pp.

Savenije, H.H.G., Pagès, J., 1992. Hypersalinity, a dramatic change in the hydrology
of Sahelian estuaries. J. Hydrol. 135, 157–174. http://dx.doi.org/10.1016/0022-
1694(92)90087-C.

Shaha, D.C., Cho, Y.K., 2009. Comparison of empirical models with intensively
observed data for prediction of salt intrusion in the Sumjin River estuary, Korea.
Hydrol. Earth Syst. Sci. 13, 923–933.

Shaha, D.C., Cho, Y.K., 2011. Determination of spatially varying Van der Burgh’s
coefficient from estuarine parameter to describe salt transport in an estuary.
Hydrol. Earth Syst. Sci. 15, 1369–1377.

Shaha, D.C., Cho, Y.K., Seo, G.H., Kim, C.S., Jung, K.T., 2010. Using flushing rate to
investigate spring-neap and spatial variations of gravitational circulation and
tidal exchanges in an estuary. Hydrol. Earth Syst. Sci. 14, 1465–1476. http://
dx.doi.org/10.5194/hess-14-1465-2010.

Shen, C.Y., Evans, T.E., 2001. Surface-to-surface velocity projection for shallow water
currents. J. Geophys. Res. 106 (C4), 6973–6984.

Toffolon, M., 2002. Macro-scale Morphological Characterisation of the Western
Scheldt. Technical Report, Delft Cluster Report, 71pp.

Van den Burgh, P., 1972. Ontwikkeling van een methode voor het voorspellen van
zoutverdelingen in estuaria, kanalen en zeeen. Rijkwaterstaat Rapport, pp. 10–
72 (in Dutch).

Webster, I.T., Parslow, J.S., Smith, S.V., 2000. Implications of spatial and temporal
variation for biogeochemical budgets of estuaries. Estuar. Coasts 23,
341–350.

Wright, L.D., Coleman, J.M., Thom, B.G., 1973. Process of channel development in a
high tide range environment: Cambridge Gulf-Ord river delta, Western
Australia. J. Geol. 81, 15–41.

Zhang, E., Savenije, H.H.G., Wu, H., Kong, Y., Zhu, J., 2011. Analytical solution for salt
intrusion in the Yangtze Estuary, China. Estuar. Coast. Shelf Sci. 91, 492–501.
http://dx.doi.org/10.1016/j.ecss.2010.11.008.

Zou, H., Li, H., 2010. Numerical simulation of seawater intrusion from estuary into
river using a coupled modeling system. J. Ocean Univ. China (Ocean. Coast. Sea
Res.) 9 (3), 219–229. http://dx.doi.org/10.1007/s11802-010-1722-0.

D.H. Nguyen et al. / Journal of Hydrology 448–449 (2012) 1–13 13

[198]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

Annual Journal of Hydraulic Engineering, JSCE, Vol.56, 2012, February 

 

MULTI-CRITERIA GAP ANALYSIS OF FLOOD 
DISASTER RISK REDUCTION MANAGEMENT IN 

METRO MANILA, PHILIPPINES 
 
 

Romeo GILBUENA, Jr.1, Akira KAWAMURA2, Reynaldo MEDINA3,  
Hideo AMAGUCHI4 and Naoko NAKAGAWA5 

 
1Student Member of JSCE, PhD Student, Dept. of Civil and Environmental Engineering, Tokyo Metropolitan 

University (1-1 Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan) 
2Member of JSCE, Dr. of Eng., Professor, Dept. of Civil and Environmental Engineering, Tokyo Metropolitan 

University (1-1 Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan) 
3Dr. of Eng., Woodfields Consultants, Incorporated (153 Kamias Road Extension, Quezon City 1102, Philippines) 

4Member of JSCE, Dr. of Eng., Asst. Professor, Dept. of Civil and Environmental Engineering, Tokyo Metropolitan 
University (1-1 Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan) 

5Member of JSCE, Dr. of Sci., Assoc. Research Professor, Dept. of Civil and Environmental Engineering, Tokyo 
Metropolitan University (1-1 Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan) 

 
 
  Identification of priority areas for flood disaster risk reduction (FDRR) management is critical and 
often tedious to both planners and decision-makers. Requests for additional resources, infrastructures and 
capability enhancement may require a quantifiable basis for budget allocation. In Metro Manila, 
Philippines, flooding is a perennial problem, thus requires a regular assessment of FDRR management. 
This study provides a simple approach to address this requirement using a multi-criteria gap analysis 
method. This is demonstrated using the results of the assessment made by the local government units 
(LGUs) in Metro Manila at the aftermath of an extreme flood event in 26 September 2009. Results show 
that gaps ranging from very small to medium-scale exist in the management system of the LGUs. Serious 
attention must be given to land use planning and flood mitigation measures. Flood hazard mapping should 
also be a priority in most local government units. Efforts must also be made to improve flood warning 
dissemination.  
 

Key Words : gap analysis, multi-criteria decision analysis, flood disaster risk reduction management, Metro Manila

 
1. INTRODUCTION

The flood disaster risk reduction (FDRR) 
management system of Metro Manila, Philippines 
was challenged when a rare meteorological event, 
locally known as typhoon Ondoy, occurred on 26 
September 2009. The storm largely inundated more 
than one-third of Metro Manila, putting a large 
number of urban and flood control structures under 
water. The disaster affected a population of more 
than 4.5 million, caused the death of almost 500 
people, and incurred an accumulated loss amounting 
to almost USD 240 million1). 

During Ondoy’s aftermath, a post-disaster needs 
assessment2) (PDNA) was conducted to estimate the 
damage, losses and economic and social impacts of 
the typhoon. The PDNA also identified and 

qualitatively assessed the constraints in the FDRR 
management system of Metro Manila, particularly 
those found in land use planning, housing, water 
management and disaster mitigation2). Quantitative 
gap analysis, which was not performed in the 
PDNA, however, can help identify priority FDRR 
management tasks and priority flood prone areas, 
which are valuable in the formulation of a strategic 
FDRR management improvement plan.  

In a management perspective, constraints or gaps 
represent the “space between where we are and 
where we want to be”3). Liedtka4) described gap 
analysis as a time-based intent-driven strategic 
planning technique that uses historical information 
and desired outcomes as bases for improvement. 
Thus, gap analysis is both fact-based and 
goal-oriented, which makes it a powerful technique 
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in the development and improvement of 
management systems.  

The process of quantitatively evaluating gaps has 
recently been adopted in various areas of studies, 
such as in biodiversity conservation5), public 
transport systems6) and information technology 
research7). This is perhaps due to the increasing 
demand for effective management strategies to cope 
with the rapidly changing environment and society. 
Despite its wide applicability, quantitative gap 
analysis has never been used in the evaluation of 
FDRR management systems. Most of the FDRR 
studies mainly concentrate on the effects of 
hydrological processes (e.g. Chen and Yu8)). This 
paper however focuses on the implementation of the 
FDRR management system and the evaluation of its 
constraints to identify priority tasks and priority 
areas in aid of developing an effective FDRR 
management plan, using Metro Manila as a case 
study. 

The FDRR management systems of Metro Manila 
consist of several FDRR measures that require 
simultaneous gap evaluation. To cope with this, gap 
analysis, combined with a multicriteria decision 
analysis (MCDA) approach, was employed. MCDA 
is widely regarded for its robust applicability in 
various fields of studies9),10),11), particularly those 
that require comparison of benefits and importance. 
The use of gap analysis combined with MCDA 
approach, however, is still not well explored in the 
literatures. 

From these reasons mentioned above, we intend 
to perform a gap analysis of the FDRR management 
system of Metro Manila using MCDA approach. 
MCDA was used to identify, organize and quantify 
the desired state of the FDRR measures. Fig. 1 
shows the conceptual framework of the multicriteria 
gap analysis of the FDRR management system. The 
criteria (FDRR phases) and sub-criteria (FDRR 
measures) were enumerated and were given 
weighting factors based on priority rankings. The 
gaps were quantified using the equivalent weight 
values and the performance scores (translated from 
the questionnaire-based assessments of the LGUs) 
of the FDRR measures. Priority tasks and priority 
areas in the FDRR management system have been 
identified, using the relationship: bigger gaps means 
higher priority. The multicriteria gap analysis 
method produced clear results that can be used to 
propose strategic improvements in the FDRR 
management plan of Metro Manila. 

 
2. THE STUDY AREA AND FDRR 

MANAGEMENT SYSTEM SURVEY 
 

Metro Manila is situated on a semi-alluvial fan 

that opens to Manila Bay on the west and Laguna de 
Bay Lake on the southeast12). Fig. 2 shows the 
administrative boundary of Metro Manila including 
its 17 municipal LGUs. Metro Manila is the most 
populated region in the Philippines with a density of 
around 18,000people/km2. It is also the country’s 
political and economic capital with annual 
contribution of around 33% of the country’s gross 
domestic product (GDP)13). Despite its progress, 
floods have persistently slowed down the region’s 
economic growth. The floods in Metro Manila 
regularly caused heavy inundation and traffic, which 
often result in the suspension of office and school 
works14). Floods in Metro Manila can also be 
devastating, causing the loss of lives and damages to 
properties and public infrastructures.  

On 26 September 2009, Metro Manila was hit by 
typhoon Ondoy. It brought a huge amount of rainfall 
measuring at 450 mm within a span of 12 hours, an 
amount almost equivalent to 2 months of rainfall in 
the same area. This resulted in unmitigated floods 
that devastated millions of lives and caused the loss 
of hundreds of millions of dollars in terms of 
agriculture and property damages1). 

In October 2009, the authors conducted a 
comprehensive field survey as part of a PDNA study 
to investigate the extent of the typhoon’s impact in 
Metro Manila and its suburbs. A questionnaire 
survey instrument was developed to aid in the 
assessment of FDRR management system. The 
management systems were assessed based on 
different time frames, i.e. before, during and after 
the disaster caused by typhoon Ondoy. The inquiries 
were made based on disaster preparedness; flood 

Fig. 1 Conceptual framework of multi-criteria gap analysis 
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mitigation measures; early warning and evacuation 
system; emergency response system; flood risk 
prevention planning and hazard mapping. 
 
3. MULTI-CRITERIA GAP ANALYSIS 

People are often faced with problems having 
multiple objectives and conflicting requirements. To 
simplify the route of decision-making, critical 
aspects is usually used as basis for prioritization. 
Thus, in order to identify the critical aspects and to 
compare and assess which decision is most 
appropriate a multicriteria gap analysis method was 
used. 

The conduct of multicriteria gap analysis method 
in this study follows three stages, the first stage 
consists of enumerating the criteria or FDRR 
activities, and sub-criteria or FDRR measures (Fig. 
1). In this paper, the FDRR activities include: 
Prevention, Preparedness, Response and Recovery. 
The enumerated FDRR activities and FDRR 
measures are shown in Table 1. Weighted scores 
are assigned, usually in a subjective manner7),15), to 
each FDRR activity and FDRR measure. In this 
paper, the authors propose a weighted score 
assignment method based on priority ranks. Priority 
ranking is done by arranging the criteria based on 
relative importance. The ranks are given as positive 

integer values from 1 to p, where p, is the number of 
criteria (or sub-criteria) within the same group. The 
criterion that has a rank of 1 has the highest 
importance within that group. The relative 
importance of each criterion was subjectively 
determined based on 1) order of need prior to the 
occurrence of disaster, i.e. Prevention criterion is 
expected to have the highest risk reduction 
compared to Recovery criterion, where the disaster 
has already occurred; and 2) when the criterion is 
most likely a prerequisite of the succeeding 
criterion. For example, in the Preparedness criterion, 
Institutional Framework (Serial Code D) ranks 
higher than Vulnerability Assessment (Serial Code 
E), since organizational structure for disaster 
management and appropriate policies must be 
established prior to conducting any vulnerability 
assessment to provide a guiding committee for the 
assessors. The weighted scores are then determined 
based on the rank, at which the sum of the weighted 
scores in a group of criteria is equal to 1.0. The 
weighted scores, Wi and Wi,j, of the ith FDRR 
activities and jth FDRR measures, respectively, were 
determined using the following expressions: 
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where, n is the total number of FDRR activities and 
ni is the total number of FDRR measures. Ri and Ri,j 
are priority ranks of the ith FDRR activity and jth 
FDRR measure. In this study, n = 4, n1 = 3, n2 = 6, 
n3 = 3 and n4 = 1. The equivalent weight, Weq,i,j, was 
calculated for each FDRR measure based on the 
product of the weighted scores of the FDRR 
activities and FDRR measures, as shown in Eq. 3: 

)3(,,, jiijieq WWW  
Table 1 shows the priority ranks and weighted 
scores of each FDRR activity and FDRR measure, 
with computed equivalent weights corresponding to 
each FDRR measure.  

The second stage consists of performance 
appraisal of each FDRR measure based on the 
FDRR management system assessment done by the 
LGUs. Prior to appraisal, the evaluation measure 
was first defined7), in this study, 3 categories were 
used: 

)4()0.05.00.1(E
A value of 1.0 or achieved goal means that the 
desired state of FDRR measure is in place and there 
is no known constraint that will contribute in the 
poor performance of the FDRR management. A 
value of 0.5 or inadequately achieved goal means 
that the desired state of FDRR measure is in place, 

Fig. 2 Location of Metro Manila and its 17 city and 
municipal local government units.
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but there is at least one observed constraint that may 
contribute to the poor performance of the FDRR 
management system. Lastly, a value score of 0.0 or 
no achievement means that the desired FDRR 
measure is not yet in place thus, may result in 
unmitigated disaster when flood occurs. During the 
FDRR management survey in Metro Manila, 14 
(including the lone municipality of Pateros) out of 
the 17 municipal LGUs were assessed, and the 
assessment results were translated to performance 
scores. Table 1 show 3 of the 14 LGUs, as 
examples, with scores based on the self-assessment 
done by the LGUs. 

To further explain this, in Malabon City, the 
emergency response was performed when floods 
occurred during typhoon Ondoy. However, several 
constraints were observed such as lack of rescue 
vehicles and lack of rescuers’ training that resulted 
in the poor performance of the overall emergency 
response mechanism. The performance score (Table
1) of the Emergency Response Capability measure 
(Serial Code I) of Malabon City is 0.5. 

The third stage is the calculation of gap indices. 
The product of the equivalent weight, Weq,i,,j, of each 
FDRR measure, and the performance appraisal, Pi,j,k, 
of the kth municipal LGU, represents the estimated 
actual performance of the FDRR measures. The gap 
index, i,j,k, is computed by taking the difference of 
the equivalent weight, Weq,i,j, and the estimated 
actual performance of a FDRR measure (Weq,i,j * 
Pi,j,k). This is expressed by the formula:  

)5(,,,,,,,, kjijieqjieqkji PWW  
Table 1 shows the gap indices, i,j,k, of 3 of the 14 
LGUs, as examples, computed using Eq.(5).  

The FDRR management gap index, k of the kth 
LGU, is determined using the following expression: 
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The FDRR management gap indices of Metro 
Manila by FDRR measure, MM,i,j are calculated 
using the following formula:  

)7(/
1
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N

k
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where N is the total number of municipal LGUs that 
performed the FDRR management assessment, in 
this case N = 14. 

 
4. RESULTS AND DISCUSSION 

 
Graphs are very useful in evaluating quantified 

constraints. These provide simple and convenient 
means to visually compare the gap indices of the 
FDRR measures, and gap indices of the flood prone 
municipal LGUs.  Fig. 3 shows the gap index 
values, k, computed using Eq.(6), of all 
FDRR-assessed municipal LGUs in Metro Manila. 
Pateros and Pasig City have gap index values higher 
than 0.40, while Navotas City and Taguig City have 
gap index values lower than 0.20. The relatively 
large difference between the gap index values of 
these municipalities roughly indicates the 
inconsistencies in the implementation of the FDRR 
systems within the administrative region. Pateros, 
the smallest municipality in Metro Manila (2.1 km2), 
has the highest gap index value ( k = 0.55). This 
municipality has a population of more than 62,00016) 
people, making it the second most densely 

Table 1 Weighted scores, performance appraisal and gap values of Metro Manila FDRR management systems.
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populated municipality (next to Manila City) in the 
Philippines. Around 60% of Pateros is prone to 10 
years return flood, however during typhoon Ondoy, 
almost 100% of its area was inundated (1 to 2m). 
Based on the assessment of the FDRR management 
assessment system of Pateros, it has many 
settlement areas vulnerable to flood (Serial Code A), 
has no clear FDRR management institutional 
framework (Serial Code D), has no systematic 
procedures for flood warning dissemination (Serial 
Code J), not efficient in the conduct of evacuation 
procedures (Serial Code K), and it is not capable of 
performing effective rescue and emergency 
operations (Serial Code L). Thus, Pateros requires 
serious and immediate attention to improve its 
FDRR management system.  

On the other hand, the relatively smaller gaps 
(Fig. 3) of Navotas City ( k = 0.14) and Taguig City 
( k = 0.17) indicates that these LGUs have more 
established FDRR management systems compared 
to the other municipalities. The FDRR constraints in 
Navotas City and Taguig City are mainly due to the 
presence of settlements in flood hazard areas (Serial 
Code A in Table 1). This land use-related problem 
is a common situation in Metro Manila. To address 
this issue, it will basically require land use 
conversion in the flood hazard areas, which may 
result in the resettlement of affected population. The 

local policy requires the government to compensate 
(i.e. in terms of housing, utilities, livelihood, etc.) 
any of those who will be displaced by a government 
initiated programs. Such activities will require space 
and entail substantial resettlement budget allocation. 
Relocation of the affected population may also have 
impact in the local political situations. The absence 
of comprehensive flood hazard maps (Serial Code E 
in Table 1) is also a common issue, which is 
primarily due to the unavailability of information 
necessary in the preparation of a flood hazard map 
(e.g. topographic map, geologic map, hydrological 
data, etc.). From a general perspective, the gaps in 
the FDRR management system of each LGU, as 
shown in Fig. 2, are fairly small (except Pateros), 
which indicates that most LGUs are still pro-active 
in reducing the effects of flood disasters despite the 
existence of various constraints. 

Looking at the overall FDRR management system 
of Metro Manila, to identify the priority FDRR 
measures on the basis of constraints, the gap indices 
of each measure, MM,i,j, were evaluated. Fig. 4 
shows the gap index values of each FDRR measure 
as computed using Eq.(7). The shapes ( , , , 
and represent the FDRR activities (or first level 
criteria) of the FDRR management system. The 
meaning of the alphabets (Serial Codes) A to M, are 
shown in Table 1. In Fig. 4, Serial Code A ( MM,i,j = 
0.100) has the largest gap in the FDRR management 
system. As explained above, land use and 
resettlement issues are common in Metro Manila 
due to the lack of space and insufficiency of budget 
for relocation. The constraints in Serial Code B 
( MM,i,j = 0.052) is perhaps due to the lack of 
effective flood mitigation measures (structural on 
non-structural measures) in several flood prone 
areas (e.g. Las Pi as City). With regards to Serial 
Code C ( MM,i,j = 0), there was no constraint 
identified since all the assessed LGUs claimed that 
they have community-based early flood warning 
systems, which is perhaps due to their experiences 
with recurring floods. The gap index value 
concerning the effectiveness of the early flood 
warning systems (Fig. 4, Serial Code J), however, 
was high ( MM,i,j = 0.029). In terms of Preparedness 
( ), Metro Manila clearly has gaps in the 
preparation of flood hazard maps (Serial Code E, 

MM,i,j = 0.023). This is attributed to the lack of 
updated physical maps (topographical maps, 
geologic maps, etc.) and meteorological and 
hydrological data (rainfall, river discharge, etc.). All 
LGUs have information systems (Serial Code G) 
and most have response mechanisms (Serial Code 
F) for flood emergencies, however, execution of 
these measures were found ineffective in several 
LGUs.  In general, Metro Manila, is weak in the 

Fig. 4 Gap value chart of the sub-criteria based on the 
assessment of 14 LGUs.

Fig. 3 Gap value chart of 14 municipalities in Metro Manila.
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Response ( ) criterion, (Serial Codes J, K and L), 
as evidenced by the unreliable flood forecasting and 
warning systems, lack of rescue teams and lack of 
evacuation vehicles during typhoon Ondoy. The 
gaps in the Recovery ( ) criterion (Serial Code M) 
are mostly attributed to the lack of funds of most 
LGUs to engage in immediate flood disaster 
rehabilitation. 

 
5. CONCLUSION 
 
This study describes a method of gap analysis 
combined with MCDA to systematically and 
quantitatively evaluate the FDRR management 
systems in Metro Manila. The conclusions were 
drawn as follows:  
(1) The gaps existing in the LGU-based FDRR 
management systems in Metro Manila can be 
quantified and evaluated using multi-criteria gap 
analysis method; 
(2) The use of priority ranking in MCDA provided 
a systematic approach in assigning acceptable 
weighted values in each of the FDRR measure; 
(3) The overall gaps in the FDRR management 
systems in Metro Manila are relatively low, except 
for the gaps present in the Prevention ( ) criterion.  
Relocation of human settlement from known flood 
hazard zones will still significantly reduce the 
potential losses and damages. The establishment of 
new and enhancement of existing structural and 
non-structural flood mitigation measures were found 
to be still valuable in the FDRR; 
(4) Finally, it was found that all assessed LGUs 
have management gaps that require attention in 
order to realistically achieve the desired FDRR 
management systems and that some LGUs (e.g. 
Pateros) may require more immediate solutions than 
others.  
 The multi-criteria gap analysis method is 
simple and very useful in providing insights to 
researchers and decision-makers, however, it 
requires a comprehensive and clear assessment of 
the FDRR management system (by the stakeholders) 
to generate acceptable results.   
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Abstract For decades, floods caused by heavy rains have repeatedly inundated critical areas in Metro 
Manila, which prompted the Philippine government to establish a flood management system consisting of 
both structural and non-structural measures. However, most of the operational flood mitigation infrastructure 
was proven inadequate during the onslaught of typhoon Ondoy. The storm brought rains that exceeded the 
rainfall intensities of the country’s previous typhoons. The aftermath of this disaster paints a bleak scenario 
for the highly urbanized Metro Manila as the effects of climate change increase the likelihood of storms 
having the same, or even higher, intensities as Ondoy. This study deals with the identification of gaps in 
Metro Manila’s flood management system using the records and observations made during and after 
typhoon Ondoy. The primary focus of this study was on the performance of the flood control structures, 
flood forecasting and early warning systems in Metro Manila. The flood control structures were assessed 
based on the results of field inspection and observations during and after the storm. The flood forecasting 
and warning systems were evaluated using the information available from various government offices, and 
from the results of key informant interviews and surveys. The study revealed that factors such as inadequate 
hydraulic design of the flood control structures in the rivers and drainage systems, lack of an accurate flood 
forecasting system and lack of proper maintenance of the flood warning system, contributed to the 
unprecedented flooding on 26 September 2009, which inundated around 34% of Metro Manila. The study 
concludes by stressing the need for distributed and enhanced flood mitigation programmes, planned and 
constructed flood control structures, and establishment of effective flood forecasting and early warning 
systems. The existing flood management programmes should be reviewed and revised in accordance with a 
new safety level for flood prevention and control. 
Key words flood management; gap analysis; Metro Manila, Philippines; typhoon Ondoy 
 
 
INTRODUCTION  

Tropical storms are intensely energetic transient weather systems that develop over regions of a 
very warm ocean surface, usually within 30 S to 30 N of the Equator (Rasmusson et al., 1993). 
Most tropical storms, as illustrated by McDonald et al. (2005), originate from the Pacific and 
Indian oceans and occur during the first half of the year in the areas north of the Equator (0  to 
30 N), and during the second half of the year in the areas south of the equator (0  to 30 S). The 
cost of damage caused by tropical storms both in terms of lives and economic losses can be 
devastatingly high, and changes to tropical storm patterns due to climate change can have over-
whelming impacts on modern societies, especially in the megacities of developing countries 

identified several megacities in the tropical region, including Metro Manila in the Philippines, 
which lies between 14 23 N and 14 44 N north of the Equator, as highly vulnerable to the 
consequences of extreme meteorological events, such as floods (The World Bank, 2010). Metro 
Manila experiences six to ten tropical cyclones every year, usually during the months of July to 
September.  
 Metro Manila (Fig. 1), the Philippine’s capital region and the country’s centre of economic 
and political activities, is situated on a semi-alluvial fan that was formed from sediment flow 
coming from the northern and eastern river basins. It opens to Manila Bay on the west and Laguna 
de Bay Lake to the southeast (Pineda, 2000). According to the 2007 census, Metro Manila has a 
population of around 11.5 million (National Statistics Coordination Board, 2011) with a 
population density of around 18 000 persons per km2. With a contribution of 33% to the country’s 
GDP, Metro Manila has the biggest share of the country’s 17 administrative regions. O’Neill et al.  
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Fig. 1 Location of Metro Manila with maximum inundation depths during typhoon Ondoy. 
 

 
(2005) of Goldman Sachs foresee that the Philippines will be among the top 20 largest global 
economies by 2025, and Metro Manila will most likely play a central role. However, incidents of 
floods have constantly slowed down Metro Manila’s economic growth rate. Tabios et al. (2000) 
explained that parts of Metro Manila would easily succumb to flood, even at moderate 
precipitation, due to the poor drainage system and unmitigated runoffs, which are primarily caused 
by poor solid waste management (near the open channels), improper land use and the  high rate of 
urbanization. The negative impacts of flooding in Metro Manila range from minor inconveniences, 
such as heavy traffic and suspension of school activities (Page, 2000), to catastrophic levels, such 
as loss of lives and damage to public infrastructure and property. Flood usually, and could easily, 
occur in the region’s low-lying areas (i.e. Valenzuela City, Navotas City and Manila City) and 
some elevated areas (i.e. Quezon City and Marikina City) during storm and monsoon periods.  
 Large-scale projects aimed to mitigate the effects of floods in Metro Manila, including both 
structural and non-structural measures, have been commissioned by the Philippine government 
since the early 1990s (Fano, 2000). Structural measures such as river dikes, flood gates and 
pumping stations, to name a few, were built to prevent and control the storm water runoff in the 
river channels. Non-structural measures such as the telemetric flood forecasting and warning 
systems in the Marikina, Pasig and San Juan basins were installed by the Department of Public 
Works and Highways (DPWH) to reduce the flood risk in the surrounding communities (DPWH, 
2009). Several large-scale structural flood control projects were completed up to the early part of 
2009 (Gatan, 2009). According to the Metropolitan Manila Development Authority (MMDA), 
around 2500 hectares, or 4% of the total land area, remained flood-prone in Metro Manila in 2008. 
This is a huge improvement from the 13 100 hectares (20%) flood-prone area in 2002 (MMDA, 
n.d.). However, in September 2009, when tropical storm Ondoy directly crossed over Central 
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Luzon, around 21 700 hectares (about 34%) of the metropolis was submerged by flood waters, 
affecting around 4.9 million residents, and leaving behind 464 casualties and 37 missing 
individuals with some US$ 240 million worth of damage in property, infrastructure and agriculture 
(Rabonza, 2009).  
 One of the aims of this paper is to analyse the situation that led to the aforementioned 
unprecedented events by looking at the characteristics of typhoon Ondoy and the state of Metro 
Manila in the aftermath of the typhoon. A similar study was conducted by Izzo et al. (2010) in 
which they characterized typhoon Noel, including estimation of the rainfall return period, to 
evaluate the effects of typhoon Noel on the Dominican Republic. In the Philippines, a post-disaster 
needs assessment study completed in 2009, assessed the level of damage wrought by typhoon 
Ondoy, which was aimed to determine the recovery and reconstruction strategies for Metro Manila 
(The World Bank, 2009). However, the post-disaster needs assessment study focused only on the 
identification of the recovery and reconstruction needs based on the assessment of the damages 
and losses caused by the typhoon Ondoy, with only a vague inclusion of the assessment of the 
existing flood management system. This paper thus aims to clearly define certain gaps that existed 
in the flood management system of Metro Manila during the onslaught of typhoon Ondoy, and 
particularly the performance of the structural flood control measures and the reliability of the flood 
forecasting and warning systems. The performance of the structural flood control measures were 
qualitatively assessed based on the results of field investigation and surveys conducted by 
Woodfields Consultants, Inc. in October 2009. The assessment of the effectiveness of the flood 
forecasting and flood warning systems was performed using results of key informant interviews 
and other available information from various government offices. To the best of our knowledge, 
there is no published literature that evaluates the performance of the existing flood management 
system in Metro Manila based on the extreme meteorological event in September 2009, 
particularly the identification of gaps between the desired effectiveness and actual flood 
management system. The results of this study may provide insights to decision makers and urban 
planners, especially in other developing countries, for finding solutions to flood risks reduction. 
 
 
CHARACTERISTICS OF TYPHOON ONDOY  

The tropical storm 

The storm Ondoy was first detected on 24 September 2009 as a tropical depression near the east of 
Luzon. It intensified into a tropical storm on 25 September. Figure 2 shows the track of Ondoy as 
it travelled from east to the west of Luzon. The storm’s maximum centre wind was  
105 km/h, with a gustiness of around 135 km/h, and movement speed from 11 to 19 km/h. 
 
Return periods and inundation 

To further characterize Ondoy’s strength in terms of rainfall in Metro Manila, the return periods of 
the maximum 1-h and daily rainfall depths at the Science Garden station were estimated using the 
Gumbel distribution (Stedinger et al., 1993). Figure 3 shows the plot of the estimated return 
periods for the maximum 1-h, 12-h and daily rainfall depths as recorded at the Science Garden 
station. The plots were acceptable at a significance level of 5% using the Kolmogorov-Smirnov 
test. Results indicate that Ondoy’s rainfall return periods on 26 September 2009 for the  
1-h, 12-h and daily rainfall depths were 50 years, 130 years and more than 400 years, respectively. 
The enormous gaps between the return periods imply that Ondoy’s impacts were much higher, and 
that the possibility of devastatingly high water accumulation was much greater at longer duration.  
 The authors conducted field interviews and surveys on 11 to 13 November 2009 within Metro 
Manila to determine the extent and maximum depths of the inundation created by typhoon Ondoy. 
Figure 1 reveals that a third of the metropolis was inundated to depths ranging from less than 1 m 
to more than 5 m, with duration of 3 to 8 hours in most of the affected areas. High inundation 
occurred mostly near the banks of the Marikina and San Juan channels. The inundation in Pateros 
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and Taguig City near the shores of Laguna de Bay Lake can be attributed to the lake’s water level 
increase during the storm.  
 

 

Fig. 2 Typhoon track of typhoon Ondoy (source: PAGASA).

Fig. 3 Return period of the annual maximum: (a) 1-h, (b) 12-h and (c) daily rainfall in Science Garden. 

(a) (b) 

(c) 
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GAPS IN METRO MANILA FLOOD MANAGEMENT SYSTEM 

Flooding and flood control structures in Metro Manila  

Floods were observed in Metro Manila, particularly in Manila City, in as early as the eighteenth 
century. However, flood mitigation was initiated only during the early part of the 20th century, 
when storm drains were incorporated into the design of main roads (Liongson, 2000). In 1952, a 
comprehensive study of the drainage system of Manila City and its suburban areas was completed 
(Fano, 2000). The improvement of the drainage systems (i.e. channel dredging, river widening, 
river training works, etc.) since then became the main measure for flood mitigation. Construction 
of large-scale flood control structures (i.e. large-scale weirs, large-scale flood gates and high 
capacity pumping stations) was started only in the early part of the 1980s. Further developments 
for flood mitigation are still being continued under the construction projects of the DPWH 
(DPWH, 1998) and flood risk reduction programs of the MMDA. According to the MMDA, the 
flood prone areas of Metro Manila have been reduced from 20% of Metro Manila’s total land area 
in 2002 to about 4% in 2008. However, the flood created by typhoon Ondoy in 2009 covered at 
least 34% of the metropolis. The sudden increase in the flooded areas in 2009 indicates that the 
flood control structures collectively performed poorly during this event. These structures were 
overwhelmed by the onrushing floods, mainly because most were designed using 10 and 30 year 
discharge return periods for the drainage works and flood protection works (i.e. protection from 
river overflow), respectively (Gatan, 2009). It is surmised that Metro Manila did not have the 
capability to prevent flooding due to Ondoy, but the risks to the population could have been 
reduced by proper implementation of non-structural flood mitigation measures, such as accurate 
flood forecasting and flood warning, combined with an effective emergency response. The 
succeeding sections assess the gaps in the flood forecasting and flood warning systems in Metro 
Manila. 
 

Fig. 4 Location map of rainfall and water level gauging stations (source: PAGASA and EFCOS). 

 

Marikina 
basin 

San Juan 
basin 

Pasig basin

BULACAN 

RIZAL 

CAVITE 

[209]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

Gap analysis of the flood management system in Metro Manila, Philippines  
 

37 

Flood forecasting 

The Philippine Atmospheric, Geophysical and Astronomical Services Administration (PAGASA) 
is the primary source of information about storm intensity and possibility of floods in Metro 
Manila. However PAGASA’s forecasting capability in 2009 was limited only to the following: 
prediction of the storm’s intensity (i.e. wind speed, gustiness, etc.); prediction of floods in certain 
river basins using rainfall depths and water levels; and giving real-time updates on the status of 
major dams for possible water release and flash floods. Also, PAGASA does not have the 
technology to estimate the amount of rainfall before intense precipitation. Specifically, 
PAGASA’s flood forecasting system includes: (a) basin flood forecasting, and (b) a flood fore-
casting and flood warning system for dam operation (FFWSDO). For the basin flood forecasting, 
only four river basins in Luzon are being monitored, which unfortunately does not include Metro 
Manila. However, the FFWSDO covers four major dams in Luzon, but again, does not include the 
major flood prone areas of Metro Manila. In fact, the dams that are being monitored by PAGASA 
had no significant contribution to the flooding in September 2009.  
 The other flood forecasting system in Metro Manila is the Effective Flood Control Operation 
and Warning System (EFCOS) whose components are installed in the Marikina, Pasig and San 
Juan river basins, as shown in Fig. 4. The EFCOS was originally installed in 1978, improved in 
1993 and rehabilitated in 2001. The main purpose of EFCOS is to reduce the occurrence of floods 
in the cities of Marikina, Pasig, San Juan and Manila (Fig. 1) through the operation of its weirs (at 
the Rosario station) and hydraulic control structures (at the Napindan station) that are aided by a 
water level forecasting system. Figure 4 shows the location of 9 raingauge stations and 11 water 
level gauging stations within the Pasig, San Juan and Marikina basins. All raingauge stations are 
monitored and maintained by the PAGASA. The water level gauging stations are monitored and 
maintained by the MMDA. EFCOS is also designed to prevent channel overflow on the east and 
west banks of the Manggahan Floodway (DPWH, 2009). 
 The forecasting capability of EFCOS is embedded in its data processing system located at the 
control station near the Rosario raingauge station. Real-time rainfall depths and water level data 
are used for flood simulation (updating every 10 mins) through a telemetry system that connects 
the raingauges in Mt Campana, Mt Oro, Boso-boso, Aries, Nangka, Science Garden and 
Napindan; and the water level gauges in Montalban, Nangka, Sto. Niño, Rosario, Napindan, 
Angono, Pandacan and Fort Santiago (Fig. 4). The operation of the Rosario weir, which opens to 
the Manggahan floodway, is based on the predicted water level at the Sto. Niño water level 
gauging station. Figure 5 shows the hyetographs and water level graphs of selected rainfall and 
water level gauging stations located in the upper stream, middle stream and lower stream of 
EFCOS. When the water level at the Sto. Niño station is predicted to reach 15.2 m, with a 
corresponding tidal level of 11.4 m in Manila Bay (Badilla, 2008), the gates at the Manggahan 
floodway should be opened to redirect some of the water towards the Laguna de Bay Lake. 
Unfortunately, the operation of the flood forecasting system was stopped in 2006 due to “budget 
constraints”. Since then, only the water levels and rainfall depths have been monitored, but they 
are not used to predict floods. Thus, Metro Manila essentially had no operational flood forecasting 
system when typhoon Ondoy came. On 25 September 2009, rain started to occur at around 18:00 h 
lasting until 24:00 h; and on 26 September 2009 by around 03:00 h, the water level at the Sto. 
Niño station had reached a level of 15.27 m (Fig. 5(b)) with a level of 11.83 m in Fort Santiago 
(the water level gauging station closest to the river mouth near Manila Bay), but the gates at the 
Manggahan floodway were not immediately opened. The rains continued at around 07:00 h of  
26 September, and further intensified until 12:00h. Consequently, the water rose to at least a height 
of 21.6 m at the Sto. Niño station, and the water level at the Rosario weir exceeded the normal 
level by at least 5 m, which may have caused the very deep inundation in the upper stream of 
EFCOS, within Marikina City.  
 The main gap in this situation is the absence of an effective flood forecasting system, which 
was due to the lack of an operational data processing system. In addition, the “breaks” or missing 
data in the water level graphs of Montalban, Nangka, Sto. Niño, Pandacan and Fort Santiago  
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stations indicate that there were interruptions in the operation of the water level sensors. Based on 
a key informant interview at EFCOS, these interruptions were caused by the submergence of the 
water level sensors during the typhoon, which indicates a gap in the planned water level 
monitoring operation because the sensors were not designed to be high enough to measure all of 
the water level increase caused by typhoon Ondoy. 
 The rainfall stations of EFCOS, though continuously operational, had ceased sending real-
time information to PAGASA since 2006 due to a damaged link between them. This link had not 
been re-established before typhoon Ondoy came. Thus, a flood warning based on these data was 
not released by PAGASA during the storm. 
 
Flood warning system 

Flood warning systems usually go hand-in-hand with forecasting systems. In the case of Metro 
Manila, PAGASA issues warning information about possible flooding via the local media (i.e. 

(a) 

(b) 

(c) 

Fig. 5 Hyetographs and water level graphs representing: (a) upper stream, (b) middle stream, and 
(c) lower stream of the EFCOS (data Source: PAGASA, EFCOS). 

[211]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

Gap analysis of the flood management system in Metro Manila, Philippines  
 

39 

radio, television and internet). The warning released by PAGASA is usually not based on 
hydrological simulation. On 25 September 2009, PAGASA issued a flood bulletin for the whole of 
Metro Manila during typhoon Ondoy on the basis of storm warning signals (i.e. the wind speed of 
the storm). Accurate prediction of the location and extent of flooding was not available. Because 
the issuance of flood bulletins relies heavily on PAGASA, one of the gaps that need to be filled is 
the data processing and flood simulation capability. Although EFCOS has a built-in warning 
system, it is installed only along the east and west banks of the Manggahan Floodway. The 
EFCOS warning system consists of speakers (megaphones) and radios. These are activated when 
the Rosario weir is about to be opened. A message announcing the release of water is sent to all 
the nine warning stations along the Manggahan Floodway. However, because the EFCOS is no 
longer operational, the warning system was also not used during typhoon Ondoy. Clearly, the gap 
that exists here is the absence of an effective warning system. Advanced warning systems do not 
exist in other flood-prone areas; however, community-based early warning systems are adopted by 
some small communities as a means to cope with frequent flooding. Here, water levels of rivers 
are directly observed by locally-based volunteers. When the water level of a river reaches a critical 
height, a warning is sent throughout the community by means of megaphones, sirens and/or church 
bells. This practice was proven useful by several small communities during typhoon Ondoy. 

 
CONCLUSION AND RECOMMENDATIONS  

The magnitude of the rainfall deposited by typhoon Ondoy in Metro Manila was unprecedented, 
resulting in overwhelming floods and a tremendous amount of damage. The flood control 
structures of Metro Manila were rendered ineffective in preventing the devastating effects of the 
tropical cyclone. Further investigation on the hydraulic designs of the flood control structures that 
failed during typhoon Ondoy will be very useful in improving the safety levels of the drainage 
system and channels in the critical sub-basins of Metro Manila.  
 Given that the structural measures have limitations, the damages and casualties may have been 
reduced if there had been timely and sufficient flood warnings. The primary reason for this is that 
there was no reliable flood forecasting and warning system installed in the flood prone areas of 
Metro Manila, and there is no reliable real-time data link for rainfall monitoring between the 
government offices concerned. Funds must be allocated for the research and development of 
effective flood forecasting and early warning systems, as well as for its operation and maintenance 
long term. Aside from improving the infrastructure for better communication and data transfer, it 
is further recommended that a system be put in place that can estimate and predict the amount of 
rainfall within and around Metro Manila, in which the data is collected and processed by flood 
forecasting offices using flood simulation models. The existing flood warning system should be 
enhanced to provide effective dissemination of flood bulletins, especially in frequently flooded 
areas. Community-based flood warning systems should be strengthened and must be encouraged 
in all flood-prone communities. Training on emergency response should also be provided to all 
constituents who were affected by typhoon Ondoy. 
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An environmental impact assessment (EIA) that provides the means to measure and compare 
project impacts, and which can easily be re-evaluated, is highly useful in the strategic planning 
of structural flood mitigation measures (SFMM). SFMM are essential in the sustainable 
development of flood-prone urban centers. In Metro Manila, Philippines, the EIA methods for 
planned SFMM do not provide sufficient tangible results, which make it difficult to compare 
and re-evaluate the impacts between SFMM alternatives. Thus, this study proposes the use of 
the rapid impact assessment matrix (RIAM) technique to systematically and quantitatively 
evaluate the environmental impacts of planned SFMM in Metro Manila. The RIAM was slightly 
modified to fit the requirements of this study. Results indicate that the EIA by RIAM can 
provide a clear view of the impacts associated with the implementation of SFMM projects.  
 

 
Key Words : environmental impact assessment, structural flood mitigation measures, rapid impact 

assessment matrix, Metro Manila

 
1. INTRODUCTION 
 

Structural flood mitigation measures (SFMM) are 
regarded as major infrastructure works that have 
significant roles in the sustainable development of 
flood-prone urban centers1). In view of the effects of 
climate change, many key cities in Southeast Asia 
(e.g. Jakarta in Indonesia, Bangkok in Thailand and 
Metro Manila in the Philippines), have been put to 
higher risks from more devastating floods, thus 
making SFMM valuable and preferable among flood 
management schemes in alleviating urban flood 
risks2). SFMM are primarily designed to reduce the 
risks of disasters and optimize developmental 
benefits along flood-prone areas, however, these 

measures could still generate negative impacts that 
may affect the natural hydrology and ecological 
processes3) of the receiving environment. The 
conduct of environmental impact assessment (EIA) 
during the early planning stages is thus necessary. 
Faced with urgency and limited resources4), 
decision-makers would need to seek the appropriate 
EIA techniques to formulate the necessary actions 
based on informed decisions.  

In the Philippines, EIA is being carried out 
mandatorily on SFMM projects. The EIA methods 
commonly used are generally descriptive and 
qualitative in nature5). These methods are similar to 
the EIA methods (i.e. adhoc and simple checklist 
methods) described by Lohani et al.6) The ad hoc 
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method is a non-structured approach that generally 
relies on the “experience, training and intuition” of 
the assessing expert. The problem with the ad hoc 
method is that it generally fails to provide the means 
to organize meaningfully considerable amounts of 
information about the biophysical, social and 
economic environment. It merely describes the 
pertinent information of the impacts without much 
regard to its importance and magnitude. This 
process of assessment is non-replicable, thus 
making the EIA conclusions difficult to review or 
even criticize. 

The simple checklist method, on the other hand, 
is more structured, elaborate and more systematic 
compared to the ad hoc method. It typically displays 
a list of environmental parameters that are evaluated 
against a set of assessment criteria6). This method, 
however, fails to provide the necessary guidelines 
on how the impacts are to be measured and 
interpreted6), which essentially precludes the 
transparency of the whole process7). According to 
Villaluz8), one way to advance the EIA system in the 
Philippines is to select methods that can provide 
better transparency to help “maintain the 
impartiality of the entire EIA process”. 

An EIA that provides for the quantitative analysis 
of subjective judgments can help address the 
limitations of the two traditional EIA methods 
mentioned above9). Such concepts are fundamental 
in the rapid impact assessment matrix (RIAM) 
technique. The RIAM technique is a 
semi-quantitative impact assessment approach that 
utilizes standardized evaluation criteria and rating 
scales7). It has been favored in many 
case-studies10),11) in various sectors primarily due to 
its simplicity and robust application. 

In spite of its numerous applications, there has 
been no reference, as far as the authors know, of its 
application in the EIA of SFMM in any part of the 
world. In the Philippines, however, it has never been 

used for any type of project. The Philippines can 
benefit from adopting this technique, thus it is 
imperative to provide references of its application 
using a local SFMM project as a case study. It is 
necessary however to ensure the conformity of the 
RIAM method with the general impact assessment 
approach prescribed in the Philippine EIA system. 

This paper primarily explores the benefits of 
using the RIAM technique in the evaluation process 
of SFMM by examining the results of the EIA of 
selected planned SFMM in Metro Manila. 
Furthermore, a slight modification of the RIAM 
technique is proposed not only to enhance the 
transparency and sensitivity of the evaluation 
process, but also to cope with the requirements of 
the EIA system in the Philippines. These 
modifications are intended to improve the outcome 
of the EIA, but may also find application in other 
infrastructure projects. The next section introduces 
the basic profile and environmental conditions of 
the study area. The subsequent sections elaborate on 
the RIAM method and its proposed modifications, 
followed by a demonstration of its application. The 
impacts of selected planned SFMM were analyzed 
for possible environmental mitigation. The final 
section offers some recommendations and 
conclusions with the aim of providing valuable 
insights for decision makers, planners and 
policy-makers for the improvement of the EIA 
system for SFMM in the Philippines.

 
2. ENVIRONMETAL SETTING  
 

Metro Manila is the Philippines’ center for 
political and economic activities. Fig. 1 shows the 
geographic location of Metro Manila. Metro Manila 
is situated in a semi-alluvial fan that opens to 
Manila Bay on the west and Laguna de Bay Lake on 
the southeast. Metro Manila is considered to be the 
most densely populated12) urban center in the 

Fig.1 Map showing the geographical location of Metro Manila (right), the study area (middle) and the location of the planned 
SFMM (left) indicated by RP1, RP2, FCGS1, FCGS2 and FCGS3. 
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country. Despite the high economic activity13), 
progress in many parts of this region is slowed 
down by floods that are frequently caused by 
monsoon rains and typhoons during the months 
from May to October14). Recent floods have been 
devastating, causing loss of lives and massive 
damages to properties15).  

This paper focuses on the drainage area (~20 km2) 
located in the north-northwest part of Metro Manila, 
as shown in Fig. 1, with a population of 
approximately 160,000. This drainage area is 
included in the priority flood mitigation program of 
the Philippine government16), which is aimed to 
considerably reduce the annual damages caused by 
floods, lessen the incidents of water-borne 
epidemics, and provide pleasant living conditions 
for the residents of Metro Manila. Its topography 
lies on flat and low-lying coastal plains with ground 
elevation ranging from 0 to 1.5 m above mean sea 
level. It has a mixed land-use comprising of 
commercial and industrial districts, residential areas 
and fishponds.  The average annual rainfall is less 
than 3,000 mm16). The river system has limited 
aquatic biota due to the poor water quality 
conditions. Garbages, particularly commercial 
plastics, are often observed deposited along the 
riverbanks or floating along the river channels. 
Mangroves can be found near the river mouth. Due 
to the very poor discharge capacity of the study 
area, floods easily manifest every rainy seasons, 
contributing to the slow economic growth of 
affected municipalities. 

To improve the drainage conditions, retention 
ponds and flood control gate structures (FCGS) 
were proposed under the Metro Manila flagship 
program on flood mitigation16). Table 1 shows some 
of the salient features of the proposed SFMM. The 
locations of these structures are shown in Fig. 1. A 
small number of settlers can be found along the 
proposed retention pond designated as RP2 in Fig. 
1. The authors evaluated the environmental impacts 

of the 5 SFMM using the RIAM method. 
 

3. THE RIAM METHOD  
 
The impacts of the SFMM were evaluated against 
28 potential environmental impact sources (PEIS). 
Table 2 shows a sample list of PEIS used in this 
study. Each of the PEIS falls under one of the 4 
environmental categories7): Physical/Chemical (PC), 
Biological/Ecological (BE), Social/Cultural (SC) 
and Economics/Operational (EO). Typically, the 
grouping of PEIS stops here, but in this study, the 
RIAM method is slightly modified to further 
sub-group the PEIS in terms of project phases, since 
project phasing can improve the outcome of the EIA 
by allowing the evaluation of a wider scope of 
impacts, which in turn benefits the formulation of 
environmental management plans. The typical 
project phases of SFMM include pre-construction, 
construction, operation and abandonment phases. In 
this study, the abandonment phase was not 
evaluated, since the SFMM are considered to 
complement the development plans and programs of 
the Philippine national government whose aim is to 
provide a long-term solution to the perennial 
flooding and inundation problems within the study 
area. The PEIS thus are labeled as follows: 
[environmental category] – [project phase] – 
[environmental component number]. The 
environmental component number is used to 
identify each PEIS under each project phase in a 
particular environmental category. Table 2 shows a 
sample list of the PEIS with the nomenclature used 
in this study. The distribution of PEIS in the 
environmental categories is 5, 8, 12 and 2 for PC, 
BE, SC and EO, respectively.  

The RIAM method has provisions for the 
semi-quantitative evaluation of PEIS using a set of 
standardized assessment criteria (AC). Unlike the 
simple checklist approach6), the evaluation of the 
AC in RIAM is clearly explained by a standardized 
scoring procedure7). The AC is categorized into 2 

Table 1 Salient features of the proposed SFMM. 
Code SFMM type Description of 

activities 
Area  
(ha) 

Size 
(m2) 

RP1 Retention 
Pond 

Increase existing 
capacity by excavating 
to an average of 1.5 m 
depth 

22 - 

RP2 Retention 
Pond with 
embankment

Construct a pond by 
excavation to an average 
depth of 2.0 m and 
install embankment 

5 - 

FCGS1 Flood 
Control Gate 
Structure 

Installation of steel 
roller gate with pump 
station 

- 20 

FCGS2 Flood 
Control Gate 
Structure 

Installation of steel 
roller gate with pump 
station  

- 20 

FCGS3 Flood 
Control Gate 
Structure 

Installation of steel 
roller gate with pump 
station 

- 20 

Table 2 Sample list of potential environmental impact sources 
in the evaluation of the SFMM. 

Environ. 
Categories 

Project Phase PEIS Nomen- 
clature 

PC 
Pre-construction 

Land/soil disturbance 
due to site clearing 

PC-P-1 

Construction Change in land use PC-C-1 

BE 
Construction Aquatic habitat BE-C-1 

Construction 
Wildlife and 
terrestrial impacts 

BE-C-2 

SC 
Pre-construction 

Involuntary 
Resettlement 

SC-P-1 

Construction Air quality SC-C-1 

EO 
Operation 

Property and 
infrastructure 

EO-O-1 

Operation 
Local revenue and 
economy 

EO-O-3 
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groups (A and B). Table 3 shows the description of 
the A group, while Table 4 shows the description of 
the B group. The A group consists of the Importance 
Criterion (A1) and Magnitude Criterion (A2), while 
the B group consists of the Permanence Criterion 
(B1), Reversibility Criterion (B2) and Cumulative 
Criterion (B3).  

In this study, to clearly designate no change (or 
not applicable) in the evaluation of the B criteria, 
the impact descriptor no change/not applicable is 
re-assigned to the scale value 0, while the scale 
value of 1 takes the impact description negligible 
change, as shown in column II of Table 4. The 
impact descriptor negligible change was proposed to 
distinguish “insignificant impacts” from the 
“significant impacts” and “no impacts”, which is not 
clearly delineated in the original procedure. As 
pointed out by Kuitunen et al.17), the evaluation of 
the B criteria becomes difficult when the 

significance of impacts “seems to vary and whose 
characteristics also vary”, necessitating the need for 
disambiguation. To address the ambiguity of the 
varying impact significance (particularly in the 
assessment of the B criteria) the impact descriptor 
negligible change (which represents 
non-significance) is included in the evaluation 
options. These modifications, as a result, enhance 
the sensitivity and transparency of the RIAM 
method. 

Using the scales determined in each of the AC, 
the environmental score (ES) is calculated according 
to the standard RIAM procedures using a simple 
formula7): 

 
   ES = (A1 x A2) x (B1 + B2 + B3)          (1) 

The ES is used to classify the impact in terms of 
the degree of change, which is indicated by a range 
band (RB). The ranges are defined by conditions in 
the A and B groups that serve as indicators for the 
change in impacts. The setting of the range bands is 
explained in detail by Pastakia18). Table 5 shows the 
corresponding range bands with description for each 
computed ES7). For example, a PEIS with a 
computed ES of 38 would fall within the range band 
[+D]. In response to the slight modification made in 
Table 4, the range band [N] is replaced with [NI] 
and [NC], where [NI] stands for no identified 
impact and [NC] stands for negligible change. Both 
[NI] and [NC] have an ES of 0. The range band [NI] 
is given when all the AC values are zero, while the 
range band [NC] applies when there is at least one 
non-zero value in any of the assessment criteria.  

 
4. EIA USING THE RIAM TECHNIQUE 
 

Table 6 shows a sample of the project evaluation 
using the RIAM technique. The study was carefully 
carried out by a multi-disciplinary team that has a 
combined experience of more than 10 years in the 
conduct of engineering design and environmental 
assessment of SFMM in the Philippines. Using the 

Table 3 Assessment criteria7) of Group A.
Assessment 

criteria 
Scale Description 

A1  
(Importance 

of Conditions)

4 
Important to national/international 

interests 

3 Important to regional/national interests 

2 
Important to areas immediately outside 

the local condition 

1 Important only to the local condition 

0 No Importance 

A2 
(Magnitude of 

change) 

3 Major positive benefit 

2 Significant improvement in status quo 

1 Improvement in status quo 

0 No change/status quo 

-1 Negative change to status quo 

-2 Significant negative disbenefit or change 

-3 Major disbenefit or change 

Table 4 Assessment criteria of Group B showing the original7) 
and slightly modified criteria. 

Assessment 
criteria 

I
Original 

II
Slightly modified 

Scale Description Scale Description 

B1 
(Permanence) 

- 
 

0 
No change/ not 
applicable 

1 
No change/ 
not applicable 

1 
Negligible 
change 

2 Temporary 2 Temporary 

3 Permanent 3 Permanent 

B2 
(Reversibility) 

- 
 

0 
No change/ not 
applicable 

1 
No change/ 
not applicable 1 

Negligible 
change 

2 Reversible 2 Reversible 

3 Irreversible 3 Irreversible 

B3 
(Cumulative) 

- 
 

0 
No change/ not 
applicable 

1 No change/ 
not applicable 

1 Negligible 
change 

2 
Non-cumulati
ve/ single 

2 
Non-cumulative
/ single 

3 
Cumulative/ 
synergistic 

3 
Cumulative/ 
synergistic 

Table 5 Conversion table of environmental scores to range 
bands7). 

Range 
Bands ES Description 

+E +72 to +108 Major positive change or impact 
+D +36 to +71 Significant positive change or impact 
+C +19 to +35 Moderate positive change or impact 
+B +10 to +18 Positive change or impact 
+A +1 to +9 Slight positive change or impact 
NI 0 No identified impact 
NC 0 Negligible change 
-A -1 to -9 Slightly negative change or impact 
-B -10 to -18 Negative change or impact 
-C -19 to -35 Moderate negative change or impact 
-D -36 to -71 Significant negative change or impact 
-E -72 to -108 Major negative change or impact 
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modified procedures of RIAM described above, 
Table 6 was created using collected information 
from actual field investigation and secondary data. 
The field investigation included environmental 
surveys (i.e. water quality, sediment quality, air 
quality and terrestrial surveys) and social 
(stakeholder perception) surveys. Other socially 
relevant concerns were acquired through focus 
group discussions participated by the stakeholders. 
Secondary data were acquired from related studies16), 
reports5), socio-economic profiles of local 
government units (LGUs), as well as from the 
on-site interviews of relevant government agencies 
and LGUs. 

 
5. RESULTS AND DISCUSSION 

 
Negative impacts often require serious attention 

from planners and decision-makers, since these 
eventually become the backbone of environmental 
management and monitoring plans, and sometimes 
the basis for the acceptance or rejection of a 
proposed project. In this section, more attention is 
given in the examination of negative impacts, with 
focus on the environmental categories (i.e. PC, BE, 
SC and EO) and project phases. Suggestions for the 
reduction of negative impacts are offered whenever 
deemed necessary and applicable. Fig. 2 shows the 
summary of the environmental assessment using the 

RIAM technique. 
 Fig. 2 shows the summary of the range bands in 

the form of histograms of RP1, RP2, FCGS1, 
FCGS2 and FCGS3. The impacts range from [-B] to 
[+B]. RP1 and RP2 exhibit similar characteristics 
and functions as indicated in Table 2; however they 
differ significantly in the RIAM profile of their 
potential impacts (Figs. 2a and 2b). RP2, thus is 
expected to generate higher negative impacts both in 
the range bands of [-B] and [-A]. Majority of the 
potential negative impacts in RP1 occurs in the BE 
category, while RP2 affects mostly the SC category. 
This is perhaps due to the fact that RP1 already 
exists and will only be slightly modified to improve 
its capacity (as indicated by the higher counts of 
[NI] and [NC]), while RP2 is yet to be excavated, 
thus will affect heavily its closest vicinity. It is also 
worth to note that RP2 does not have impacts that 
may lead to negligible change [NC]. Even though 
RP2 has a high number of negative impacts, it is 
still expected to generate substantial benefits during 
the operation phase (as indicated by the higher [+A] 
and [+B] count in Fig. 2b compared with Fig. 2a). 
The negative impacts of RP2 can still be curbed by 
allocating sufficient resources in the project budget 
to properly compensate those who will be displaced 
during the project implementation. Other negative 
impacts in RP1 and RP2 are mostly temporary and 
reversible. For the FCGS, Figs. 2c, 2d and 2e are 
very similar. Most of the negative impacts are 
temporary and reversible and will not result to 
significant negative change. A number of positive 
impacts with high magnitude (i.e. A2 > 1) will occur 
during the operation of the FCGS facilities. The 
RIAM method however cannot provide a measure 
on the effects of the combined impacts of the 3 
FCGS. The results can only imply that simultaneous 
operation of these facilities during a flood event will 
substantially benefit its immediate locality.  

In general, most of the potential negative impacts 
are seen in the construction phase, while most of the 
positive impacts occur during the operation phase. 
For RP2, Majority of the negative impacts were 
observed in the SC category, perhaps this is due to 
the highly urbanized characteristic of the study area. 
Most of the open spaces are already converted for 
residential/industrial use and water-related land use 
(i.e. fish ponds).  The results of this study can be 
re-evaluated and/or verified during the project 
implementation stage as part of the environmental 

Table 6 Sample results of the EIA of SFMM using the RIAM technique. 

Fig.2 Summary of RIAM for the 5 SFMM: a) RP1, b) RP2, c) 
FCGS1, d) FCGS2 and e) FCGS3. 
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management and monitoring activities.  
The entirety of the EIA examination in this study 

shows that the evaluation process by RIAM has 
gone much further than the simple EIA methods 
used in the Philippines. The RIAM technique has 
shown capability to be impartial in the use of 
subjective judgments to achieve more meaningful 
results and made it easier to review the basis of the 
assessment during the examination of the EIA 
conclusions. There is however a limitation when 
examining the cumulative effects of co-located 
(with the same study area) projects, since this has 
not yet been developed in the RIAM technique.  

 
6. CONCLUSION 
 

This study has demonstrated the applicability of 
the RIAM technique as an alternative in the EIA of 
SFMM in the Philippines. The study also 
demonstrated the flexibility of the RIAM to cope 
with the modifications made to enhance the 
efficiency and transparency of the evaluation 
process. The inclusion of the impact descriptor 
negligible impact provided the means to distinguish 
the results that show “negligible impacts” with the 
results that indicate “no change“. Essentially, the 
RIAM technique complements very well with the 
general EIA process in the Philippines, making it 
highly viable for application in other project types. 
One clear limitation however exists: the degree of 
impact remains inconclusive when we try to 
examine the combined effects of co-located 
projects. In general, the EIA of SFMM by RIAM 
provides a simple but very effective means to 
identify the significance of potential impacts in a 
very transparent manner, leading to clearer and 
more meaningful EIA conclusions. The results of 
this study may be useful in the improvement of the 
EIA practice in the Philippines.   
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H I G H L I G H T S

• The RIAM is used in the EIA of flood control projects in the Philippines.
• Project phasing is proposed as additional feature in the RIAM method.
• A slight modification in the B criteria and range bands of the RIAM was proposed.
• The modified RIAM provides highly organized and more meaningful EIA results.
• Results of the modified RIAM indicates improved transparency in the EIA process.
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In recent decades, the practice of environmental impact assessment (EIA) in the planning processes of infra-
structure projects has created significant awareness on the benefits of environmentally sound and sustain-
able urban development around the world. In the highly urbanized megacities in the Philippines, like
Metro Manila, high priority is given by the national government to structural flood mitigation measures
(SFMM) due to the persistently high frequency of flood-related disasters, which are exacerbated by the
on-going effects of climate change. EIA thus, should be carefully and effectively executed to maximize the po-
tential benefits of the SFMM. The common practice of EIA in the Philippines is generally qualitative and lacks
clear methodology in evaluating multi-criteria systems. Thus, this study proposes the use of the rapid impact
assessment matrix (RIAM) technique to provide a method that would systematically and quantitatively eval-
uate the socio-economic and environmental impacts of planned SFMM in Metro Manila. The RIAM technique
was slightly modified to fit the requirements of this study. The scale of impact was determined for each
perceived impact, and based on the results, the planned SFMM for Metro Manila will likely bring significant
benefits; however, significant negative impacts may also likely occur. The proposed modifications were found
to be highly compatible with RIAM, and the results of the RIAM analysis provided a clear view of the impacts
associated with the implementation of SFMM projects. This may prove to be valuable in the practice of EIA in
the Philippines.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Environmental impact assessment (EIA), in principle, is the system-
atic approach used in the identification and evaluation of beneficial and

harmful impacts on the physical, biological and socio-economic compo-
nents of the environment, whichmay arise from the implementation of
projects, plans, programs or policies (Petts, 1999;Wang et al., 2006). At
present, EIA is a common feature in the appraisal of planned infrastruc-
ture projects (Tamura et al., 1994) such as roads (Zhou and Sheate,
2011), flood protection systems (Ludwig et al., 1995) and water supply
systems (Al-agha and Mortaja, 2005). Flood protection systems,
particularly structural flood mitigation measures (SFMM), are
being undertaken throughout the centuries to reduce flood dam-
ages and losses (Poulard et al., 2010). In Southeast Asia, most of
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its key cities, including Jakarta (Indonesia), Bangkok (Thailand)
and Metro Manila (Philippines), to name but a few, are highly
vulnerable to immense inundations and violent floods. Recent
studies on climate change (The World Bank, 2010; Yusuf and
Francisco, 2009) indicated that this region will experience higher
frequency of extreme flood events, creating greater demands for
SFMM. The use of SFMM has perhaps become very valuable in
many urbanized areas; however, poor management decisions in
the implementation of these infrastructures may lead to geomor-
phological, ecological and/or social ramifications (Everard, 2004).
For instance, in the past, several channelization works in Europe
(for the purpose of flood control) brought adverse ecological con-
sequences in many European river systems (Brookes and Gregory,
1983). EIA thus is a necessary step during the early planning stages of
SFMM in order to gain clear insights of the structures' probable impacts
with respect to the different components of the total environment. Like-
wise, the use of appropriate EIA techniques can aid the decision-makers
to formulate appropriate actions based on informed decisions in light of
project urgency and limited resources, which are common constraints
in the developing countries (Shah et al., 2010).

In the Philippines, through Presidential Decree No. 1586 (1978)— a
law that requires the assessment of a proposed project to determine its
effects on the “quality of the environment” — EIA is mandatorily being
carried out on planned SFMM. The EIA methods commonly used are
generally descriptive and qualitative in nature (e.g. Department of
Public Works and Highways, DPWH, 1998; City Office of Navotas,
2009), which are similar to the EIA methods (i.e. ad hoc and simple
checklist methods) described by Lohani et al. (1997). The ad hoc
method is a non-structured approach that generally relies on the
“experience, training and intuition” of the assessing expert. The prob-
lem with the ad hoc method is that it generally lacks the means to
meaningfully organize considerable amounts of information about the
biophysical, social and economic environment. It merely describes the
pertinent information concerning the impacts without much emphasis
on importance and magnitude. This process of assessment is non-
replicable, which makes the EIA conclusions at times difficult to review
or even criticize (Lohani et al., 1997). The simple checklist method, on
the other hand, is structured, elaborative and more systematic com-
pared to the ad hoc method. It typically displays a list of environmental
parameters (or potential impacts) that are evaluated against a set of as-
sessment criteria (Barthwal, 2002; Lohani et al., 1997). One disadvan-
tage of this method is that it often fails to account for the spatial and
cumulative effects of the identified impacts (Munier, 2004). The simple
checklistmethod is also deficientwhen it comes to providing the neces-
sary guidelines for estimating and interpreting the degrees of impacts
(Lohani et al., 1997), which essentially precludes the transparency of
the EIA process. According to Villaluz (2003), one way to advance the
EIA system in the Philippines is to select methods that will provide
better transparency to help “maintain the impartiality of the entire
process”.

An EIA approach that provides for the quantitative analysis of
subjective judgments may help address the limitations of the two
traditional EIA methods mentioned above (Ijäs et al., 2010). Such con-
cepts, including the assessment of cumulative effects, are fundamen-
tal in the rapid impact assessment matrix (RIAM) technique (Pastakia
and Jensen, 1998). The RIAM technique is a semi-quantitative impact
assessment approach that utilizes standardized evaluation criteria
and rating scales. It has been favored in many case-studies from var-
ious sectors (Mondal et al., 2010; El-Naqa, 2005; Al Malek and
Mohamed, 2005; Yeboah et al., 2005) primarily due to its simplicity
and robust application. In spite of its wide reception, there has been
no reference, as far as the authors know, of its use in the EIA of
SFMM in any part of the world. The applicability of the RIAM in the
Philippine EIA system is also yet to be established. The Philippines
can benefit from adopting this EIA method, thus it is important to
provide references of its application. It is necessary however to

ensure the conformity of the RIAM technique with the general impact
assessment approach prescribed in the Philippine EIA system. In this
EIA system, the evaluation and prediction of the likely impacts must
be made in terms of project phase timelines (i.e. pre-construction,
construction, operation and abandonment phases), which have not
been given emphasis in the past RIAM studies that the authors are
aware of.

This paper mainly explores the benefits of using the RIAM tech-
nique in the evaluation of SFMM by examining the results of the EIA
of selected planned SFMM projects in Metro Manila. The primary
aim is to improve the transparency and minimize subjectivity in the
EIA process specific to the SFMM projects in Metro Manila. Further-
more, a slight modification of the RIAM method is proposed not
only to enhance the transparency and sensitivity of the evaluation
process, but also to cope with the requirements of the EIA system in
the Philippines. These modifications are intended to improve the out-
come of the EIA, but may also find application in other infrastructure
projects. The following sections introduce the basic profile and envi-
ronmental conditions of the study area; elaborate and demonstrate
the application of the RIAM method; analyze and discuss the results
of the impact assessment; and offer some recommendations and con-
clusions with the aim of providing valuable insights for decision
makers, planners and policy makers for the improvement of the EIA
practice in the Philippines.

2. Environmental setting

Metro Manila is an administrative region in the Philippines that
serves as a focal point for major political and economic activities in
the country. The geographic location of Metro Manila is shown in
Fig. 1. Based on this map, Metro Manila is situated in a semi-alluvial
fan that opens to Manila Bay on the west and Laguna de Bay Lake
on the southeast. At present, the metropolis is comprised of 17 highly
urbanized municipalities that are sharing a relatively small area of
638 km2. The population in Metro Manila is about 11,758,000 per-
sons (National Statistics Office, 2007), making it the most densely
populated administrative region in the country. According to the
study of the National Statistical Coordination Board (2009), about 30%
of the country's gross domestic product comes from Metro Manila. De-
spite the high economic activities in this region, the economic growth
and urban development in many of its municipalities is persistently
slow,which according to Page (2000), is partly due to the frequently oc-
curring disasters caused by immense and violent floods that takes place
during the monsoon and storm periods (from May to October). The
costs of flooding in Metro Manila (based on 2008 values) can range
from PhP 15 billion ($337 million) to PhP 111 billion ($2.5 billion),
which is 3% to 24% of the region's gross domestic product (The World
Bank, 2010). Recent flood events (Rabonza, 2009) are increasingly
devastating, resulting in the loss of many lives and causing immense
damages to properties. According to Fano (2000), the occurrences of
floods inMetroManila have been documented as early as 1898. Howev-
er, there seems to be no record of the actions taken to mitigate the oc-
currences of floods until 1943. The major flood event that took place
in 1943 compelled the Philippine government, shortly after the inci-
dent, to initiate its first comprehensive flood study and flood control
plan, which were completed in 1952 (Bureau of Public Works, 1952).
The flood control plan consistedmainly of drainage improvements cov-
ering most parts of the present day Metro Manila.

This paper focuses on the flood-prone sub-drainage area (approx-
imately 20 km2) that is located at the north-northwest part of Metro
Manila, as indicated in Fig. 1. This sub-drainage area is home to ap-
proximately 160,000 residents. Its topography is generally character-
ized by flat and low-lying coastal plains with ground elevation
ranging from 0 to 1.5 m above mean sea level. It has a mixed land
use comprised of commercial districts, industrial districts, residential
areas and fishponds. As shown in Fig. 1, the study area is bordered by
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two rivers and three creeks with 3 minor river systems traversing the
drainage area from southeast to northwest. The average annual rain-
fall is less than 3000 mm. The river system has limited aquatic biota
due to the poorwater quality condition. Garbage, especially commercial
plastics, was observed deposited along the riverbanks and floating
along the river mid-streams. Migratory birds that feed on insects, fishes
and invertebrates were observed wandering and nesting close to the
Meycauayan River, while few patches of mangroves exist at the lower
section of the Meycauayan River. Most mangrove areas have been
converted to fishponds and settlement areas. Water hyacinths were
observed at the approaching upstream of the Meycauayan River. High
volume of settlers is found at and near the left bank of the upper section
of the Meycauayan River and along narrow natural waterways. Due to
the very poor discharge capacity in this drainage area, floods can easily
manifest during the rainy seasons, contributing to the slow economic
growth rate of the affected municipalities.

To improve the drainage conditions, 2 river improvement works
and 2 open channels were proposed by the Department of Public
Works and Highways (DPWH) (2001), under the Metro Manila flag-
ship program on flood management. Table 1 shows salient informa-
tion of the 4 planned SFMM investigated in this study. The locations
of these structures are shown in Fig. 1. The river improvement
works as described in Table 1 involves the construction of masonry
walls (Dike-1) and riprap dikes (Dike-2) at the left bank of the
lower and upper sections of the Meycauayan River, respectively.
These structures will serve as preventive measures from bank over-
flow, and protection from the scouring effects of turbulent flow
against the river's critical bends and bridge abutments. The open
channels consist of a diversion canal (Channel-1) that will discharge
excess water from the Polo River to the Palasan River; and a small
drainage channel (Channel-2) that will aid in the draining of surface
water near the lower section of the Meycauayan River (Fig. 1). Settle-
ments can be found along the alignment of the planned open chan-
nels. The authors evaluated the environmental impacts of these 4
planned SFMM with the aid of the RIAM technique.

3. The rapid impact assessment matrix method

Evaluation and review of the EIA was carried out using the RIAM
technique to determine the degree of impacts of the planned floodmit-
igation structures along the immediate and surrounding environment
of the study area. Table 2 shows the scope of the EIA indicated by the
list of 32 environmental components. Impacts that will arise from
the implementation of the planned structures (i.e. Dike-1, Dike-2,
Channel-1 and Channel-2) on each environmental component are de-
noted by the symbol (●). The symbol (X), on the other hand, indicates
that the implementation of the planned SFMM have no perceived

Channel-1 

Channel-2 

Dike-2 
Dike-1 

Fig. 1. Geographical locations of Metro Manila and the study area (right), and locations of the planned structural flood mitigation measures (left). The structural flood mitigation
measures are labeled as follows: Dike-1 and Dike-2 for the lower stream and upper stream dikes, respectively; and Channel-1 and Channel-2 for the diversion channel and small
open channel, respectively.

Table 1
Salient features of the selected proposed structural flood mitigation measure in Metro
Manila.

Structural flood
mitigation measure

Description of activities Length
(m)

Width
(m)

Depth
(m)

Dike-1 Raising of masonry wall,
installation of ripraps and
alteration of river bank
configuration at the lower
section of the Meycauayan
River

4900 4.0 –

Dike-2 Raising of riprap dike,
installation of new ripraps,
and alteration of river bank
configuration at the upper
section of the Meycauayan
River

2340 4.0 –

Channel-1 Construction of diversion
canal between the Polo River
and the Palasan River by
excavation

850 9.6 3

Channel-2 Construction of drainage
channel in the lower reaches
of the Meycauayan River by
excavation

1650 5.6 2.1
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impact on the environmental components. Each of the environmental
component falls under one of the 4 environmental categories defined
by Pastakia and Jensen (1998): physical/chemical (PC), biological/
ecological (BE), social/cultural (SC) and economics/operational (EO).
Typically, the grouping of environmental components stops here, but
for the purpose of this study, the RIAM method is slightly modified to
further sub-group the environmental components in terms of project
phases. As earlier discussed, project phasing improves the outcome of
the EIA, since this allows the review of a wider scope of impacts that
benefits the formulation of environmental management plans. In the
Philippines, based on the national environmental impact statement sys-
tem (Department of Environment andNatural Resources, DENRAdmin-
istrative Order No., 2003-30, 2003), the typical project phases to be
considered for infrastructure projects are pre-construction phase, con-
struction phase, operation phase and abandonment phase. The term
abandonment phase refers to a project phase wherein a project is
decommissioned (or abandoned) upon reaching the end of its produc-
tive life (e.g. Kaiser, 2006; Rapantova et al., 2012), or when it simply
ceases its operation for whatever reason. In this study however, open
channels and river improvements are considered as permanent structures
that are only subject to either maintenance or further enhancement due
to their long term (or perpetual) necessity in Metro Manila, thus the
abandonment phase was not included in this study. The abbreviations
used for the project phases in this study are as follows: Construction
Phase (C), Pre-construction Phase (P) and Operation Phase (O). Giving
emphasis to project phases, each of the environmental components is la-
beled using the following syntax: environmental category — project
phase — sequence number (e.g. Item #2 in Table 2 is labeled as PC-C-1,
which stands for physical/chemical category, construction phase and
first in the sequence of the group PC-C, respectively). In this study, there
are 7, 8 and 14 environmental components in the physical/chemical,
biological/ecological and social/cultural categories, respectively.

The economics/operational category has 3 components that focus
only on major economic considerations during the operation phase.
Similar to most infrastructure projects in the Philippines, the compre-
hensive study of the economic aspect was separately carried out by
the Department of Public Works and Highways (DPWH) (2001),
which ensured that the projects, when implemented, can provide
the desired economic benefits within the covered areas. In addition,
the projects in this study are in part funded through overseas devel-
opment assistance, which reduces the burden of project cost.

The RIAM method has provisions for the semi-quantitative evalu-
ation of environmental components using a set of standardized as-
sessment criteria. Unlike the simple checklist approach described in
Section 1, the evaluation of the assessment criteria in RIAM is clearly
explained by a standard scaling procedure (Pastakia and Jensen,
1998). The assessment criteria are categorized into 2 groups, namely
group A and group B. The A group consists of the Importance Criterion
(A1) and Magnitude Criterion (A2), while the B group consists of the
Permanence Criterion (B1), Reversibility Criterion (B2) and Cumula-
tive Criterion (B3). The scale values of A1 and A2 and the impact de-
scription of each scale are shown in Table 3. The range of scales of
A1 is from 0 to 4 while the range of scales of A2 is from −3 to 3.
In the B group, as shown in column I of Table 4, the range of scales
of each criterion is from 1 to 3, where the scale value of 1 denotes
no change/not applicable. The impact descriptions of the scale values
2 and 3, however, vary between B1, B2 and B3 (Pastakia and Jensen,
1998).

The values of the assessment criteria of groups A and B are deter-
mined either by using the experience and intuition of the assessing
team, or by referring to empirical evidences (if available), such as
those acquired from experiments or from generally known past expe-
riences. The descriptions of the scales as shown in Tables 3 and 4
serve as guidelines for the appraisal of each assessment criterion.

Table 2
Summary checklist of potential impacts of each planned structural flood mitigation measure.

Environmental categories Item no. Environmental components Code Structural flood mitigation measures

Dike-1 Dike-2 Channel-1 Channel-2

Physical/chemical 1 Land/soil disturbance due to site clearing PC-P-1 ● ● ● ●
2 Change in land use PC-C-1 X X ● X
3 Local geology and soil erosion PC-C-2 ● ● ● ●
4 Drinking water PC-C-3 ● ● ● ●
5 Erosion and riverbank scouring PC-C-4 ● ● X X
6 Surface and groundwater hydrology PC-O-1 ● ● X X
7 Hydraulic conditions PC-O-2 ● ● ● ●

Biological/ecological 8 Aquatic habitat BE-C-1 ● ● X ●
9 Wildlife and terrestrial impacts BE-C-2 ● ● X ●
10 Riparian and wetlands BE-C-3 ● ● X X
11 Waste generation from construction and excavation BE-C-4 ● ● ● ●
12 Aquatic/freshwater biology BE-C-5 X X ● ●
13 Surface water quality BE-C-6 ● ● ● ●
14 Aquatic habitat BE-O-1 ● ● ● ●
15 Water quality BE-O-2 ● ● ● ●

Social/cultural 16 Involuntary Resettlement SC-P-1 ● ● ● ●
17 Public acceptance SC-P-2 X X ● ●
18 Air quality SC-C-1 ● ● ● ●
19 Noise levels SC-C-2 ● ● ● ●
20 Population dynamics SC-C-3 ● ● ● ●
21 Dependency burden SC-C-4 ● ● ● ●
22 Housing characteristics and utilities SC-C-5 ● ● ● ●
23 Health and safety of construction workers SC-C-6 ● ● ● ●
24 Health and safety of general public SC-C-7 ● ● ● ●
25 Aesthetic and cultural scenic sites SC-C-8 ● ● ● ●
26 Local planning, coordination and economic growth SC-C-9 ● ● ● ●
27 Public utilities and infrastructure SC-C-10 ● ● ● ●
28 Natural environmental and health hazards SC-O-1 ● ● ● ●
29 Urban living conditions SC-O-2 ● ● ● ●

Economics/operational 30 Property and infrastructure EO-O-1 ● ● ● ●
31 Development potential EO-O-2 ● ● ● ●
32 Local revenue and economy EO-O-3 ● ● ● ●

“●” — potential source of impact; “X” — no perceived impact.
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These descriptions however, are vague and may have various inter-
pretations depending on the assessing individual. The worth of the
environmental scores can be compromised if the bases or references
used in the appraisal are not consistently applied in the assessment
of the projects. These bases (or references) were decided upon by
the assessing team prior to the appraisal of each criterion of groups
A and B. In this study, the assessment criteria in Tables 3 and 4 are
further explained using the following descriptions:

a) Assessment criterion A1 (Importance of conditions): Pastakia
(1998) defined A1 as the measure of importance of a project with-
in a specified spatial boundary. In this study, prior to the appraisal
of A1, the spatial boundaries were decided upon by the assessing
team using the study area and the administrative boundaries as
reference. For instance, the term “local condition” (when A1 = 1)
refers to the environmental condition confinedwithin the boundary
of the drainage area (as shown in Fig. 1). This drainage area
encompasses 3 municipalities (i.e. Valenzuela City, Obando and
Meycauayan City). The area that is “immediately outside the local
condition” (when A1 = 2 in Table 3) refer to the parts outside the
drainage area, but within the boundaries of the 3 municipalities.
The term “regional” (when A1 = 3 in Table 3) refers to the admin-
istrative regions that cover the 3 municipalities hosting the
proposed projects (i.e. Metro Manila and Region III). The term
“national” (when A1 = 4 in Table 3) extends to the boundaries of
the Philippine territory.

b) Assessment criterion A2 (Magnitude): Pastakia (1998) defined A2
as a “measure of scale of benefit/dis-benefit of an impact or a condi-
tion”. The “measure of scale” (or significance) typically depends on
the expert judgment of the assessing team, which could be based
on calculable environmental thresholds or perceived magnitude of

impact. Take for example the assessment of river water quality in
terms of dissolved oxygen. If a project is predicted (or perceived)
to cause a slight (or temporary) depletion of dissolved oxygen,
the corresponding magnitude is negative change (or A2 = −1). If
the project however, is predicted to substantially cause the deple-
tion of dissolved oxygen (but still within the permissible limit),
the corresponding magnitude is significant negative change (or
A2 = −2). If the project will cause the depletion of the dissolved
oxygen below the permissible limit, then the corresponding magni-
tude is major negative change (A2 = −3). Each environmental
component may have several indicators for the identification of
magnitude. The indicator with the worst/best magnitude is taken
as the basis for the environmental component being assessed. For
example, the construction of Dike-1will not affect the concentration
of heavymetals on the river, butwill temporarily affect turbidity due
to soil disturbance. Turbidity is thus favored as the magnitude indi-
cator forwater quality instead of heavymetals. The sameprinciple is
applied on the positive scales with focus instead on environmental
improvement.

c) Assessment criterion B1 (Permanence): Pastakia (1998) defined B1
as the “measure of the temporal status of the condition”. This deter-
mines whether the impact of a project is temporary or permanent.
For example, the construction of dike rip raps in Dike-1 is consid-
ered permanent, while the noise that will be generated during its
construction is a temporary condition.

d) Assessment criterion B2 (Reversibility): Pastakia (1998) defined B2
as the “measure of control over the effect of a condition”. It was
pointed out that B2 should not be confused or equated with B1.
For example, the removal of soil during open channelization is
permanent but its effect on the nearby aquatic habitat is reversible.

e) Assessment criterion B3 (Cumulative): Pastakia (1998) described
B3 as the “measure of whether the effect will have a single direct
impact or whether it will be a cumulative effect over time, or a syn-
ergistic effect with other conditions”. This criterion is used to judge
the compounding effects of a condition. For instance, the open
channels, over long periods of non-flow, will stagnate resulting in
poor water quality, which can also be a source of disease causing
vectors. The effect is said to be “cumulative”, thus the assessment
criterion B3 should carry a scale value of 3 according to Table 4.

To clearly represent the image of “no change” or “not applicable” in
the evaluation of the B criteria, the impact descriptor no change/not ap-
plicable is re-assigned to the scale value 0, while the scale value of 1
takes a new impact descriptor negligible change, as shown in column II
of Table 4. The impact descriptor negligible change is proposed in this
study tomake a distinction between non-significant impacts and signif-
icant impacts, which is not clearly delineated in the original procedure.
As pointed out by Kuitunen et al. (2008), the evaluation of the B criteria

Table 3
Assessment criteria of Group A (Pastakia and Jensen, 1998).

Assessment criteria Scale Description

A1 (importance of
conditions)

4 Important to national/international
interests

3 Important to regional/national interests
2 Important to areas immediately outside

the local condition
1 Important only to the local condition
0 No Importance

A2 (magnitude of
change)

3 Major positive benefit
2 Significant improvement in status quo
1 Improvement in status quo
0 No change/status quo
−1 Negative change to status quo
−2 Significant negative disbenefit or change
−3 Major disbenefit or change

Table 4
Assessment criteria of Group B showing the original (Pastakia and Jensen, 1998) and slightly modified scales of each criteria.

Assessment criteria I
Original

II
Slightly modified

Scale Description Scale Description

B1 (permanence) 0 No change/not applicable
1 No change/not applicable 1 Negligible change
2 Temporary 2 Temporary
3 Permanent 3 Permanent

B2 (reversibility) 0 No change/not applicable
1 No change/not applicable 1 Negligible change
2 Reversible 2 Reversible
3 Irreversible 3 Irreversible

B3 (cumulative) 0 No change/not applicable
1 No change/not applicable 1 Negligible change
2 Non-cumulative/single 2 Non-cumulative/single
3 Cumulative/synergistic 3 Cumulative/synergistic
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becomes difficult when the significance of impacts “seems to vary and
whose characteristics also vary”, necessitating the need for disambigu-
ation. In this study, to address the ambiguity of varying impact signifi-
cance (particularly in the assessment of the B criteria) the impact
descriptor negligible change (which represents non-significance) is in-
cluded in the evaluation options. The modifications mentioned above
are intended to enhance the transparency of the RIAM method.

Using the scales determined in each of the assessment criteria, the
environmental score (ES) is calculated using the simple formula
(Pastakia and Jensen, 1998):

ES ¼ A1� A2½ � � B1þ B2þ B3½ �: ð1Þ

The environmental score is used to classify the impact in terms of
the degree of change represented by range bands as defined by
Pastakia and Jensen (1998). Table 5 shows the range bands with the
corresponding range of environmental scores and impact descrip-
tions. For example, an environmental component with a computed
environmental score of 38 would fall within the range band [+D].
However, in response to the slight modification made in the original
assessment criteria in Table 4, the range bands were slightly revised
to replace [N] with [NI] and [NC], where [NI] stands for no identified
impact and [NC] for negligible change. Both [NI] and [NC] have an en-
vironmental score of 0. The difference between [NI] and [NC] is that
the range band [NI] is given when all the scale values of the assess-
ment criteria are zero, while the range band [NC] is applied when
there is at least one non-zero scale value in any of the assessment
criteria. Consequently, this enhances the efficiency of the evaluation
process by allowing the identification of the range band [NI] for an en-
vironmental component with no perceived impacts (symbol “X”) in
Table 2 prior to the actual implementation of the RIAM technique. To il-
lustrate, with reference to Table 2, Dike-1 has no impact on Item #2
(PC-C-1), hence, the scale values of all the assessment criteria automati-
cally take the value of zero, and equivalently, a range band of [NI].

4. EIA using the rapid impact assessment matrix technique

Table 6 shows the summary of the RIAM analysis of Dike-1,
Dike-2, Channel-1 and Channel-2 showing the appraisal of the assess-
ment criteria, the calculated environmental scores and the corre-
sponding range bands. To illustrate how the range bands were
determined using the slightly modified RIAM, consider the impact as-
sessment of Dike-1 at Item #3 (PC-C-2) in Table 6, which represents
the impacts on local geology and potential soil erosion in Table 2.
Dike-1 was evaluated to determine the impacts of its activities on the
environmental component PC-C-2 (which stands for physical/chemical

environmental component; construction phase; and specifically, geo-
logical and soil aspects in Table 2) during the construction phase. The
activities involved in Dike-1 are: construction of masonry wall, installa-
tion of ripraps, and improvement of river bank configuration to enhance
the river capacity. Its specific activities, particularly site clearing, river-
bed excavation and river bank incision, based on the feasibility study
may temporarily cause soil erosion along the Meycauayan River. The
activities in Dike-1will cover a length of 4.9 km along the lower section
of Meycauayan River, encompassing several municipalities and sub-
drainage areas. These activities, however, are confined only along
the main river channel, thus A1 = 1, indicating PC-C-2's extent of
importance; A2 = −2, since the perceived magnitude of change will
generate significant primary (increase of total suspended solids in the
river stream) and secondary negative impacts (deposition of eroded
soil along the river downstream, which may also affect the mangrove
areas); Then B1 = 2, since the condition that will be caused by
Dike-1's activities is only temporary; B2 = 2, since the negative
impacts of Dike-1 activities can be considered reversible; and B3 = 3,
since silts from eroded river banks may accumulate downstream.
Hence, using Eq. (1), ES = −14. Using Table 5, the environmental
score falls within the range band [−B], which means that Dike-1 will
probably cause negative impacts on PC-C-2 during the construction
phase.

Another example is the assessment of Channel-2 against the envi-
ronmental component BE-C-1 (Aquatic habitat). Emergent aquatic
vegetation contributes to water quality and nutrient cycling that is
vital to any estuary. The removal of riparian vegetation in some por-
tions of the Meycauayan River and along the alignment of the new
open channel in Barangay Tawiran and Barangay Paco could result
in reduced inputs of leaves and twigs, which are important as a
food base for some aquatic organisms, and may contribute to the
increased in-channel photosynthesis. These changes can shift the
aquatic ecosystem from a heterotrophic to an autotrophic state, at
least for the adjacent streams and spawning grounds in Meycauayan
and Obando. Such impacts would have a localized (A1 = 1), medium
intensity (A2 = −2), medium term/temporary (B1 = 2) impacts. To
mitigate these impacts, several bank protection methods that incor-
porate vegetation can be carried out. Essentially, these designs have
the same environmental benefits as vegetative designs. Four of the
most widely used and successful of these techniques are erosion con-
trol matting, cellular concrete blocks, seeded soil-covered riprap, and
stem-sprouting woody plants in combination with engineering mate-
rials; another option is through replanting of mangroves and nipas
along the riverbanks. For inland vegetation, buffer zones should
be established along the naked open channel where the use of
native or endemic trees is highly recommended, thus the impact is re-
versible (B2 = 2) and negligibly cumulative (B3 = 1). Using Eq. (1),
ES = −10, which is equivalent to range band [−B] according to
Table 5.

The studywas carefully carried out by a teamof EIA practitioners and
researchers that have a combined experience of more than 10 years in
the preparation of feasibility studies and environmental impact assess-
ment of SFMM in the Philippines. Themain assessing team is composed
of the authors and experienced EIA consultants. The authors are aca-
demics and experts in the field of hydrology and water resources man-
agement. The EIA consultants include a civil/environmental engineer,
hydrogeologist, aquatic/marine and terrestrial biologist, air and water
quality specialist, and social development specialist (urban planner).
Using the modified procedures of the RIAM method described in
Section 3, Table 6 was created using collected information from actual
field investigation and secondary data. The actual field investigation in-
cluded environmental surveys (i.e. water quality, sediment quality, air
quality and terrestrial surveys) and social (stakeholder perception) sur-
veys. Other socially relevant concerns were acquired through focus
group discussions participated by key stakeholders (composed of com-
munity leaders, government representatives, academics and residents

Table 5
Conversion table of environmental scores to range bands (Pastakia and Jensen, 1998)
with slight modification.

Range
bands

Environmental
scores

Description

+E +72 to +108 There will be a major positive change or impact
+D +36 to +71 There will be a significant positive change or impact
+C +19 to +35 There will be a moderate positive change or impact
+B +10 to +18 There will be positive change or impact
+A +1 to +9 There will be a slight positive change or impact
NI 0 No identified impact (A1, A2, B1, B2 and B3 have

zero scores)
NC 0 Negligible change (At least one assessment criterion

is non-zero)
−A −1 to −9 There will be a slightly negative change or impact
−B −10 to −18 There will be a negative change or impact
−C −19 to −35 There will be a moderate negative change or impact
−D −36 to −71 There will be significant negative change or impact
−E −72 to −108 There will be a major negative change or impact
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within the study area). Other information were acquired from the
unpublished studies of SFMM under the flood control projects of the
Department of Public Works and Highways; reports from international-
ly funded studies along the study area; and socio-economic profiles of
local government units, as well as from the interviews of relevant
government agencies and municipal offices.

5. Results and discussion

Negative impacts often require serious attention from planners
and decision-makers, since these eventually become the backbone
of environmental management and monitoring plans, and sometimes
the basis for the acceptance or rejection of a proposed project (Lohani
et al., 1997). In this section, more attention is given on the examina-
tion of negative impacts, with focus on the environmental categories
(i.e. physical/chemical, biological/ecological, social/cultural and eco-
nomics/operational categories) and project phases. Basic suggestions
for the reduction of negative impacts are offered whenever deemed
necessary and applicable. According to Table 6, the assessment
criteria (A1, A2, B1, B2 and B3) were evaluated and the environmental
scores were calculated to determine the range band of each environ-
mental component affected by the 4 planned structures (i.e. Dike-1,
Dike-2, Channel-1 and Channel-2). The item numbers in Table 6 cor-
respond to the description of environmental components in Table 2.
For example, Item #1 (PC-P-1) in Table 6 corresponds to description
“Land/soil disturbance due to site clearing” in Table 2.

5.1. Physical/chemical category

In Table 6, under the physical/chemical category, the lowest scores
and corresponding range bands of Dike-1, Dike-2, Channel-1 and
Channel-2 are (−14,[−B]), (−14,[−B]), (−14,[−B]) and (−10,[−B]),
respectively, which mainly occur in Item #4 (PC-C-2), except for
Channel-1, which occurs in Item #2 (PC-C-1). This indicates that all of
the seriously adverse impacts on the physical/chemical category, particu-
larly with regard to the local geology and soil erosion Item #3 (PC-C-2),
will occur during the construction phase. The range band of Channel-
1with regards to the change in land use during the construction phase
(Item #2, PC-C-1) is [−B], which indicates that substantial change will
occur, and that there may be secondary consequences on the biological/
ecological and social/cultural categories.

The range band of the dike structures concerning the surface and
groundwater hydrology (Item #6, PC-O-1) is [−A], while the open chan-
nel structures have the range band [NI]. The main reason for this differ-
ence is that the interlocking revetments, which will be constructed in
the dike structures, will partly interrupt the exchange between the sur-
face water and groundwater. However, the impact is considered to be of
low intensity since the exchange will continue through the river bed.

With regard to other impacts on land/soil disturbance (Item #1,
PC-P-1) and water quality (Item #4, PC-C-3), the effects are surmised
to be negligible (range band [NC]), indicating that any of these struc-
tures will not pose any severe impacts on those environmental com-
ponents within the study area. Significantly high positive range band
[+D] occurs in Item #7 (PC-O-2) for Dike-1 and Dike-2, which

Table 6
RIAM analysis and results of the selected planned structural flood mitigation measures in Metro Manila.

Item no. Code Structural flood mitigation measures

River improvement works at the
lower section of the Meycauayan
River (Dike-1)

River improvement works at the
upper section of the Meycauayan
River (Dike-2)

Diversion channel between the
Polo River and the Palasan River
(Channel-1)

Small open channel near the lower
reaches of the Meycauayan River
(Channel-2)

RIAM analysis RIAM analysis RIAM analysis RIAM analysis

A1 A2 B1 B2 B3 ES RB A1 A2 B1 B2 B3 ES RB A1 A2 B1 B2 B3 ES RB A1 A2 B1 B2 B3 ES RB

1 PC-P-1 0 −1 2 2 1 0 NC 0 −1 2 2 1 0 NC 0 −1 2 2 1 0 NC 0 −1 2 2 1 0 NC
2 PC-C-1 0 0 0 0 0 0 NI 0 0 0 0 0 0 NI 1 −2 3 3 1 −14 −B 0 0 0 0 0 0 NI
3 PC-C-2 1 −2 2 2 3 −14 −B 1 −2 2 2 3 −14 −B 1 −2 2 2 1 −10 −B 1 −2 2 2 1 −10 −B
4 PC-C-3 4 0 2 2 1 0 NC 4 0 2 2 1 0 NC 4 0 2 2 1 0 NC 4 0 2 2 1 0 NC
5 PC-C-4 1 2 3 2 1 12 +B 1 2 3 2 1 12 +B 0 0 0 0 0 0 NI 0 0 0 0 0 0 NI
6 PC-O-1 1 −1 2 2 1 −5 −A 1 −1 2 2 1 −5 −A 0 0 0 0 0 0 NI 0 0 0 0 0 0 NI
7 PC-O-2 2 3 3 2 1 36 +D 2 3 3 2 1 36 +D 1 3 3 2 1 18 +B 1 3 3 2 1 18 +B
8 BE-C-1 1 −2 2 2 1 −10 −B 1 −2 2 2 1 −10 −B 0 0 0 0 0 0 NI 1 −2 2 2 1 −10 −B
9 BE-C-2 1 −1 3 3 1 −7 −A 1 −1 3 3 1 −7 −A 0 0 0 0 0 0 NI 1 −1 3 3 1 −7 −A
10 BE-C-3 1 −2 3 2 0 −10 −B 1 0 2 2 3 0 NC 0 0 0 0 0 0 NI 0 0 0 0 0 0 NI
11 BE-C-4 1 −1 2 2 3 −7 −A 1 −1 2 2 3 −7 −A 1 −1 2 2 3 −7 −A 1 −1 2 2 3 −7 −A
12 BE-C-5 0 0 0 0 0 0 NI 0 0 0 0 0 0 NI 1 −1 2 3 1 −6 −A 1 −1 2 3 1 −6 −A
13 BE-C-6 1 −1 2 1 3 −6 −A 1 −1 2 1 3 −6 −A 1 −1 2 1 3 −6 −A 1 −1 2 1 3 −6 −A
14 BE-O-1 1 1 3 2 1 6 +A 1 1 3 2 1 6 +A 1 0 3 2 1 0 NC 1 0 3 2 1 0 NC
15 BE-O-2 1 1 3 2 1 6 +A 1 1 3 2 1 6 +A 1 0 3 2 1 0 NC 1 −1 3 2 1 −6 −A
16 SC-P-1 2 −2 3 3 1 −28 −C 2 −3 3 3 1 −42 −D 2 −3 3 3 1 −42 −D 2 −2 3 3 1 −28 −C
17 SC-P-2 0 0 0 0 0 0 NI 0 0 0 0 0 0 NI 1 −1 3 3 0 −6 −A 1 −3 3 3 0 −18 −B
18 SC-C-1 1 −1 2 1 2 −5 −A 1 −1 2 1 2 −5 −A 1 −1 2 1 2 −5 −A 1 −1 2 1 2 −5 −A
19 SC-C-2 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A
20 SC-C-3 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A
21 SC-C-4 2 1 2 1 1 8 +A 2 1 2 1 1 8 +A 2 1 2 1 1 8 +A 2 1 2 1 1 8 +A
22 SC-C-5 2 0 2 1 1 0 NC 2 0 2 1 1 0 NC 2 0 2 1 1 0 NC 2 0 2 1 1 0 NC
23 SC-C-6 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A
24 SC-C-7 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A
25 SC-C-8 0 −1 2 1 1 0 NC 0 −1 2 1 1 0 NC 0 −1 2 1 1 0 NC 0 −1 2 1 1 0 NC
26 SC-C-9 1 1 2 1 1 4 +A 1 1 2 1 1 4 +A 1 1 2 1 1 4 +A 1 1 2 1 1 4 +A
27 SC-C-10 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A 1 −1 2 1 1 −4 −A
28 SC-O-1 2 3 3 1 1 30 +C 2 3 3 1 1 30 +C 1 −2 2 2 0 −8 −A 1 −2 2 2 0 −8 −A
29 SC-O-2 2 3 3 1 1 30 +C 2 3 3 1 1 30 +C 1 3 3 1 1 15 +B 1 3 3 1 1 15 +B
30 EO-O-1 1 1 3 1 1 5 +A 1 1 3 1 1 5 +A 1 1 3 1 1 5 +A 1 1 3 1 1 5 +A
31 EO-O-2 1 3 3 1 1 15 +B 1 3 3 1 1 15 +B 1 3 3 1 1 15 +B 1 3 3 1 1 15 +B
32 EO-O-3 2 3 3 1 1 30 +C 2 3 3 1 1 30 +C 2 3 3 1 1 30 +C 2 3 3 1 1 30 +C

No. of RB (−) 15 14 15 16
No. of RB (+) 9 9 7 7

143R. Gilbuena Jr. et al. / Science of the Total Environment 456-457 (2013) 137–147

[226]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

indicates that the hydraulic conditions of the Meycauayan River will
substantially be improved when the dike structures are completed.

5.2. Biological/ecological category

Under the biological/ecological category, the lowest scores and cor-
responding range bands of Dike-1, Dike-2, Channel-1 and Channel-2
are (−10, [−B]) on Item #8 (BE-C-1) and Item #10 (BE-C-3); (−10,
[−B]) on Item #8 (BE-C-1); (−7, [−A]) on Item #11 (BE-C-4) and
(−10, [−B]) on Item #8 (BE-C-1), respectively. These results indicate
that the most adverse impacts in the biological/ecological category, par-
ticularly on the aquatic habitat (Item #8, BE-C-1), will occur during the
construction phase. Presence of riparian species (Item #10, BE-C-3)
were observed along the proposed location of Dike-1 in theMeycauayan
River, thus would result to a negative impact. If the removal of man-
groves cannot be prevented, the negative impact of Dike-1 can be
reduced by replanting equivalent riparian species in other viable sec-
tions of the river (for example, at the right bank).

The range band [+A] occur only for Dike-1 and Dike-2 on Item
#14 (BE-O-1, aquatic habitat) and Item #15 (BE-O-2, surface water
quality), which indicates that the operation of the dike structures
will slightly bring benefits to the river environment in the ecological
sense. On the other hand, the operation of the open channels will
not experience substantial change, as indicated by the range band
[NC]. However, slight negative impact [−A] in Channel-2 may occur
due to the decay of inundated vegetation and water stagnation
(non-flow of water) during the dry seasons that would further dimin-
ish the quality of the surface water due to eutrophication (Huang et
al., 2003; Kneis et al., 2009).

5.3. Social/cultural category

Under the social/cultural category, the lowest scores and range
bands of Dike-1, Dike-2, Channel-1 and Channel-2 are (−28, [−C]),
(−42, [−D]), (−42, [−D]) and (−28, [−C]), respectively. These re-
sults show that among the 4 environmental categories, the planned
structures will generate the most severe impacts [−D] in the social/
cultural category, which will occur particularly in Item #16 (SC-P-1,
involuntary resettlement). This indicates that the displacement of
settlers along the affected areas is a highly sensitive issue that re-
quires serious attention to address just compensation, and allocate
ample resources (Lohani et al., 1997) for resettlement. Tamura et al.
(1994) emphasized that consensus with the regional inhabitants
must be obtained before any project is realized to avoid serious prob-
lems afterwards.

With regard to significant negative impacts, the range bands in
Item #16 (SC-P-1) show that Dike-2 and Channel-1 have more severe
impacts thanDike-1 and Channel-2, which is primarily due to the higher
density of settlers residing directly along Dike-2 and Channel-1, as
confirmed during the site survey. Other negative impacts (i.e. [−A]
and [−B]) during the pre-construction phase may occur on Item #17
(SC-P-2, public acceptance), but only for the planned open channels as
a result of the general public's fears due to the lack of understanding
on the project's benefits and negative impacts. The negative impacts
however, may be resolved through proper information and education
campaign.

During the construction phase, several slightly negative impacts
(range band [−A]) will occur, particularly in Item #18 (SC-C-1, air
quality), Item #19 (SC-C-2, noise level), Item #20 (SC-C-3, population
dynamics), Item #23 (SC-C-6, health and safety of workers), Item #24
(SC-C-7, health and safety of public) and Item #27 (SC-C-10, public
utilities and infrastructures). The negative impacts in Item #18
(SC-C1) and Item #19 (SC-C-2) are manageable as long as the
contractors operate their equipment in compliance with the local
environmental standards. With regard to Item #20 (SC-C-3), the
expected impacts are only temporary, which may improve after the

SFMM are completed. The negative impacts that will occur on Item
#23 (SC-C-6), Item #24 (SC-C-7) and Item #27 (SC-C-10) can be
addressed by requiring the contractors to prepare and strictly adhere
to their construction safety procedures.

During the operation phase, positive impacts ([+B] and [+C]) are
generally anticipated, however, slightly negative impact may occur
on Item #28 (SC-O-1, natural environmental and health hazards)
during the operation of open channel structures. As mentioned
above, water stagnation may occur in the open channel structures,
which in turn may become the breeding ground for disease-carrying
vectors (such as dengue-carrying mosquitoes) since the incidence of
dengue has been reportedly quite prevalent around the study area
(Department of Health, DOH, 2008). These hazards, imposed by the
open channel structures, may be reduced by ensuring the constant
flow of surface water either by engineering design or by operational
means.

5.4. Economics/operational category

Finally, under the environmental/operational category, no nega-
tive impact was identified, since it is believed that the SFMMwill con-
tribute significantly in the regional economy influenced by the study
area. The highest score (ES = 30) with range band [+C] occurs in
Item #32 (EO-O-3, local revenue and economy), which strongly sup-
ports the presumption of the positive contributions of the planned
structures. The cost of implementation was not included in the as-
sessment since, as mentioned in Section 3, the planned structures
are the alternatives found economically feasible for flood mitigation
in the study area. This creates the presumption that the cost of imple-
mentation (without the mitigation measures to reduce the negative
impacts) can be shouldered by the budget provided by the national
government.

5.5. General analysis

As a whole, the total of the negative and positive range bands of
Dike-1, Dike-2, Channel-1 and Channel-2 are (15,9), (14,9), (15,7)
and (16,7), respectively (shown in Table 6). The relatively close
values of these sums indicate that there is not much difference in
the number of positive and negative impacts among the 4 planned
SFMM. However, to further examine the positive and negative im-
pacts of the 4 planned structures, the sum of environmental scores
were calculated for the physical/chemical, biological/ecological, so-
cial/cultural and economics/operational as shown in Table 7. As
seen in this table, there exists a clear gap between the positive im-
pacts of the dike structures (Dike-1 and Dike-2) and the open channel
structures (Channel-1 and Channel-2). The dike structures are gener-
ally more desirable compared to the open channel in terms of the
physical/chemical, biological/ecological and social/cultural categories,
while the economics/operational category generates the same cumu-
lative scores. On the other hand, the cumulative scores of the negative
impacts do not show any clear conclusion as to which structure will
generate more severe impacts. The results in the social/cultural

Table 7
Summary of the summed environmental scores of the structural flood mitigation
measures.

Structural flood
mitigation measures

Cumulative positive
environmental scores

Cumulative negative
environmental scores

PC BE SC EO PC BE SC EO

Dike-1 48 12 72 50 −19 −40 −53 0
Dike-2 48 12 72 50 −19 −30 −67 0
Channel-1 18 0 27 50 −24 −19 −81 0
Channel-2 18 0 27 50 −10 −42 −79 0

PC, physical/chemical; BE, biological/ecological; SC, social/cultural; EO, economy/
operational.
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category, however, indicate that open channel structures are less
socially desirable compared to the dike structures.

To compare further the impacts of the 4 planned structures in
terms of the environmental categories, a histogram was created to
represent the impact profiles as shown in Fig. 2. By inspection, [−A]
is the most numerous range band in all the 4 planned structures
(dominated by the social/cultural category), while [−E] and [+E]
are not present in any of the proposed projects. Negative impacts
are much more numerous than the positive impacts, however, most
of the negative impacts are within the range band [−A]. The positive
impacts on the other hand are fairly distributed in the scale of
positive range bands. Generally, the impact profiles of Dike-1 and
Dike-2 are very similar to each other. Likewise, the impact profiles
of Channel-1 and Channel-2 are also very similar, which implies
that similar types of structural flood mitigation projects will likely
generate the same impacts provided that the environmental condi-
tions are also similar (such as in the case of co-located projects).

To examine the impacts of the planned structures used in this study
in terms of the project phases, a histogram was created as shown in
Fig. 3. By closer inspection, the most number of negative impacts
occur during the construction phase,while the least number of negative
impacts take place during the pre-construction phase. The most severe
impacts however, are generated during the pre-construction. Most of
the positive impacts occur during the operation phase, and some even
occur during the construction phase, which indicates that upon comple-
tion, the planned structures will generally benefit the environment,
which indicates that implementation of the 4 planned structures will
in the long run provide benefits to both the human and ecological
environments.

The entirety of the EIA examination in this study shows that the
evaluation process using the RIAM technique has gone much farther
than the simple EIA techniques being used in the Philippines in the
past. This method of assessment has improved the impartiality of
the EIA process, particularly in the use of subjective judgments, to
achieve more meaningful results. The bases of the assessment were

made clearer and more transparent during the examination of the
EIA conclusions. There is however a limitation when examining the
cumulative effects of co-located (with the same study area) projects,
since the procedure for this has not yet been developed in the RIAM.
Subjectivity of judgment, however, may still persist when the avail-
ability of empirical evidence is not sufficient, thus relying on the ex-
perience and intuition of the assessor.

The assessment criteria in group A heavily affect the outcome of
the Environmental Score. Take for example the scale values for the as-
sessment criterion A1 (Table 3). A value of zero may immediately
mean that the project has no impact. Further, the descriptions refer-
ring to the spatial boundaries are quite vague (e.g. local condition, re-
gional, etc.). It is thus necessary for the assessing team to define the
spatial boundaries as a preliminary step prior to appraisal. It is also
important to take caution when assigning a value of zero for both
A1 and A2.

For future studies, the application of the RIAM technique could be
extended to soft-structural (e.g. mangrove re-forestation) and non-
structural (e.g. early flood warning system) flood mitigation mea-
sures to achieve a more complete insight concerning the environ-
mental impacts associated with flood mitigation. The soft structural
and non-structural measures often serve as complement to the struc-
tural measures that reduce not only the consequences of flood risks,
but also adverse impacts on the surrounding environment.

6. Conclusion

The case of the EIA of SFMM in Metro Manila has demonstrated
the applicability of the RIAM technique as an alternative EIA method
in the Philippines. The study also demonstrated the flexibility of the
RIAM technique to cope with the modifications made to enhance
the efficiency and transparency of the evaluation process, with partic-
ular reference to the slight modification of the assessment criteria in
the B group and the integration of the project phases in the EIA exam-
ination process. The inclusion of the impact descriptor negligible

(a) Dike-1 

(c) Channel-1 

(b) Dike-2 

(d) Channel-2 

Fig. 2. RIAM histogram of the environmental categories for each structural flood mitigation measure (i.e. Dike-1, Dike-2, Channel-1 and Channel-2). The histograms represent the
aggregated impacts of environmental components of each environmental category. The environmental categories are identified as follows: physical/chemical (PC), biological/eco-
logical (BE), social/cultural (SC) and economics/operational (EO).
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impact provided the means to distinguish the results that show
“negligible impacts” with the results that indicated “no change”.
Essentially, the RIAM technique complements very well with the gen-
eral EIA approach in the Philippines, making it highly viable for appli-
cation in other project types. Subjective judgment however is still
evident in the assessment process, but the combination of appraisal
by quantitative scaling and estimation of the degree of impacts by
means of the range bands presents an improvement compared with
the traditional methods with regards to the impartiality of the entire
EIA process. Another limitation of the RIAM technique is that it cur-
rently does not provide for the evaluation of aggregated impacts of
co-located SFMM projects, which could perhaps be addressed by
assigning weights on the importance and magnitude of each of the
planned structure. In general, the EIA of SFMM by the RIAM technique
provides a simple but very effective means to identify the significance
of potential impacts in a very transparent manner, leading to clearer
and more meaningful EIA conclusions. The results of this study may
be useful in the improvement of the EIA practice in the Philippines.
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The paper presents the investigation of morphological changes and simulation of circulation in the Hai Phong 
area, Vietnam using remote sensing and measured data for a period of 1965-2005. During this period, the 
shoreline and sea bottom relief have changed considerably. The circulation and sediment transport process were 
simulated by developing a modeling system. In the system, three-dimensional thermo-dynamic primitive 
equations were used to investigate current velocity, water level, and the sediment transport. A special computing 
procedure was applied to the river boundaries because the tidal range in the area is approximately 4 m. In addition 
to the model study, a record of field survey for the wave climate is presented in a period from 2005 to 2006. The 
result suggests that the wave energy is small throughout a year, and the wave-induced current is negligible in the 
Hai Phong estuary. The numerical results suggest that the discharge of sediment from some river mouths is the 
dominant factor to the morphological changes in the high tidal estuary. That might be a main reason for the high 
turbidity water in the Do Son area. 
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1. INTRODUCTION 
 
 Hai Phong is an active economic city in the north of 
Vietnam and has a principle port of the country. The 
surrounding area contributes to the growth of 
international commerce. The French colony built the 
Bach Dang estuary into a trade base from 1876 to 1890, 
and since then, the Hai Phong port has handled the 
country’s highest cargo volume. The complex 
geography was formed by sediment from tributaries of 
the Thai Binh river system. The Hai Phong estuary is a 
mixed estuary in the northeastern coast of Vietnam and 
is connected to the South China Sea by the Gulf of 
Tonkin. Major sources of fresh water discharge are from 
the Bach Dang and Cam rivers of the Thai Binh river 
system, with monthly average discharges ranging from 
200 m3/s in the dry season to 1,000 m3/s in the wet 
season. The Bach Dang and Cam rivers flow from the 
mouth of the Nam Trieu river into the sea, while the 
Lach Tray river flows from its own mouth. The water of 

Chanh river flows into the sea through the Lach Huyen 
channel. Seawater flows directly into the Hai Phong 
port during a flood tide, and the mixed water returns to 
the bay during an ebb tide. After closure of the Cam 
river mouth in 1981 by the Dinh Vu dyke, the Lach 
Huyen and Nam Trieu channels have become major 
routes to access Hai Phong port. The tidal range in the 
Gulf of Tonkin is approximately 4 m, which greatly 
affects salt water intrusion. The management of the Hai 
Phong port is vital to the economic success of Vietnam. 
But the entrance area is a hot spot of eroded and 
deposited actions. Morphological changes from 
sediment transport have remarkably increased in recent 
years, creating shallower channels; the maximum depth 
was 11–14 m from 1934 to 1938, 10–13 m from 1960 
to 1964, and 6–12 m in 1996. These channels are 
dredged annually to provide safe navigation in the 
waterway1). As the consequence of morphological 
changes, the erosion in Cat Hai Island and northern Do 
Son beach area is a serious issue during the southwest - 
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Fig. 1 The research area near the Hai Phong estuary in Vietnam. 
 
monsoon season from June to September, as is turbid 
water in the Do Son beach area2). The quality of water is 
also of urgent concern because the beach is a natural 
heritage of the French colonial era. Understanding the 
hydrodynamic aspects in the area is crucial to 
discovering a solution to the deteriorating environment. 
 Since the changes in shorelines and bottom relief are 
relatively large in this area so investigation of status of 
erosion and deposition is required. Before a detailed 
assessment, the related data of remote sensing and 
measurements were collected. Then the problem was 
solved by two different tools in morphological research. 
The remote sensing and numerical methods will be 
applied because they meet the demand of large and long 
scale monitoring in the area. 
 First, the estimation of the morphological changes in 
the Hai Phong estuary using satellite images and 
historical bottom topography maps were presented. 
Second, a numerical simulation to estimate the spacial 
distributions of tidal current and sediment transport was 
carried out. A numerical model was used (i) to simulate 
the tidal circulation in both high and low tides, 
considering the effects of large tidal amplitude, and 
river discharges from the Nam Trieu and Lach Huyen 
river; (ii) to calculate the sediment transport rate relative 
to substantial forces, and (iii) to protect future erosion or 
depression by external forces in the estuary and 
turbidity in the Do Son beach area. 

 

2. DATA AND METHODOLOGY 
 
(1) Remote sensing data and method 

The satellite images used in this investigation are the 
LANDSAT TM images that cover the research area in 
November 23, 1989 and November 23, 2001 with a 
spatial resolution of 30 m x 30 m, and a SPOT image 
with a spatial resolution of 20 m x 20 m for November 
23, 2005. The shorelines in 1989, 2001, and 2005 were 
extracted by using the method of image segmentation. 
Individual pixels in a grayscale image were marked as 
land or sea pixels based on a threshold that could find in 
the image histogram. The profiles of shoreline in 1965 

were detected from a topographical map. Using these 
data sets, the shoreline changes in the Hai Phong estuary 
were calculated in a period of 1965-2005. With a series 
of shoreline profiles in 1965-1989, 1989-2001 and 
2001-2005, the deposited and eroded areas were 
estimated and calculated the sediment transport rates 
using GIS technology. With consideration to water level 
variations computed with measured data from the Hon 
Dau station, the Digital Elevation Models (DEM) were 
built from bathymetry maps published in 1965 and 2004. 
By integrating these DEMs, the changes of bottom 
relief were predicted. 

 
(2) Coastal sea modeling system 

The Hanoi University of Science-Vietnam National 
University (HUS-VNU) modeling system, a three-
dimensional (3D) hydrodynamic ocean system3), was 
applied to study nearshore currents in the research area. 
This model solves a problem involving free surface, 
three velocity components, temperature, salinity and 
turbulent kinetic energy, which are later used to 
compute the vertical diffusion coefficient through the 
classical k-l model. The HUS-VNU standard model, 
developed from GeoHydrodynamics and 
Environmental Research (GHER) Model of University 
of Liege, is a 3D hydrostatic primitive equation (PE) 
model that uses an Arakawa C-grid in the horizontal 
axis and sigma-coordinate in the vertical axis. Further 
details of the GHER model can be found in studies 
conducted by Beckers4) and Barth et al.5). The HUS-
VNU system consists of four individual models: (i) 
classical 3D PE model, (ii) surface forcing model, (iii) 
BBL model, and (iv) sediment transport model. The 
boundary conditions can be determined using river 
discharge, tidal fluctuation, wind stress, and wave force. 
In addition, the Smagorinsky scheme was used to 
parameterize horizontal subgrid processes. 
In the 3D PE model, the horizontal viscosity was 
computed using the following equation that considers a 
Prandtl frequency M as 

,
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22              (1) 

where 3,2,1, , Ll  = length scale parameter; L = 1 
for x -axis and 2 for y -axis. The vertical viscosity was 

computed as: Mlν m
2

3 = , where 2
ml = mixing length. For 

the surface forcing model, the wind–wave interaction 
was formularized to obtain surface wave parameters and 
wind surface stress under variable wind speed and 
direction. The wind surface stress can be written as 

  22
10 *aaD uuC ,                (2) 

where = surface wind stress, DC = drag coefficient, 

a = density of air, 10u = horizontal wind speed at 10 m 

from the mean sea level, and *u = shear velocity.  
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The drag coefficient DC  can be expressed as 

    )cua(CD 10
310 ,                           (3) 

where 10.170.0 a , and 12.001.0 c . By 
parameterizing the effect of waves on the airflow, 
Janssen6) found that the airflow stress over surface 
gravity waves is given by  

   
e

e
z z

zzz
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u
u 0 ,            (4) 

where zu = horizontal wind speed at z , = von 

Karman coefficient, ez = surface elevation, and 0z = 
roughness length. In the BBL model, the bottom shear 
stress was calculated analytically using current velocity 
at the point near the bottom layer. The total skin friction 
velocity in the current and wave coexisting field is given 
by      

  sinuuuuu w*c*w*c*cw* 222 ,                (5)   

where cu* = current friction velocity and wu* = wave 

friction velocity, = angle between current and wave. 
These friction velocities are defined as 

21 /
cc* )/(u  and 21 /
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and w  are bottom stress due to current and wave, 
respectively. According to Grant and Madsen7) and 
WAMDI group8), these stresses are expressed as 
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where fw = wave friction factor, bck = apparent bottom 
roughness caused by turbulence in the wave boundary 
layer. At each river mouth, instead of water discharge, 
the total water level was added as 

       

gt 22 ,                                 (7)  

where = total water level at a river mouth, t  = tidal 

level,  = water level due to river discharge, and v = 

average velocity at the river mouth. The 3D sediment 
transport model, the model for suspended transport of 
sediments, is expressed using Fick’s diffusion equation 
as 

2

2

2

2

2

2

z

c

y

c

x

c

)cw(
z

)cw(
z

)cv(
y

)cu(
xt

c

zyx

s

,    (8) 

where c = sediment concentration, sw = fall velocity, 

and the diffusion coefficients x , y , and z  that are 

defined by corresponding coefficients of viscosity 
computed in hydrodynamic model as follows 

;..~;R~; fz 411113  1x  and 

2y . Where fR = Flux Richardson number, 

=constant. Various formulae have been developed in 
a two-dimensional steady-state condition on the basis of 
this equation. When deposition and resuspension 
processes are considered at the bottom layer, the 
boundary condition becomes 

DEQ
z

c
cw

bottom
zs ,              (9)  

where Q = source term describing the quantity of 
sediment per unit area, E = resuspension source, and 
D = deposition source at the bottom. These source 
terms depend on the total skin friction shear velocity 

cwu* , fall velocity sw , critical shear stress of 

resuspension ceu* , and critical shear stress of deposition 

cdu* . The bed load transport rate bq  depends on the 
critical velocity characterized by the sediment type and 
the total skin friction velocity determined by the flow 
feature. In this model, the method of Van Rijn9) was 
used to compute the bed load transport. 
 The HUS-VNU modeling system has been applied 
to the near-shore flow in the Hai Phong estuary, where 
the water creates a shallow and topographically 
complex strong tidal system. The following numerical 
experiments were also performed to investigate 
sediment problems in the Hai Phong estuary. The near-
shore circulation was simulated under tide, and water 
discharge variables. The sediment transport rate was 
then calculated relative to the substantial forces, and the 
time of sediment concentration was recorded over a 
tidal cycle. Finally, the most important goal is to 
understand the erosion and depression mechanism on 
the sea bottom and to interpret turbidity in the Do Son 
beach area. The HUS-VNU modeling system provided 
five layers in the sigma coordinates with a special 
resolution of 200 m. The model was run for 15 days to 
cover the dry season in which wind speed is negligible. 
  
3. RESULTS  
 
(1) Morphological changes  
 In the Hai Phong estuary, the shoreline has changed 
considerably in a period of 1965-2005. The deposited 
area was developed in the west side of the estuary 
especially around the Lach Tray and Cam river mouths. 
Fig. 2 shows the deposited areas near the Lach Tray 
river mouth that expanded about 2.5 km in the north and 
2.3 km in the south, the Cam river mouth that expanded 
about 1.5 km in the south west of Dinh Vu, and the Bai 
Nha Mac that expanded about 1 km in the north of Dinh 
Vu. The sea area has decreased near the Nam Trieu 
river mouth because the sediment deposited in the north 
of Dinh Vu as well as in the south of Bai Nha Mac (Fig. 
3). To assure the rapid economic growth in northern 
Vietnam, a demand for more land will increase in the 
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Hai Phong bay area. Consequently, the reclaimed land 
will change the current pattern and sediment transport 
behavior. Table 1 shows the change in the estuary 
where the recent human activity accelerates the 
sediment transport. The deposition speed is conspicuous 
especially in a period of 2001-2005 (209 ha/year): it is 
approximately twice as much as that in a period of 1989 
- 2001 and 4 times larger than that in a period of  1965 - 
 

 
 

Fig. 2 Shoreline changes in the Hai Phong estuary 
 

 
 

Fig. 3 Changes of bottom relief between 1965 and 2004 
 
Table 1 Shore changes in the Bach Dang river mouth  

  from 1965 to 2005 
 

 

Period 
1965-
1989 

1989-
2001 

2001-
2005 

1965-
2005 

Deposited area (ha) 1142.4 1387.2 836.0 3365.6 
Average Deposition speed 
(ha/year) 

47.6 115.6 209.0 84.1 

Eroded area (ha) 348.0 153.6 168.8 670.4 
Average Erosion speed 
(ha/year) 

14.5 12.8 42.2 16.8 

Erosion/Deposition 
(ha/ha) 1 - 3 1 - 9 1 - 5 1 - 5 

1989. From 1965 to 2005, the total deposited area is 5 
times larger than the eroded area. 

 
 (2) Wave characteristics 

To review the wave climate in the north area of Gulf 
of Tonkin, the monthly and yearly data of wave height, 
period, and direction were collected from the Global 
Wave Statistics. An area of 50x50 km was selected 
around Do Son peninsula (20040’ N, 106049’E). Table 
2 shows the monthly distribution of wave height (m) in 
2003 retrieved from ARGOSS 
(www.waveclimate.com). The values in the cells show 
the monthly wave-height frequency in a percentage 
throughout a year. The result indicates that the 
frequency of wave smaller than 1 m was approximately 
65% whiles that of wave height smaller than 1.5 m was 
95.55%. The finding of this observation exhibits an 
interesting wave distribution in the area. The maximum 
wave height (3.5-4 m) was found in September, and the 
relatively higher significant waves were occurred from 
July to October. The result reflects the fact that the 
waves from the Gulf of Tonkin are dominant in the wet 
season. Fig. 4 depicts the distribution of significant 
wave height from July 2005 to August 2006 at the LHP 
point (20040’22’’N, 107001’0’’E - as shown in Fig. 1). 
The measured significant wave height was from 0 to 2.3 
m. The typical height falls into the range of 0-1.5 m in 
the observation period of 14 months. It is relatively 
large in the summer monsoon season between June and 
September. The wind direction is almost southeast 
(SW). In contrast, the wind direction is northeast (NE) 
in the winter monsoon season, but the dominant wave 
direction is southwest (SW).  

The transformation of propagating waves from 
offshore to onshore could be investigated using these 
datasets. A wave observation was conducted off the Hai 
Phong city from August 1 to August 7 in 2008 using 
pressure-type wave gauges. 

The observation points are indicated as A 
(20°41.5’N, 106°54.2’E), B (20°44.8’N, 106°53.8’E), 
and C (20°47’N, 106°53.5’E) in Fig. 1. Fig. 5 shows the 
time-dependent variations of the significant wave height 
at the three sites. The significant wave height varied 
from 0.1 m to 0.75 m at Sts. A and B and 0 to 0.65 m at 
St. C. It was higher at the stations A and B in the 
observation period. The distance from St. A to St. B is 6 
km and that from St. B to St. C is 4 km. The difference 
of wave height between St. A, St. B or St. C is 
approximately 15 cm. The bottom slope is 
approximately 0.0005 throughout the cross-section (A-
C). In addition, the size of bottom sediment is D50 =  
0.008 mm. 
 The energy flux in the direction of wave propagation 

is gCgH/F 281 . Apply the gradient of the energy 

flux between Sts. A and C 
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Table 2 Monthly frequency of significant wave height  
 in the Hai Phong estuary (ARGOSS, September 2003) 

 

 
 

 
Fig. 4 Distribution of significant wave height  

                                 from July 2005 to August 2006 
 

 
Fig. 5 Significant wave height distribution at stations A, B, and 

                 C from 01/8/2008 to 07/8/2008 
 

)xx/()CHCH(g)/(dxdF AcAgAcgc
2281     

where F = energy flux per unit of width; Cg = group 
velocity; g = gravity acceleration; ρ = water density; 

AH , cH = wave heights at Sts A and C; Ac xx = 
distance between St. A and St. C. During the period 
from 01/8/2008 to 07/8/2008 (Fig. 5), the averaged 
value of gradient of the energy flux is very small: e.g. 

0000310.dxdF [N/s]. Therefore, the following 
results are estimated (1) The energy dissipation due to 
the bottom friction and breaking is negligible in the 
estuary, and (2) The longshore currents are weak. That 
means the cause of sediment transport is not the wave-
induced current. However, the wave action plays an 
important role in mixing and turbid off the Do Son 
beach. In the present numerical simulation, therefore, 
the wave effects were omitted. 
 
(3) Tidal current and trend of sediment transport 

 During 20 years from 1965 to 2005, the current field 
must have changed due to the large changes of 
topography. Investigation of the change in magnitude 
and direction of near-shore circulation is a challenge to 
oceanographers for solving the serious problem of 
sediment transport in the research area. However, the 
limitation is the lack of a huge measured dataset of 
bathymetry and hydrodynamic quantities. This 
investigation could only describe the characteristics of 
current fields and tendency of sediment transport due to 
tide, river discharge, with bathymetry retrieved from a 
topography map of 2004.  
 Figs. 6 and 7 show two instances of near-surface 
velocity vector plots at flood and ebb tides. The speed of 
water flow is about 50 cm/s and that is reasonable when 
compares to field data. The most notable example is 
found in the comparison of two different tidal phases in 
the western and eastern areas of the bay. During flood 
and ebb tides, the surface water creates shoreward and 
seaward flows, respectively, in the western area but the 
flow is reversed in the eastern part of the bay.  
  

 
 

Fig. 6 Typical water circulation fields in the high tide. 
 

 
 

Fig. 7 Typical water circulation fields in the low tide. 
 

The seasonal effects may cause more serious 
damage to coasts than daily effects such as tidal currents 
because the storm surge inundates low lands, erodes 
beaches in the storm or typhoon season. The extent and 
severity of storm impact has recently increased as result 
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 Q = 100 m3/s 

 
Q = 1,000 m3/s 

 
 

Fig. 8 Simulated volumetric concentration [m3/m3] after 15 days    
        for the smallest discharge case [100 m3/s] and the largest 

               discharge case [1,000 m3/s]. 
 
of regional climate change. The Do Son beach area is of 
special interest because the coast suffered great losses 
from several typhoons in the past three decades. 
Nevertheless, the area will remain the most important 
zone for resort and tourism in the north of Vietnam.  
 The current velocity of the tide causes the onshore–
offshore sediment transport, whereas waves sometimes 
have an important influence on the longshore sediment 
transport. The volumetric sediment rate are determined 
using a unit width of the vertical plane extending from 
the bottom to the water surface. We assumed a silt 
bottom and several river mouths at Hai Phong Bay. Fig. 
8 shows the tendency of sediment transport by tidal 
currents after the 15-day run. Two extreme discharges 
are 100 m3/s in the dry season and 1,000 m3/s in the wet 
season. The sediment concentrates off the mouth of 
Lach Huyen river represent the smallest discharge case, 
but a stretch of suspended sediment is wider in the 
largest discharge case. Although the amount of river 
discharge influences sediment transport, the ratio of the 
discharges at all river mouths is the most important 
parameter. Note that the suspended sediment reaches 
Do Son in both cases and results in high turbidity of 
water in the beach area. The present calculations suggest 
that the high-sediment water is transported to the 
southeastern and eastern parts of Cat Ba Natural 
Reserve Island recently polluted by high-turbidity water. 

 4. CONCLUSIONS 
 
The morphological changes and hydrodynamic 

characteristics in the Hai Phong estuary were 
investigated. The geographical result shows complex 
bottom relief due to sediment transport. The creation of 
large deposition area in the Lach Tray river mouth and 
the turbid water in the Do Son beach were confirmed 
using a numerical model. By using observed values of 
sea and river mouth water levels, the time-dependent 
velocity and sediment structures have been numerically 
simulated for the Hai Phong estuary. The results of the 
simulation have provided new insight into the physical 
processes involved in the near-shore circulation and 
sediment transport. The simulation results showed that 
sediment concentration near coasts is very high, even in 
the absence of wind. The total amount of river discharge 
is important in changing the sediment distribution. The 
substantial variation in sediment field caused by small 
discharge is significant at the Do Son beach, where 
water turbidity has recently increased. 
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This paper presents experimental and theoretical investigations of water particle trajectory 
and mass transport of internal waves propagating over a sloping bottom in a two-layer density-
stratified water. The water particle trajectory has been obtained by experimental, numerical, and 
analytical methods for two different thickness ratios as well as two wave periods. In addition, 
the mass transport velocity was estimated. The trajectory of individual particle is not closed but 
shows a quasi-elliptic pattern. It was confirmed from the measured and computed results that 
the particle near the density interface yields a maximum forward drift while one away from 
interface tends to move backward to conserve the mass in the closed wave tank. The theoretical 
solution gives reasonable results for the drift of the water particle near the density interface. 

Key Words: Internal waves, water particle trajectory, mass transport, constant slope

1. Introduction

When waves propagate from the deep water to the 
shallow water, they steepen, deform, and finally break. 
The water particle behavior during the shoaling event is 
the key to understand the nonlinear wave mechanics that 
include the mass transport. The particle motion leads to a 
net mass transport in the direction of the wave 
propagation. For surface waves, the mass transport 
became a well-known physical aspect by the investigation 
of Longuet-Higgins (1953)1). On the other hand, some
solutions for water particle trajectories under the Stokes 
surface waves have been derived by Constantin (2006)2),
Constantin and Villari (2008)3), and Chang et al. (2009)4).
For internal waves, the water particle trajectory and mass 
transport are still not well documented although internal 
waves are believed that they cause the cross-shelf 
transport and affect the dispersal of larvae, sediment or 
phytoplanktons. In a stratified fluid of two layers, 
Wunsch (1971)5) investigated the effects of internal 
waves that encounter a sloping beach, based upon the 
Lagrangian velocity. Umeyama and Matsuki (2011)6)

investigated theoretically and experimentally the 
kinematics of internal waves in a fluid of a constant depth 
with different thickness ratios of upper (fresh water) and 
lower (salt water) layers. Later, Umeyama et al. (2012)7)

measured the particle trajectories over a constant slope in 
the same internal wave tank. Although numerous 
investigations related to nonlinear internal waves have 
been undertaken to examine the water particle path and 

mass transport in a two-layer density-stratified water, no 
theoretically justifiable solution is available. Moreover, 
the Lagrangian properties of particle path are still 
uncertain because of a lack of understanding the behavior 
of water movement under the sea surface. The purpose of 
this study is to reveal the water particle trajectory and the 
mass transport under internal waves propagating above a 
slope experimentally and theoretically. This investigation 
extends the previous study and validates the 
measurements of Umeyama et al. (2012)7) by using a 
two-dimensional (2D) numerical simulation. We also 
propose a theoretical solution for predicting water particle 
trajectory. The idea of application of the method of 
characteristics for water particle trajectory in the real 
beach is presented in section 2. The basics of 
experimental setups and numerical model are roughly 
described in sections 3 and 4. Section 5 describes the 
main results of particle trajectory and mass transport.
Finally, conclusions are drawn in section 6.

2. Method of characteristics for water particle 
trajectory

Consider the internal waves propagating over a 
uniform slope in a two-layer density-stratified fluid. The 
origin of the axes is set at the intersection between the 
undisturbed interface and the slope. Umeyama and 
Shintani (2004)8) derived a reliable solution for the 
displacement of the density interface and the horizontal 
velocity in the lower layer by means of the method of 
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characteristics. The governing equations for the internal 
waves in the lower layer are

η η
2(1 ) 2(1 ) 0II II II II
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h h
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where ηII =interfacial displacement, Ih =upper layer 

thickness, IIh =lower layer thickness, ρI =upper layer 

density, ρII =lower layer density, C =internal wave 

celerity, IIu =horizontal velocity in the lower layer, 

t =time, x =distance from the origin, and g =gravity 

acceleration. 
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The lower-layer thickness for a uniform slope is given by 
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where m =a constant. By adding and subtracting Eqs.(1) 
and (2), and assuming η II Ih h , the results can be 

written in the familiar form: 
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              (5) 

Use of the method of characteristics will make it possible 
to describe ηII and IIu such as 
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where A  = a constant, s =slope, ω =angular frequency, 
and )(XJn = Bessel function of order n . Hereafter, the 

dependent variable X  will not be shown.  
In the upper layer, the momentum and continuity 

equations may determine the surface displacement and 
the horizontal velocity in the same manner. According to 
Umeyama et al. (2012)7), these are 
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To predict the water particle trajectories of internal 
waves on a slope, we denote ( ( ), ( ))I Ix t z t  and 

( ( ), ( ))II IIx t z t  the instantaneous water particle positions 

at time t  in the upper and lower layers, respectively. The 
corresponding velocities are /I Iu x t , and 

/I Iw z t  in the upper layer, /II IIu x t , and 

/II IIw z t  in the lower layer. When the mean position 

of a water particle is given at ( , )I Ix z  for the upper layer 

or at ( , )II IIx z  for the lower layer, the instantaneous 

water particle position is denoted as ( ) ς ( )I I Ix t x t  and 

( ) ξ ( )I I Iz t z t , or ( ) ς ( )II II IIx t x t  and 

( ) ξ ( )II II IIz t z t , where ςI , ξ I  and ςII , ξ II  are the 

horizontal and vertical displacements in the upper and 
lower layers, respectively.  

Umeyama et al. (2012)7) arrived at the solution of ςI

and ςII as
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Fig. 1 Sketch of internal waves in the wave tank

3. Numerical method 

In this section, theoretical aspect for internal waves is 
discussed with a two dimensional numerical model8). In 
this 2D model, the Boussinesq approximation is applied 
to the continuity and momentum equations. The 
governing equations are 
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where w =vertical velocity; P = pressure; υ =kinematic 
viscosity; υt =kinematic eddy viscosity; Sc =Schmidt 

number (=638 for saline water at T=200C); σt =turbulent 

Schmidt number (=1.0); k =turbulent kinetic energy; 

rP =turbulent production due to mean train; G =turbulent 

production due to buoyancy force; ε =dissipation rate; 

μ 0 09c . ; σ 1 0k . ; εσ 1 3. ; ε1σ 1 44. ; ε2σ 1 92. ;

and ε3σ 1 0. . To solve these governing equations, an 

explicit finite difference technique with the fractional-
step method is employed on staggered grids. The
advective terms of Eqs. (12)-(14) and Eqs. (16) and (17) 
are discretized using the ULTIMATE-QUICKET scheme, 
while the diffusive terms are discretized by the central 
difference scheme. With those techniques, the velocity 
and density distribution are computed in the whole flume 
with the spatial resolutions ofΔx =0.03 m andΔz =0.005 
m, and time step ofΔt =0.005 s. The particle trajectory is 
estimated with the same technique described above for 
the experiments.

4. Experiments 

Experiments were conducted in a wave tank, having an 
overall length of 600 cm and a cross section 15 cm wide 
by 35 cm deep. A slide-type wave generator with a D-
shaped wave paddle was placed at one end. A 1-cm-thick 
Plexiglas plate, which served as the plane seabed with 
slope 3 in 50, was fabricated between 100 and 600 cm 
from the wavemaker. A density-stratified fluid consisting 
of fresh water in the upper layer and salt water in the 
lower layer was prepared for a series of experiments. The 
density of the salt water was 1,030 mg/cm3, and the water 
depth was kept at 30 cm during all tests. The upper and 
lower thickness ratio was chosen at hI : hII =15 cm : 15 
cm, and 10 cm : 20 cm. The internal waves with periods 
of T=5.0 s and 7.2 s have been generated for both 
thickness ratios. A 1-cm laser sheet of uniform intensity 
was emitted from the upper side, and covered an area 
between the surface and the sloping bed. The system used 
a high-definition digital video camera with a maximum 
resolution of 1920 X 1080 pixels. The size of the field of 
view (FOV) for the PIV measurement was 64 cm x 30 
cm. The water was seeded with DIAION whose mean 
grain size and specific gravity were 0.11 mm and 1.01, 
respectively. In addition, an internal wave gauge was set 
at 100 cm from the wavemaker to measure the variation 
of the interfacial displacement. The interfacial 
displacements have been obtained using Laser-Induced -  

s
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Table 1 Measured wave height at 100 cm from 
wavemaker for different experimental cases. 

Exp. Thickness ratio Wave period Wave height
1 15 cm : 15 cm 5.2 s 2.6 cm
2 15 cm : 15 cm 7.2 s 2.7 cm
3 10 cm : 20 cm 5.2 s 2.8 cm
4 10 cm : 20 cm 7.2 s 2.4 cm

Fluorescence (LIF) method. 
Recently, the PIV technique has been applied to 

investigate the physical aspects of internal 
waves9)10)11).The basic principle of PIV is evaluating the 
instantaneous velocities through recording the position of 
images of small tracers, suspended in the fluid, at 
successive instants in time. In this investigation, vector 
fields could be obtained with the PIV system processing a 
pair of images, using an interrogation window of 64 x 64 
pixels in a candidate region of 128 x 128 pixels. A cross-
correlation method was performed to calculate the water 
particle displacement and local velocity by processing a 
pair of image frames. Although the representation of the 
velocity vector field in a Eulerian system is a typical 
example of the PIV method, the result can be applied to a 
particle tracking process in a Lagrangian system. In 
general, the particle motion within a tracking time step 
Δt on a Eulerian grid could be estimated as following 
procedures:   
(1) The nodal velocities in a Eulerian system were 
computed by PIV method. 
(2) The particle velocity of a certain  location was 
obtained by interpolating four velocities at neighboring 
nodal points, and  
(3) A particle location was determined by translating the 
particle with the obtained particle velocity. 

5. Results 

5.1. Interfacial displacements 
The numerical model is calibrated using the wave 

height estimated at the location of 100 cm from the wave 
maker. After that, the computed interfacial displacement 
from the 2D hydrodynamic model is compared with one 
from the LIF measurement. For example, in the case of hI

: hII =15 cm : 15 cm, and T=7.2 s, the measured internal 
wave height is approximately 2.7 cm at x=100 cm (Table 
1). Fig. 2 shows a comparison between the measured and 
computed interfacial displacements at x=150 cm. The 
temporal interfacial variation by the 2D model is in good 
agreement with the measured data. Because it is 
impossible to avoid the effects of return flow, reflection 
and higher-order harmonies owing to the closed tank in 
most experiment, the discrepancy between experimental 
and computed results sometimes occurs. However, this 
agreement strongly supports the usefulness of the 
numerical method for internal waves on a sloping bottom. 
Figs. 3 and 4 show the interfacial displacements 
computed by the Eq. 6 for hI : hII=15 cm : 15 cm at 
t/T=0.25 with T=5.2 s and T=7.2 s, respectively.
Umeyama and Shintani (2004) 8) confirmed that the met -
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Fig. 2 Interfacial displacements at x=150 cm  
for hI : hII =15 cm : 15 cm, and T=7.2 s from the 2D 

model and the present experiment 
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Fig. 3 Computed interfacial displacements for  
hI : hII =15 cm : 15 cm, and T=5.2 s by Eq. 6 
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Fig. 4 Computed interfacial displacements for  
hI : hII =15 cm : 15 cm, and T=7.2 s by Eq. 6 

-hod of characteristics can be predict adequately the 
details of the rump profile of  internal waves on the 
sloping bottom. 

5.2. Water particle trajectory
Fig. 5 shows the plots of the measured and computed 

particle orbit geometries for hI : hII=15 cm : 15 cm during 
three wave cycles for T=5.2 s. Fig. 5 (a) depicts the water 
particle trajectories at five elevations at the location of 
x=93 cm. The triangle symbol shows a position of water 
particle estimated from the PIV measurement, and the 
crossed circle symbol depicts the instantaneous location 
computed by the numerical model. In the upper layer, the 
maximum drift distance of measured particle is about 3 
cm while the particle drift near the density interface is 
approximately 9 cm during three wave cycles. The 
computed trajectory by the 2D model near the interface is 
similar to the measured profile. At some elevations in the 
upper layer, the measured particle path is extended 
further in the direction opposing to the wave propagation 
when compared to the computed result. In the lower 
layer, the computed particle paths are in terrible disorder. 
Near the interface, the measured particle movement 
shows a similar trend to the computed one despite the 
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larger drift distance for the experimental once. Fig. 5 (b)
illustrates the water particle trajectories at six elevations 
at the location of x=118.5 cm. The water particle moves 3 
cm in the offshore direction in the upper layer and 2 cm 
in the shoreward direction in the lower layer. Near the 
interface, the drift distance of particle is 7 cm but its 
rotational direction is opposite to the calculated one. 
Agreement of PIV data with numerical result supports the 
existence of the Stokes drift. This result strongly 
recommends further measures of interfacial displacement 
in the internal wave tank and calibrated with the 
numerical model. Water particles move clockwise in the 
upper layer and anticlockwise in the lower layer. Near the 
density interface, the horizontal and vertical 
displacements of the water particle are large relative to 
those near the surface and bottom regions. The particle 
marches forward in a large nonclosed loop at the density 
interface, implying that each particle yields a maximum 
forward drift. 

Fig. 6 shows a comparison of measured and computed 
particle trajectories at x=106 and 118.5 cm for hI : hII=15 
cm : 15 cm and T=7.2 s. The trajectories in the lower and 
upper layers are predicted well by the numerical model 
while there is a discrepancy for both particle trajectories 
near the interface. The measured particle drifts a shorter 
horizontal excursion compared to that in the lower or 
upper layer. The computed particles move further in the 
forward direction near the density interface. 

Fig. 7 depicts the water particle trajectories in the case 
of hI : hII=10 cm : 20 cm with T=5.2 s. The initial 
positions of water particle are x=114 cm and 169.5 cm. A
fair agreement is obtained between experiment and 
numerical results especially in the pattern of movement. 
Near the interface at x=114 cm, the measured particle 
moves shoreward about 3 cm while the computed particle 
moves about 4 cm. The particles shift in the offshore 
direction is noticeable in the lower layer. Near the 
interface at x=169.5 cm, the measured particle moves 
relatively long distance toward the shore. However, there 
is a discrepancy between the measured and computed 
trajectories there. All the particle trajectories are not 
closed in the total depth. The water particles around 
density interface tend to move in the direction of the 

wave propagation while particles in the remaining region 
travel in the opposite direction because of mass 
conservation in the closed tank. 

Fig. 8 illustrates the water particle trajectories for hI :
hII = 10 cm : 20 cm and T = 7.2 s. Fig. 8 (a) depicts the 
trajectories at six elevations at x = 126 cm. The measured 
trajectory shows a discrepancy to the computed ones near 
the interface. In the upper layer, both computed and 
measured particles move in the shoreward direction while 
these in the lower layer move to the offshore direction to 
maintain the mass balance in the closed tank. In this case, 
the upper layer is thicker than the lower layer so that the 
particles near the interface were strongly affected by the 
interfacial displacement. This trend is not the same as one 
along the slope. Fig. 8 (b) shows the water particle 
trajectories at x=155 cm. At this location, the measured 
water particles in the upper layer tend to move to the 
offshore direction while these in the lower layer drift 
toward the shore. In contrast, the computed particles drift 
toward the shore in the total lower layer and the offshore 
in the total upper layer.  

Fig.9 depicts a comparison of the theoretical water 
particle trajectories estimated by the method of 
characteristics and measured particle trajectories for hI :
hII = 15 cm : 15 cm during three wave cycles. Fig 9 (a)
shows the trajectories at x=93 cm with T=5.2 s, while Fig 
9 (b) shows these at x=106 cm with T=7.2 s. Fig. 10
illustrates the similar paths for hI : hII = 10 cm : 20 cm. 
Figs. 10 (a) and (b) show the water particle trajectories at 
x=114 cm with T=5.2 s and at x=155 cm with T=7.2 s, 
respectively. Comparing the measured particle paths and 
those computed from the method of characteristics at the 
same locations, the ideal paths are qualitatively in fair 
agreement with the measured ones. The discrepancy 
occurs because the analytical solution has been derived 
without assuming the reflection on the bottom and the 
return flow from the upper slope. In addition, the 
measured data involves higher harmonics generated by 
the wavemaker. The theoretical prediction is predictable 
in the region just above and below the density interface. 
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Fig. 5 Water particle trajectories for hI : hII = 15 cm : 15 cm, and T=5.2 s
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(a) x=106 cm, h=21.36 cm
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(b) x=118.5 cm, h=22.11 cm
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Fig. 6 Water particle trajectories forhI : hII = 15 cm : 15 cm, and T=7.2 s
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(b) x=169.5 cm, h=20.17 cm
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Fig. 7 Water particle trajectories for hI : hII = 10 cm : 20 cm, and T=5.2 s
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(b) x=155 cm, h=19.3 cm
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Fig. 8 Water particle trajectories for hI : hII = 10 cm : 20 cm, and T=7.2 s
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(b) T=7.2 s, x=106 cm
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Fig. 9 Computed water particle trajectories by the method of characteristics for hI : hII = 15 cm : 15 cm
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(a) T=5.2 s, x=114 cm
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Fig. 10 Computed water particle trajectories by the method of characteristics for hI : hII = 10 cm : 20 cm

5.3. Mass transport due to the propagation of internal 
waves 

The mass transport velocity can be estimated from the 
particle movement. It has been estimated as the ratio of
horizontal particle excursion to its travel time from
measured and computeddata. Figs. 11 and 12 show the 
vertical distributions of averaged mass transport velocity 
for hI : hII = 15 cm : 15 cm in one wave cycle. Fig. 11 (a)
depicts several profiles of measured mass transport 
velocity for T=5.2 s. At six locations, x=93, 106, 119, 
133.5, 147, and 160 cm, all velocity profiles have a 
similar trend. The velocities are negative from z=-5 cm to 
z=5cm. It means that the internal waves tend to transport 
water in the direction of wave propagation near the 

interface. However, in the remaining layers, the waves 
transport water in the opposed direction. The maximum 
value of mass transport velocities is about 0.8 cm/s. This 
velocity is about 20% - 30% of the water particle velocity 
of internal waves. Fig. 11 (b) depicts the computed mass 
transport velocity for hI : hII = 15 cm : 15 cm and T=5.2 s. 
Patterns of computed mass transport velocity show a 
similar trend when fitted to the corresponding measured 
pattern in Fig. 11 (a). The maximum velocity is 
approximately 0.3 cm/s. The difference between the 
computed and measured maximum values might be 
caused by many reasons. In addition to the enclosed 
flume problem, in the Boussinesq approximation in the 
2D hydrodynamic model might cause this difference.  

(a) Measured (b) Computed by 2D model

Fig. 11 Profiles of mass transport velocity for hI:hII=15 cm:15 cm, and T=5.2 s

(a) Measured (b) Computed by 2D model

Fig. 12 Profiles of mass transport velocity for hI:hII=10 cm:20 cm, and T=5.2 s
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However, inspecting the measured and computed results, 
the measured mass transport velocity agrees with 
computed one on the variation along the slope. 
Fig. 12 (a) depicts similar profiles of measure mass 
transport velocity for hI : hII = 10 cm : 20 cm with T=5.2 s 
at six elevations. In this case, the measured mass 
transport velocity is positive in the upper layer. These 
values are negative at z = 1 cm and z = -7 cm, but 
positive at z = -5 cm in the lower layer. Fig. 12 (b) shows 
the computed mass transport velocity for the 
corresponding locations. The computed velocity changes 
the elevation of maximum value along the slope. The 
measured and computed results confirm that the mass is 
transported to the shoreward direction near the density 
interface and to the offshore direction in the remaining 
layers.

6. Conclusion

This paper presented an investigation of water particle 
trajectory and mass transport of internal waves for 
different thickness ratios and wave periods along a
uniform slope in a two-layer density-stratified fluid. The 
theoretical solution for water particle trajectory was 
derived applying the method of characteristics. 
Experiments were also carried out to confirm the trend of 
water particle movement and the result was compared to 
the analytical and numerical predictions. When internal 
waves propagate along a slope, the particles near the 
density interface move in the shore direction while those 
in the lower and upper layers move in the offshore 
direction. All particles march in a nonclosed loop and 
move clockwise and anticlockwise in the upper and lower 
layers, respectively. Therefore, the internal waves 
transport the mass with the maximum velocity in the 
shore direction near the density interface. The mass 
transport velocity decreases toward the both boundaries.
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   The paper presents experimental and numerical investigations for understanding the mechanism of mass 
transport by internal wave propagation over a flat bottom in two-layer stratified fluid. The mass transport 
velocity has been estimated from the horizontal excursion of water particle. The water particle trajectories 
were obtained from PIV results in an experimental flume and also computed by a two-dimensional non-
hydrostatic numerical model. We confirmed the numerical model reasonably reproduce the measured 
wave profile as well as the measured mass transport of the internal waves. A series of numerical 
experiments showed the dependency of mass transport on the layer thickness ratio and the wave height. 
We found that the maximum mass transport velocity is highest when the upper and lower layer 
thicknesses are equal and it becomes smaller as the thickness of lower layer exceeds that of the upper 
layer. For all thickness ratios, the mass transport velocity gets larger with increase of internal wave 
height. 

 

Key Words: Internal waves, mass transport, nonlinearity, PIV, numerical model. 

1. INTRODUCTION 
 

Many field observations prove the capacity to 
transport the mass due to internal wave 
propagations. When internal waves propagate from 
offshore to inshore waters, non-linear effects include 
the advection of fluid particles along with 
suspended mass such as sediment, nutrients, larvae, 
as well as contaminants in the direction of wave 
propagation. Inall et al.1) estimated a sustained 
transport of approximately 0.3 m2/s due to nonlinear 
internal waves at the Malin Shelf edge in summer. 
Wang et al.2) observed the frequent drop in daily 
water temperature up to 80C due to the intrusion of 
large nonlinear internal waves at Dongsha Atoll. 
They highlighted the effect of internal waves on 
nutrient circulation in a tropical reef ecosystem. 
Shroyer et al.3) observed over New Jersey’s shelf 
and estimated the month-averaged daily onshore 
transport by nonlinear internal wave propagation is 
about 0.3 m2/s.  

The phenomenon of transport due to internal 
wave propagation has been analytically considered 
by Dore4). He introduced an analytical solution for 
the mass transport velocity due to small amplitude 
oscillatory waves and found that the velocity at the 
interface is in the direction of progressive wave 
propagation. Dore5) also got the same results by 
using the curvilinear coordinate system to describe 
the motions in the interfacial boundary layers. Later, 
Wen and Liu6) investigated the mass transport with 
the effect of viscous damping which is ignored in 
both of Dore’s papers4),5) for a two-layer fluid 
system. They found that the effect of the viscous 
damping plays an important role in estimating the 
mass transport velocities. In ocean and lake, it is 
possible to assume the density structure as a two-
layer system. There are some studies related to mass 
transport due to internal waves that confirmed that 
the mass is transported inshore mostly at the 
interface4),7). Although the fundamental property of 
the mass transport is relatively recognized, the 
effects of layer thickness ratio and non-linearity on 
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 Table 1. Experimental and computed cases with different wave periods and thickness ratios 

 

hI : hII 15 cm : 15 cm 10 cm : 20 cm 
5 cm : 25 

cm 

13 cm : 17 

cm 

Period 

Wave 

height - H 

(cm) 

Wave 

height - H 

(cm) 

Wave 

height - H 

(cm) 

Wave 

height - H 

(cm) 

Wave 

height - H 

(cm) 

Wave 

height - H 

(cm) 

Computed 
T = 7.2 s 1.9 1.5 2.0 0.6 2.48 

T = 5.2 s 1.94 1.26 0.64 2.75 

Measured 
T = 7.2 s 1.9 2.7 1.7 2.4 

T = 5.2 s 2.3 2.8 2.4 2.8 
 
 

 
 

Fig. 1 Sketch of experimental setup 
 

the mass transport are not well understood so far. 
These effects are essential for understanding the 
process in real situation. In the present study, 
laboratory experiments and numerical simulations 
of different thickness ratios and periods (Table 1) 
have been carried out to investigate the particle 
movement and mass transport by internal wave 
propagation in two-layer system. 

 
2. LABORATORY EXPERIMENT 
 

Experiments were conducted in a wave tank, 
having an overall length of 6.0 m and a cross section 
0.15 m wide by 0.35 m deep. A slide-type wave 
generator with a D-shaped wave paddle was placed 
at one end. A density-stratified fluid consisting of 
fresh water in the upper layer and salt water in the 
lower layer was prepared for a series of 
experiments. The density of the salt water was 1,030 
mg/cm3, and the water depth was kept at 30 cm for 
all cases. The upper and lower thickness ratio was 
chosen at hI : hII =15 cm : 15 cm and 10 cm : 20 cm. 
The internal waves with the periods of T = 5.2 s and 
7.2 s have been generated for each thickness ratio. A 
2-mm thick laser sheet of uniform intensity was 

emitted from the upper side, and covered an area 
between the surface and the flume bottom. The 
system used a high-definition digital video camera 
with a maximum resolution of 2016 x 1134 pixels. 
The water was seeded with DIAION (DK-FINE 
HP20SS) whose grain size and specific gravity were 
0.11 mm and 1.01, respectively. In addition, an 
internal-wave gauge was set at 320 cm from the 
wavemaker to measure the interfacial displacement. 
A wave absorber was placed in another end of the 
flume to diminish the reflected wave.  

In this investigation, the vector fields of velocity 
could be obtained with the PIV system processing a 
pair of images, using an interrogation window of 64 
x 64 pixels in a candidate region of 128 x 128 
pixels. A cross-correlation method was used to 
calculate the water particle displacement and local 
velocity by processing a pair of image frames. 
Although the representation of the velocity vector 
field in a Eulerian system is a typical example of the 
PIV method, the result can be applied to a particle 
tracking process in a Lagrangian system. In this 
investigation, the mass transport is determined by 
the particle movement. The detail descriptions of the 
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technique to obtain the particle trajectory can be 
referred to Umeyama and Matsuki8). 
 
3. NUMERICAL MODEL 
 

The theoretical aspect of the present problem is 
based on a two dimensional numerical model9). In 
this 2D model, the Boussinesq approximation is 
applied to the continuity and momentum equations. 
The governing equations are  
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where v =vertical velocity; P = pressure; 

=kinematic viscosity; t =kinematic eddy 

viscosity; Sc =Schmidt number (=638 for saline 
water at T=200C); t =turbulent Schmidt number 

(=1.0); k =turbulent kinetic energy; rP =turbulent 
production due to mean train; G =turbulent 
production due to buoyancy force; =dissipation 
rate; 0 09c = . ; 1.0k = ; 1.3= ; 1 1.44= ; 

2 1.92= ; and 3 1.0= . To solve these governing 
equations, an explicit finite difference technique 

with the fractional-step method is employed on 
staggered grids. The advective terms of Eqs. (1)-(3) 
and Eqs. (5) and (6) are discretized using the 
ULTIMATE-QUICKET scheme, while the diffusive 
terms are discretized by the central difference 
scheme. With those techniques, the velocity and 
density distribution are computed in the whole 
flume with spatial resolutions of x =0.03 m and 

z =0.005 m, and a time step of t =0.005 s. The 
particle trajectory is estimated with the same 
technique for the experiments that could be 
summarized as following steps: 
(1) The nodal velocities in an Eulerian system were 
computed. 
(2) The particle velocity of a certain location was 
obtained by interpolating four velocities at 
neighboring nodal points. 
(3) A particle location was determined by 
translating the particle with the obtained particle 
velocity. 
 
4. MASS TRANSPORT AND EFFECT OF 
DIFFERENT THICKNESS RATIOS 
 

Before discussing about the mass transport using 
measured and computed results, the accuracy of 
numerical model was tested using experimental 
results. Fig. 2 shows a comparison between the 
computed and measured interfacial displacements 
for the case of hI : hII = 15 cm : 15 cm, and the wave 
period T = 7.2 s. In experiments, the wave absorber 
at the one side of wave flume dissipates the wave 
energy to avoid the reflected wave. However, in the 
numerical computations, no wave absorber was 
designed, therefore the waves were considered 
before the reflected wave propagated back to the 
center of the flume. Inspecting the Fig. 2, the 
computed results are in good agreement with the 
measured data. It shows that the 2D model could 
reproduce well the internal wave mechanics in 
laboratory wave tank. As the accuracy of the present 
numerical model was confirmed, numerical 
experiments have been carried out for understanding 
the kinematics of internal waves in two-layer 
system. 

Fig. 3 depicts computed and measured water 
particle trajectories at x = 300 cm for hI : hII = 15 cm 
: 15 cm, T  = 7.2 s with wave height H = 1.9 cm. 
The internal waves propagate from right to left. The 
blue triangle and open circle symbols show the 
measured and computed data for three wave cycles, 
respectively. The particles at the interface move in 
the direction of wave propagation while those in 
remaining parts move in the opposing direction. 
This tendency coincides with the measurement by 
Umeyama and Matsuki8). In the upper layer, water 
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particles travel clockwise while those move anti-
clockwise in the lower layer. The computed and 
measured particle orbits are quite similar at all 
elevations in magnitude and tendency. The 
computed results show that particles near the 
interface skip in the propagating direction with the 
longest distance. It means that the mass has been 
transported significantly near the interface. Near the 
interface the particles travel with unclosed elliptic 
orbits and the minor radius of these elliptic orbits 
become smaller toward the free surface and bottom. 
Close to these boundaries, the particles slip back 
and forth with smaller excursions than those near 
the interface. 

Fig. 4 plots a comparison between measured and 
computed mass transport velocities for the same 
case with Fig. 3. The mass transport velocity is 
calculated as a ratio of horizontal excursion and 
travel time of the particles. In the experiment, 
internal waves transport the mass toward the 
propagating direction in the range from z = -2 cm to 
z = 6 cm while in the numerical simulations they 
transports from z = -2 cm to z = 3 cm. The measured 
mass-transport velocities near surface and bottom 
are faster than the computed ones. The maximum 
values of transport velocities can be seen for other 
laboratory experimental cases as shown in Fig. 5. 
Internal waves transport the mass significantly near 
the interface between two layers.  

Now, we concentrate on the relation of 
maximum mass transport near the interface with the 
thickness ratio. The relationship between mass 
transport and wave height was also considered. Fig. 
6 depicts the sketch of a particle movement and its 
parameters. Variable “a” is denoted for maximum 
horizontal excursion of initial particle near the 
interface (z = 0 cm) after three wave cycles. H is the 
height of internal wave.  

To investigate the relationship between the 
maximum mass transport velocity near the interface 
and the wave height, a series of numerical 
experiments have been carried out with different 
wave heights for the period of T = 5.2 s. Fig. 7 
shows the computed results of maximum mass 
transport velocity versus wave height. The velocity 
increases almost linearly with the wave height for 
all thickness ratios. As the mass transport velocity 
should be vanished in the case of H = 0, the 
relationship ( )massV f H kH= =  could be found 

from the computed results. Where / (3 )massV a T=  is 
maximum mass transport velocity near the interface, 
k  is a proportional constant. The trend is quite 
similar for other thickness ratios. It confirms that the 
maximum mass transport velocity near the interface  
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Fig.2 Comparison between computed and measured 
                 interfacial displacements for hI : hII = 15 cm : 15 
                 cm, T = 7.2 s 
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Fig.3 Particle trajectories for hI : hII = 15 cm : 15 cm,  
                T = 7.2 s with wave height H = 1.9 cm 
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Fig.5 Measured mass transport velocities for the case of 
               hI : hII  = 15  cm  : 15 cm  

 
 

 
Fig.6 Sketch of water particle movement 

 
 

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

M
ax

im
um

 m
as

s 
tr

an
sp

or
t v

el
oc

ity
 (

cm
/s

)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Wave height H (cm)

15 cm : 15 cm
Trendline
10 cm : 20 cm
13 cm : 17 cm
05 cm : 25 cm

 
 

Fig. 7 Variation of maximum mass transport velocity near the  
             interface with internal wave height (H) for T = 5.2 s 
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Fig.8 Variations of the ratio of maximum horizontal excursion  
           and wave height for different thickness ratios. 

 
strongly depends on wave height although it might 
be affected by density difference, wave period etc. 
Based on this relationship, the effect of thickness 
ratios to the mass transport can be further 
investigated without amplitude effect by considering 
the ratio of / ( ) /a H f H H . Fig. 8 depicts the 

relations between /a H  and the value of thickness 
ratio ( /I IIh h ) for different wave periods. The solid 
dot symbols show the computed results for the wave 
period of T = 7.2 s, while the solid triangle symbols 
depict for T = 5.2 s. The solid and dash lines show 
the trend of the data with corresponding regression 
equations. Please note that, in the deeper part of 
ocean and lake, thickness of the upper layer is 
usually smaller than that of the lower layer. 
Therefore, in this investigation the thickness ratios 
are smaller or equal to 1 ( / 1I IIh h ≤ ). For different 

periods, the ratio /a H  increases with increasing of 
thickness ratio. It proves that the maximum mass 
transport velocity get larger for the linear case 
( I IIh h= ) and decreases as thickness of lower layer 

( IIh ) increases.  
 
5. CONCLUSIONS 
 

The experimental and numerical investigations 
have been carried out for understanding the 
relationship between maximum mass transport 
velocity near the interface and wave height and 
thickness ratio. This study confirmed that the 
internal waves transport the mass in the direction of 
wave propagation near the interface and in the 
opposing direction in the remaining elevations. The 
mass transport by internal waves increases with the 
increase of the thickness ratio between two layers in 
the stratified fluid. The mass transport gets its 
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Interfacial displacement 
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       position at t1 
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maximum value when the thicknesses of two layers 
are equal. This conclusion is very important for 
understanding the mass transport in the offshore 
water where density structure could be assumed as 
two-layer system. The mass transport velocity varies 
proportionally with the wave height for each 
thickness ratio. However, more measurements and 
numerical simulations should be examined to find 
the universal relationship between the mass 
transport and the wave height, water depth, and 
wave period. 
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Abstract 
Water pipelines deliver water of daily-life demand to customers. However, pipelines tend to be damaged after 
years use. Thus, many waterworks are now faced with the major task of water pipeline rehabilitation. 
However, budgets for pipeline replacement are limited. Present study aims to propose long-term plan for 
water pipeline rehabilitation under limited rehabilitation budgets that utilizes a damage occurrence model. 
Especially, this study attempts long-term rehabilitation planning by efficiently allocating a budget for 
pipeline rehabilitation. First, a simulation model is used to obtain the failure rate curve which uses reliability 
theory and data analysis for pipeline leakage accidents. And Monte Carlo simulation is applied to the 
simulation model. Secondly, in order to set the best planning, several cases which are changed annual 
replacement rate are applied to this study. Finally, the simulation model applies to key pipelines. The key 
pipelines are vital pipelines located in central districts. Thus, the replacement of key pipelines is considered 
to be the priority. From these steps, this study is expected to provide desirable alternative plans for water 
pipelines when the budget for replacement is limited.   
 

Keywords:  
Affected population; failure rate; Monte Carlo simulation; replacement planning; water pipeline  

INTRODUCTION
The main purpose of water pipelines is to deliver water while satisfying demands for quality, 
quantity, and water pressure. However water pipelines age with the passage of time. Thus, many 
countries are now faced with the major task of water pipeline rehabilitation. Aged pipelines cause 
leakage and other problems for water supplies. Rehabilitation planning is needed to maintain these 
pipelines effectively. However, budgets for pipeline replacement are limited. Therefore, 
rehabilitation planning with greatly reduced economic cost is needed for effective budget allocation.  
 
Several studies have presented and proposed different techniques in an effort to plan the 
rehabilitation of water pipelines. Shehab et al. (2010) developed a cost-estimating model for water 
and sewer pipelines that utilizes a neural network and regression model. Malm et al. (2012) 
proposed a future replacement model by using historical data. The replacement model utilizes 
survival functions to determine the percentage of a group of pipes that reaches a particular age. 
 
The aim of the present study was to propose long-term plan for water pipeline rehabilitation that 
utilizes a damage occurrence model. In particular, this study attempted long-term rehabilitation 
planning by efficiently allocating a budget for pipeline rehabilitation. Pipeline accidents that occur at 
unspecified times and places can be quantified by Monte Carlo simulation (MCS). The simulation 
model consists of post-damage maintenance (without replacement = repairing) and preventive 
maintenance (replacement). Unlike previous studies, our focus was on not only the economy aspect 
but also an assessment of the affected population. After conducting an evaluation from a 
benefit/cost perspective, we propose a highly effective rehabilitation planning. 
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SIMULATION MODEL 
This simulation model was used to obtain the failure rate curve based on equation 1, which uses 
reliability theory and data analysis for pipeline leakage accidents (Arai et al. 2008):  
 

(k, c, t: real number)  (1) 
 
where t is the pipe age, k and c are the constants for each material type of pipe. In order to consider 
various influences, such as the underground soil condition and traffic load above, equation 1 can be 
expanded to equation 2. Because these influences are shown at random time and space, we apply a 
probability distribution function adopting a variable (R) into equation 2. A uniform random number 
[0, 1] is substituted for R in equation 2. Damage or leakage of the pipeline can be expected to occur 
after the failure term is reached (Mori et al. 2010). 
 

(E is the failure term)  (2) 
 

 
MCS was applied to this model following the number of future years from the start to the end of 
rehabilitation planning. To calculate the failure term utilizing MCS, R is substituted with a uniform 
random number generated by the Mersenne twister.  denotes the pipe age in the start year of MCS.  
 
The simulation model considers pipelines to be divided into virtual sub-items with a fixed length 
(Kim et al. 2011). The failure of each sub-item can be predicted by the failure rate function. We can 
then assume that breakage or leakage occur when sub-items reach the failure term, and the 
sub-items will undergo repairs. Some older sub-items will be replaced by SDIP (DCIP with 
quake-proof joint) under a budget restriction of rehabilitation planning. 
 
The total cost is obtained from the accumulated repair and replacement costs over the whole period 
of simulation. The unit cost of replacement (per pipeline length) and unit cost of repair (per failure) 
can be obtained from a function using the pipe diameter. On the other hand, when accidents occur 
on the pipelines, the total affected population is calculated by summing up the population living in 
the downstream area rather than in the damaged part. 
  
This simulation model can also estimate the affected population in the future. In order to estimate 
the future population, the simulation model reflects the population decrease rate (PDR). Korea’s 
population is expected to decrease in the future. In particular, population statics for Seoul show that 
the population will decrease by 1% every 5 years (0.2%/year). Thus, PDR was assumed to be 1% 
per term in this study. 
 
In order to efficiently set long-term rehabilitation planning, a simulation model with an analytical 
process was applied to several case studies, as shown in fig. 1.  
  

 
Fig. 1 Analytical process flow 
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DETERMINATION OF NUMBER OF ITERATIONS 
MCS can yield more accurate results by increasing the number of iterations. However, this also 
increases the computation time. Therefore, an appropriate number of iterations is needed to 
effectively calculate the results against time. The number of iterations was determined in the 
following steps. 
 
1) The study period was set to 10 terms over 50 years (1 term = 5 years). 
2) The scenario focused only on pipeline repair (without replacement). 
3) MCS initially calculated 1000 iterations. 
4) The number of iterations was determined against the result of 1000 iterations (margin error 
0.5%). 
 
In step 3), 1000 iterations were empirically found to be sufficient in this study.  
 
The study focused on a simulated pipeline system, as shown in fig. 2. The system consisted of 1 
reservoir, 21 nodes, and 21 pipes. Pipelines 1~17 were made of cast-iron pipe (CIP), and the other 
pipelines were made of ductile cast-iron pipe (DCIP). The population was assumed to be about 
48,000 people. 
 

 
Fig. 2 Simulated pipeline system 

 
The simulation results according to the above steps are described next. First, figs. 3 and 4 show the 
average total cost over 50 years (ATC) and average total affected population over 50 years (ATAP), 
respectively, based on 1000 iterations. 

 
Fig. 3 ATC ratio until 1000 iterations 
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Fig. 4 ATAP ratio until 1000 iterations

The above graphs show that the ratio curve was in the margin of error (±0.5%) after 300 iterations. 
In other words, by 300 iterations we can get the result with a quite acceptable margin of error.  
 
In MCS, selected data should make up a normal distribution. In order to confirm the data 
distribution, a histogram was applied to the obtained results. In order to confirm the determined 
number of iterations, the histograms were drawn according to the number of iteration times without 
replacement, as shown in fig. 5. If the distribution for a determined number of iterations is similar to 
that for 1000 iterations, the number of iterations can be judged as being appropriate. Histograms 
were drawn according to the average number of total pipe failures.  
 

 
Fig. 5 Histograms for total number of failure pipes at each iteration time 

 
The histogram results were also evaluated by referring to a statistics table, as shown in table 1. A 
comparison of the mean values showed that the mean value for 300 iterations was almost the same 
as that for 1000 iterations. In conclusion, 300 iterations was found to be appropriate in this study. 
 
Table 1. Statistics table for histograms 

150 iterations 300 iterations 1000 iterations 
Mean 523.42 521.83 521.89 

Standard deviation 19.12 18.67 19.06 
Max 588.00 588.00 588.00 
Min 471.00 468.00 465.00 

 
EXAMINATION OF REPLACEMENT RATE EFFECT 
To compare the effect of replacement rate, seven cases for the annual replacement rate were set 
(without replacement, 0.5%, 1%, 1.5%, 2%, 2.5% and 3%). The ATC and ATAP were calculated 
and compared over the entire simulation term for each case. 
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MCS was performed by using a random number with the same number of seeds for each case. Fig. 
6 shows the average total repair cost and total replacement cost at each annual replacement rate. 
 

 
Fig. 6 Results for average cost at each replacement rate 

 
The average total repair cost decreased according to the annual replacement rate, but the average 
replacement cost increased. Moreover, the ATC (average total repair cost + average total 
replacement cost) also decreased up to 2%. On the other hand, the ATC increased from 2.5%. At 
2.5%, even though the average total repair cost was smaller than that at 2%, the average total 
replacement cost was higher than that at 2%. The second cycle of replacement restarted because the 
first cycle finished by 40 years. Thus, the ATC increased again from 2.5%. In conclusion, 2% is the 
most economical replacement rate. Below fig. 7 shows the ATC and ATAP results.  
 

 
Fig. 7 ATC and ATAP results for each case

 
Fig.7 also contains the ATAP for each case. For example, the ATAP at 1% is almost half of the 
ATAP without replacement, and it means that the risk of water supply interruption at 1% is 
supposed to be almost half of the risk without replacement. So the gap of ATAP ( P) between some 
replacement case and without replacement case is used as an index of the benefit by replacement of 
water pipes. In general, the evaluation of planning depends on the level of efficiency by a ratio of 
benefit to cost. In the current study, we calculated P/C in order to evaluate the effect of a 
promotion of replacement planning. Table 2 shows the obtained P/C for each replacement rate. 
The results show the cases in order from greatest to smallest P/C: 2.5%, 2%, 1.5%, 3%, 1%, and 
0.5%. In conclusion, the 2.5% case was the most cost efficient one.  

-

50,000 

100,000 

150,000 

200,000 

250,000 

300,000 

Without 
replacement

0.5% 1% 1.5% 2% 2.5% 3%

C
os

t (
10

4
ye

n)

Replacement rate (%/term)

Average of total repair cost
Average of total replacement cost

-

1,000,000 

2,000,000 

3,000,000 

4,000,000 

5,000,000 

6,000,000 

-

50,000 

100,000 

150,000 

200,000 

250,000 

300,000 

Without 
replacement

0.5% 1% 1.5% 2% 2.5% 3%

A
ff

ec
te

d 
po

pu
la

tio
n 

(p
eo

pl
e)

C
os

t (
10

4 
ye

n

Replacement rate (%/term)

ATC ATAP

[255]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

 
 

 6

Table 2. Results of P/Cost
Replacement rate 

(%/year) 
ATC 

 (104 yen) ATAP (people) P (people) P/C 
(people/104 yen) 

Without replacement 273,227 5,210,165 
0.5 251,177 3,532,256 1,677,909 6.68 
1 231,331 2,456,843 2,753,322 11.90 

1.5 213,863 1,771,257 3,438,908 16.08 
2 201,159 1,227,494 3,982,671 19.80 

2.5 204,800 917,605 4,292,560 20.96 
3 219,087 740,984 2,791,273 12.74 

 
To investigate the effect of the PDR in the simulation, sensitivity analysis was carried out for seven 
cases, as presented in table 3. The entire study area consists of a central district and other districts. 
Future population growth or decrease may be dependent on the economical condition change and 
the organization of city planning project in study area. Cases 2~5 and the standard case were 
applied with the same value of the PDR over the entire area. For case 6, different PDR values were 
applied basing a supposition of the increasing centralization of population. And case 1 was opposite 
hypothetic case. 
 
Table 3. Change in future population under each case 

Case Standard Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 
Central 
district 

1%/term 
decrease 

5%/term 
decrease 

2%/term 
decrease Constant 1%/term 

increase 
2%/term 
increase 

5%/term 
increase 

Other 
districts 

1%/term 
decrease 

3%/term 
decrease 

2%/term 
decrease Constant 1%/term 

increase 
2%/term 
increase 

3%/term 
increase 

 
The results are shown in fig. 8. In all PDR cases, ATAP is gradually decreased according to the 
increase of replacement rate. P/C was then calculated again according to the changed PDR. The 
results are shown in fig. 9. Judging by P/C in fig. 9, all of the PDR cases indicate that the 2.5% 
annual replacement rate is the best scenario with high efficiency. In other word, the sensitivity 
analysis results showed that the future population growth or decrease (the settings of PDR) do not 
have an important effect upon the selection of most efficient case of replacement rate. 
 

Fig. 8 Tendency of sensitivity analysis  
according to each PDR 

Fig. 9 Changed P/C values  
according to each PDR 
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For most of waterworks, the replacement cost of pipes reaches a large percentage of total budgets 
and the economy aspect is the most important factor under the severe restrictions. From this 
economy preferential viewpoint, this study found 2% to be the most reasonable replacement rate.  
 
APPLICATION FOR KEY PIPELINE REPLACEMENT PLANNING 
Key pipelines are vital pipelines located in central districts with public establishments distributed 
densely around them, such as hospitals, schools, and government organizations. If accidents occur 
on key pipelines, and the damage is serious. Thus, the replacement of key pipelines is considered to 
have the priority.  
 
A simulation model was applied to key pipelines. Specifically, pipelines 1, 17, 18, 19, 20, and 21 in 
fig. 2 were considered to be key pipelines and given the utmost priority for replacement. Regardless 
of the fact that non-key pipelines are also renewed at the same time, we established five scenarios 
for the prioritized key pipelines to be completely replaced up to 3, 4, 6, 8, and 10 terms of budget 
allocation (hereafter TBA). The budget allocation method is described in table 4. For example in 
case of 4-TBA, in 1~4 term 62% of annual budget is allocated for key pipelines replacement with 
38% allocation for non-key pipelines, and after fully completing key pipeline replacement (in 5~10 
term) full annual budget is used for non-key pipelines replacement. The overall annual replacement 
rate was set at 2% in order to replace each pipe once in 50 years (planning period in this study). 
Replacement of the non-key pipelines occurred in order of age of the pipeline.  
 
Table 4. The allocation of budget for the key pipelines and non-key pipelines 

 
 
These five scenarios were implemented using MCS with 300 iterations under the condition that 
PDR was 1%/term. As shown in fig. 10, the most economical scenario was 10-TBA for the entire 
area. On the other hand, ATAP for key pipelines was smallest at 3-TBA. In other words, the 3-TBA 
scenario provided the minimum risk for key pipelines. Because the difference in ATC values is 
rather small and the most important object is to minimize the affected population, the most 
reasonable scenario is 3-TBA in conclusion. This result indicates that in terms of the impact on 
society the prioritizing replacement of key pipelines requires a higher total cost than that in the 
normal case. 

Term 1,2 3 4 5 6 7 8 9 10

3 TBA 100 %
            0 %

47 %
           53 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

4 TBA 62 %
          38 %

62 %
          38 %

62 %
          38 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

6 TBA 41 %
          59 %

41 %
          59 %

41 %
          59 %

41 %
          59 %

41 %
          59 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

0 %
          100 %

8 TBA 31 %
          69 %

31 %
          69 %

31 %
          69 %

31 %
          69 %

31 %
          69 %

31 %
          69 %

31 %
          69 %

0 %
          100 %

0 %
          100 %

10 TBA 25 %
          75 %

25 %
          75 %

25 %
          75 %

25 %
          75 %

25 %
          75 %

25 %
          75 %

25 %
          75 %

25 %
          75 %

25 %
          75 %
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Fig. 10 Comparison of the ATC and ATAP for key pipelines 

CONCLUSIONS 
In the present study, long-term planning method of water pipelines is proposed. Unlike other studies, 
our study considered not only the economy aspect but also the aspect of society impact. An 
examination of the replacement rate revealed that 2.5% is the most effective rate for damage 
prevention and maintenance of pipelines, on the other hand 2% was found to be the most 
economical replacement rate. In case of prioritized replacement of key pipelines, although the 10 
-TBA scenario was the best in terms of economics, the 3-TBA scenario was the best in terms of the 
impact on society. The present study is expected to provide desirable alternative plans for water 
pipelines when the budget for replacement is limited with consideration of future conditions in 
study area. 
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Abstract: This paper investigated the long-term trends in rainfall occurring during tropical cyclone (TC) in Vietnam region using the 
TCs best-track data provided through the Joint Typhoon Warning Center and daily rainfall data of 58 meteorological stations recorded 
by Vietnamese National Hydro-Meteorological Service for the years from 1961 through 2008. Significant increasing trend with 90% and 
95% confidence levels of TC rainfall amount (TCRA) and TC heavy rainfall days (TC_R50) were observed at most stations in central 
coastline during the study period. As regards to regional contexts, no significant trends were detected in the north of 20oN (REG1), 17o-
20oN (REG2) and south of 12oN (REG4); while the significant increasing was found in 12o-17oN region (REG3) for both of TCRA and 
TC_R50. The contrastive long-term trend of heavy rainfall occurrences in REG1 and REG3 was noted in the previous study. The results 
suggest that cause of the increasing trend in REG3 can be explained partly by TC rainfall, while the decreasing trend in REG1 is due to 
Non-TC rainfall. A significant increase of TC rainfall was revealed during the 1990s in REG3.
Key words: Vietnam, tropical cyclone rainfall, long-term trends, Mann-Kendal.

Introduction
The tropical cyclones (TCs) are one of the most 
destructive natural disasters, bringing dangers such as 
disastrously heavy rainfall and flooding. These effects can 
cause overtopping and erosion of dikes and sand dunes 
and lead to saltwater intrusion of farmland with water 
masses destroying the crop. Therefore, understanding the 
effects of TCs or typhoons is the great interest in order to 
develop protection methods for preventing such damage. 
Over the last decade, the rainfall associated with TC has 
received considerable attentions by many scientists. 
Rodgers et al. (2000) estimated TC rainfall in the North 
Pacific using Special Sensor Microwave Imager (SSM/I) 
observations for an 11-year period. Englehart and Douglas 
(2001) investigated the role of tropical storms over the 
eastern North Pacific in the rainfall climatology of western 
Mexico. Gleason (2006) estimated characteristics of TC 
rainfall in the United States between 1950 and 2004. 
Kubota and Wang (2009) investigated the effect of TCs on 
seasonal and inter-annual rainfall variability over the 
Western North Pacific (WNP) and found that along 125oE 
and between18oN and 26oN, the TC rain accounts for 50-
60% of the total rainfall during the TC season from July to 
October. Recently, Sugino and Satomura (2010) mapped 
precipitation due to typhoons in the period 1998–2004
over Indochina, based on Tropical Rainfall Measuring 
Mission (TRMM)-3B42 data and reported that the 
maximum precipitation occurs along the eastern coast of 
Indochina, with the precipitation amount over land 
decreasing as distance from the coast increases. In addition,
the variation in TC activity in the WNP/the South China 
Sea (SCS) has also received attention of many researchers 
(Emanuel, 2005, Websters et al., 2005, Goh and Chan, 
2010). Some recent studies have also examined the 
variation of TC activity and rainfall-related TCs. Lee et al.
(2012) depicted a decrease in the TC frequency in the SCS 
from 1961 to 2010 based on the best track data of four 
main weather agencies, but that trend was not statistically 
significant at 5% level for most datasets. They mentioned 
that large differences in datasets do not allow for detecting 
the long-term trend of TC intensity in the SCS. Apart from 
the long-term trend of TC frequency, their results showed 
that no significant trend on the TC-induced extreme 

rainfall is found in Hong Kong area. Liu and Chan (2012) 
examined the interdecadal variation of the TC activity 
over the WNP and found that the inactive of TC activity 
after 1998. The reason for that is the strong vertical wind 
shear and strong subtropical high observed together 
apparently lead to unfavorable atmospheric conditions for 
TC genesis. Chang et al. (2012) showed the trends of TC 
rainfall and monsoon rainfall over the China summer 
monsoon region from 1958 through 2010 have been 
distorted by WNP typhoons, which bring rainfall with 
decreasing frequency and increasing intensity.
Located along the east coast of the Indochina Peninsula 
with a substantial latitudinal extent from 8oN to 22oN on 
the north-western Pacific Ocean, Vietnam is one of the 
countries strongly affected by the TCs which are 
originated within the SCS or coming from the WNP with 
high frequency in the northern and central region and low 
frequency in the southern region. According to Garcia 
(2002), Vietnam is struck by an average of four to six 
typhoons per year. Luong et al. (2011) showed that 7 % of 
deaths and 36% of destroyed and damaged houses in 
Vietnam over the period 1989-2010 were caused by 
storms. Nguyen-Thi et al. (2012) investigated the seasonal 
and regional characteristics of the climatological rainfall 
associated with TCs in the coastal region of Vietnam and 
presented the differences of these characteristics in the El 
Niño and La Niña years. The results showed that TC 
rainfall varies from 0 to ~25% of total rainfall, in which 
the mid-central region of Vietnam receives the maximum 
value and also has the highest TC frequency. In recent 
years, the trend of rainfall in Vietnam was noted in some 
previous studies (Manton et al., 2001; Endo et al., 2009). 
However, they did not mention about the role of rainfall 
from TCs to that trend. The current study, therefore, aims 
to assess the long-term trends in TC rainfall from 1961 to 
2008 in the whole and some sub-regions of Vietnam in 
order to provide some helpful understanding and basic 
references for further climatological studies in Vietnam.

Materials and Methods
In this study, we use TC best-track data from the UNISYS 
website (http://weather.unisys.com) provided through the 
Joint Typhoon Warning Center (JTWC) and daily rainfall 
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data of 58 meteorological stations operated by the 
Vietnamese National Hydro-Meteorological Service 
covering the period from 1961-2008 to investigate the 
variations of TC rainfall for Vietnam. Fig. 1 shows the 
location of these stations and the climatology of annual 
total rainfall induced by TC during 48 years. 

Fig. 1. Annual TC average rainfall of 58 meteorological 
stations considered in this study

Some previous study used different distances from the TC 
center to define TC-induced rainfall. Englehart and 
Douglas (2001) found that in 90% of cases over western 
Mexico, TC rainfall occurs within 600 km from the center 
of the TC. Gleason (2006) estimated the characteristics of 
TC rainfall in the United States based on a simple partition 
method to consider rainfall associated with TCs. He 
treated any rainfall less than or equal to 600 km from the 
center of the storm as TC rainfall. Kubota and Wang 
(2009) assumed that the daily rainfall as a function of the 
distance between the TC center and stations and TC-
induced rainfall could be estimated from station data when 
a TC was located within the radius of influence (1000 km). 
In this study, we used the distance of 600 km from the TC 
center to the station to identify TC rainfall as carried out in 
Nguyen-Thi et al. (2012). Four sub-regions namely REG1, 
REG2, REG3, and REG4 are defined as the location of the 
stations at the north of 20oN, 17o-20oN, 12o-17oN, and 
south of 12oN, respectively. The regional definition is 
based on the similarity of TC rainfall climatology and the 
trend of that (as shown in Figs. 1 and 2). Eight TC rainfall 
indices described in Table 1 were calculated for each 
station for annual timescale. In order to explore the role of 
TCs formed in the SCS/WNP on the trends of some 
indices, TCRA and TC_R50 were calculated separately for 
each station and each basin. In this study, the SCS is 
defined as part of the WNP between 0° and 25°N and 100° 
and 120°E (Goh and Chan, 2010). To obtain the regional 
indices, the annual indices were averaged over the 
meteorological stations in each of four sub-regions. The 
significance of the trend was calculated by using the non-
parametric Mann-Kendall method and the slope of trends 
were estimated by applying Sen’s estimator (Hirsch et al., 
1982, Helse and Hirsch, 2002). The statistical significance 
levels at 90% and 95% were used for the trend analysis. 

Table 1. TC rainfall indices used in this study

Index Description Unit

TCRA Annual TC rainfall amount mm

TC_R50 Number of days with TC daily rainfall days

TCRA_SCS Annual TC rainfall amount when TC formed in the SCS mm

TC_R50_SCS Number of days with TC daily rainfall when TC formed in the SCS days

TCRA_WNP Annual TC rainfall amount when TC formed  in the WNP mm

TC_R50_WNP Number of days with TC daily rainfall mm when TC formed in the WNP days

Non-TCRA The difference between total rainfall and TCRA mm

Non-TC_R50 The difference between total number of days with daily rainfall and TC_R50 days

Results and Discussion
Temporal trends in TC rainfall in whole region: Fig. 2
shows the temporal trends of annual TC rainfall amount 
(TCRA) and TC heavy rainfall days (TC_R50) over the 
whole Vietnam for the 48 years period using the non-
parametric Mann- Kendall test. For the contribution of 
TCs to the annual rainfall (TCRA), most of the stations 
located along the coastline show the increasing trend, but 

there is only 6 of 58 stations have significant increasing
trend in mid- and south-central area (Fig. 2a). Over much 
of north-Vietnam and south there is little change in TCRA 
with some areas showing increasing or decreasing trend 
(not significant at the 90% and 95% levels). For TC_R50, 
the positive significant trend at 90% and 95% confident 
levels of some stations is also found in the same region 
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with TCRA, but no trend is detected at all stations in the 
south of 12oN and in the north of 20oN (Fig. 2b).

Fig. 2. Trends of (a) TCRA and (b) TC_R50 for 58 stations in 
Vietnam, 1961-2008. Blue (red) symbol indicates 
increasing (decreasing) trend where small (big) filled 
circles are statistically significant at 90% (95%) 
confidence level, open circles are not significant in any of 
the these levels. Black open circles represent stations with 
no trend.

Temporal trends in TC rainfall in four sub-regions:
Table 2 shows the annual trends of the eight rainfall 
indices for four sub-regions: REG1 (north of 20oN), REG2 
(17o-20oN), REG3 (12o-17oN), and REG4 (south of 12oN) 
at 90% and 95% confident levels.

Table 2. Slope trends of eight rainfall indices over four 
sub-regions in Vietnam during 1961-2008

Index/Region REG 1 REG 2 REG 3 REG 4

TCRA 0.64 1.74 4.64** 0.43

TC_R50 0.00 0.01 0.03* 0.00

TCRA_SCS 0.00 1.46 1.8 0.00

TC_R50_SCS 0.00 0.01 0.01 0.00

TCRA_WNP -0.08 0.00 1.62* 0.16**

TC_R50_WNP 0.00 0.00 0.01* 0.00

Non-TCRA -5.1** -3.51 3.35 1.19

Non-TC_R50 -0.05* -0.02 0.05* 0.00

The indices that do not show any significant trends are 
rainfall and heavy rainfall accumulated form TCs formed 
in the SCS (TCRA_SCS and TC_R50_SCS), while 
rainfall derived from TCs formed in the WNP
(TCRA_WNP) has increased significantly in REG3 and 
REG4 (1.62 mm/year and 0.16 mm/year, respectively).
REG1 is the region received the significant negative trend 
for Non-TC rainfall indices with slope trend of 5.1 
mm/year and 0.05 days/year for Non-TCRA and Non-
TC_R50 index, respectively. Figures 3a and 3b show the 
annual time series anomalies of Non-TCRA and Non-
TC_R50 in REG1; the linear trends show a significant 
decrease during 1961-2008. TCRA in REG1 also shows an 
increase with slope trend about 0.64 mm/year but not 
significant. REG2 does not show any significant trend in 
all indices. REG3 is the region with the largest number of 
significant positive trends for both TC rainfall and Non-
TC rainfall. To complement these results of TC rainfall, 

Figures 4a and 4b show the time series of TCRA and 
TC_R50 anomaly in REG3 during the 1961-2008 period; 
the significant increase of these indices are indicated by 
linear trends. There is a significant positive correlation 
between TCRA and TC_R50 (r=0.98, approximately) at 
95% confidence level. It means that the increase of TC 
rainfall amount is mainly contributed from heavy rainfall 
days caused by TCs in REG3. In Table 2 also shows that
rainfall comes from the contribution of TCs formed inside 
the SCS does not show any trend, while a significant 
increasing trend is found with the contribution of TCs 
entering the SCS in this region.

  

Fig. 3. Annual time series anomalies and linear trends 
(dash lines) of (a) Non-TCRA and (b) Non-
TC_R50 in REG1.

Since TCRA_SCS/TC_WNP is one component of TCRA 
(similar with TC_R50), overall, it can be concluded that 
TCs formed in the WNP contributed more than TCs inside 
the SCS to that trend during the study period. Endo et al.
(2009) noted that the contrastive long-term trend of heavy 
rainfall occurrences in Vietnam with the decrease 
(increase) occurs in the north (south) regions (similar to 
the location of REG1 and REG3). However, he did not 
separate the trend of TC rainfall from non-TC rainfall and 
the reason for that feature was unknown. These results 
suggest that the cause of the increasing trend in REG3 can 
be explained partly by TC rainfall, while the decreasing 
trend in REG1 is due to non-TC rainfall. A larger 
frequency of negative anomaly of TCRA and TC_R50 
indices is seen in the mid-1970s and before 1983 in REG3.
On the other hand, a larger frequency of positive anomaly 
of those indices is seen after 1983, in particular, during the 
1990s decade with a peak in 1990. As documented by Goh 
and Chan (2010), the number of TCs entering and formed 
in the SCS during the warm Pacific Decadal Oscillation 
(PDO) and El Niño phase tends to be below normal and 
above normal during the negative PDO and La Niña 
phases. This period (after 1983 to 2000) is known as the 
period which has more negative PDO and La Niña events 
than other periods. Does it make more TC frequency leads 
to more rainfall in this period? Leung et al. (2005) and 
Goh and Chan (2010) indicated that the decline of TC 
activity in the SCS is likely due to the decrease of TCs 
entering the SCS from the WNP, in particular after the 
mid-1990s. The increase of TC rainfall in REG3 during 
the 1990s could be directly linked to the changes in TC 
characteristics in not only frequency but also tracks and 
intensity. The inter-decadal variability of TC rainfall 
during this period should be addressed in the next study.
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Fig. 4. Annual time series anomalies and linear trends 
(dash lines) of (a) TCRA and (b) TC_R50 in 
REG3.

Conclusions
We investigated the long-term trends in TC rainfall in the
whole Vietnam and four sub-regions, namely REG1 (north 
of 20oN), REG2 (17o-20oN), REG3 (12o-17oN), and REG4 
(south of 12oN) using the TCs best-track data provided 
through JTWC and daily rainfall records of 58 
meteorological stations observed by Vietnamese National 
Hydro-Meteorological Service for the years from 1961
through 2008. A significant increasing trend with 90% and 
95% confidence levels of TC rainfall amount (TCRA) and 
TC heavy rainfall days (TC_R50) indices is observed 
clearly at most stations in central coastline during the 
study period. For regional trends, little significant trends 
are detected in REG1, REG2, and REG4, while the 
significant increase is found in REG3 for both of TCRA 
and TC_R50. The increase of TC rainfall amount is 
mainly contributed from heavy rainfall days caused by 
TCs in REG3. The contrastive long-term trend of heavy 
rainfall occurrences in REG1 and REG3 was noted in 
Endo et al. (2009). These results suggest that the cause of 
the increasing trend of heavy rainfall in REG3 can be 
explained partly by TC rainfall, while the decreasing trend 
in REG1 is due to Non-TC rainfall. A larger frequency of 
positive anomaly of TCRA/TC_R50 is seen during the 
1990s in the mid- and south-central regions in Vietnam.
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Summary: Statistical modeling of extreme rainfall is applied to investigate changes in extreme rainfall 
in the Philippines for a century-long period (1911–2010). Daily rainfall annual maxima at 23 
meteorological stations are fitted in generalized extreme value (GEV) distributions. Six variant GEV 
models are used; two of which assume stationary parameters, while four of them allow the location 
parameter of the GEV to vary through time. The maximum likelihood method is used to estimate the 
unknown parameters of the GEV. It has been determined by the Akaike information criterion that 8 
out of the 23 stations can be fitted to GEV with stationary assumptions on their parameters. On the 
other hand, the best model fit identified for the remaining 15 stations are GEV with time varying 
location parameter; 5 of them are best fitted with location parameter exhibiting long-term trends, while 
10 co-vary with El Niño–Southern Oscillation. High (low) rainfall return levels are found at stations 
located in the northwestern (southern) section of the country. A station in southern part of the country, 
Davao, exhibits a long-term increasing trend; such that, its 30-, 50- and 100-year daily rainfall return 
level has increased by as much as 11.27%, 10.48% and 9.57%, respectively from 1911 to 2010.  
 
Keywords: generalized extreme value distribution; extreme rainfall; climate change; the Philippines  
 
1. Introduction 
 

Extreme rainfall events that subsequently resulted to flooding have been 
observed in many countries in the recent decade. For instance, the Philippines 
experienced 74 flood-related disasters in the recent past ten years [1]. These observed 
eventualities of extreme rainfall support the series of reports provided by the 
Intergovernmental Panel on Climate Change (IPCC) as a consequence of continuously 
accumulating greenhouse gases in the atmosphere.  

It is well known that infrastructure designs are based on statistical estimates of 
rainfall or flood return levels (an amount of rainfall or flood discharge with a 
probability to be exceeded on average once in every high number of years, typically, 
100 years). However, for the under-developed countries like the Philippines, a 30-year, 
or even less rainfall or flood discharge, return level is used as a standard for 
infrastructure designs [4] to lessen the cost which may be spent if a design is based on 
a 100-year return level. Estimations of various return levels are based on historical 
records of rainfall and/or flood discharges. This method is acceptable until the recent 
occurrences of flood that led to disaster. This then caused an impression that perhaps 
the design; for example, of flood control facilities might not be appropriate for a 
changing climate. That is, the design that is aimed to withstand the extreme rainfall 
with probability to be exceeded once in 30 years on average,  may now be less or 
maybe half of the intended design; consequently, causing more occurrences of flood. 

To address the above concern, this present study utilizes recently digitized daily 
rainfall data that covers a span of 100 years to detect possible changes in the 30-, 50- 
and 100-year rainfall return levels in the Philippines. The results here can provide 
basis for adaptation strategies if there exists a climate change, which may need to be 
considered for infrastructure designs.  
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2. Data and Methodology   
 

The primary data source used in this study is taken from the daily rainfall surface 
observations at 23 meteorological stations of the Philippine Atmospheric Geophysical 
and Astronomical Services Administration (PAGASA) (Fig. 1). Earlier observations 
during 1911–1940 are digitized from the paper copy of Monthly Bulletin of the 
Philippine Weather Bureau (now PAGASA), through the DIAS project of JAMSTEC, 
and connected to the 1951–2010 to encompass an almost continuous century-long 
observation except for the missing data during the 10-year period (1941–1950) 
because of the Second World War. The locations of these 23 stations are nearly similar 
to their current locations; thus reasonable for connecting the early and recent period of 
observations. Nevertheless, discontinuity detection and homogenization on these daily 
rainfall series are employed prior to the extreme rainfall analyses.  

Daily rainfall annual maxima are obtained at each station. The distribution of the 
obtained daily rainfall annual maxima is then fitted to a generalized extreme value 
(GEV) distribution with a cumulative distribution function given by [2] as: 

 

,1exp)(
/1

z
zG     1+ξ(z–μ)/σ > 0                                       (1) 

 
where the shape (ξ), location (μ) and scale (σ) parameters satisfy –∞ < ξ < ∞, –∞ < μ < 
∞ and σ > 0. A special case of the GEV distribution is when the ξ = 0 so that, by taking 
the limit of Eq. (1) as ξ → 0 gives as the Gumbel distribution with a cumulative 
distribution function written as: 

,expexp)(
z

zG    –∞ < z < ∞                                                  (2) 

Equation (1) that assumes for stationarity (i.e. with fixed μ, σ and ξ) is referred as a 
stationary GEV model, hereafter, M1. Similarly, a stationary Gumbel model, Eq. (2) 
with fixed μ and σ is referred here as M0.  

With the potential presence of climate change, stationary assumptions (i.e. M0 
and M1) may not be appropriate to represent fairly our data. We then allow the 
location parameter to vary over time that is,  

 
μ(t) = a+b[(t– )/s]             (3) 
 
where: μ is the location parameter that varies linearly in time t (year), a is the 
intercept, b is the slope, the over bar for t stands for the 100-year long-term mean of t 
and s is the standard deviation of t. In other words, the variables inside the bracket in 
Eq. (3) are the normalized time (year). We then refer to our model with varying μ 
linearly with time (Eq. (3)), σ held fixed and has a ξ=0 (i.e. eq. (2)) as M2. For M2 a 
becomes the second and b becomes the third unknown parameters, respectively. On 
the other hand, our model with varying μ linearly with time (eq. (3)), σ and ξ both held 
fixed (i.e. eq. (1)) is referred hereafter as M3. By substituting Eq. (3) in Eq. (1), we 
form M3, which has four unknown parameters namely, a, b, σ and ξ.  
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In some cases, trends may not be present on extreme rainfall; however, extreme 
rainfall in the Philippines may be influenced by El Niño–Southern Oscillation 
(ENSO). To consider the ENSO influence on extreme rainfall, we further allow the 
location parameter to co-vary with the normalized November–January oceanic Niño 
3.4 index (hereafter, ENSOI). So that, the time varying μ with year t in Eq. (3) that co-
varies with ENSOI becomes: 

 
μ(t) = a+b(ENSOIt)            (4) 
 
It leads to the remaining variant GEV models that allow μ to co-vary linearly with 
ENSOI using Eq. (4); here we refer to M4 with parameter assumptions similar to M2, 
while M5 similarly with M3 except that both M4 and M5 use Eq. (4) for μ. We then 
have a total of six models (M0–M5).  

The maximum likelihood (ML) method is used to estimate the unknown 
parameters in M0–M5. The best model is then selected using the Akaike Information 
Criterion (AIC) [5], and is further visually inspected using probability plots. From the 
estimated parameters of the identified best model fit, the station’s p-year (i.e. 30-, 50- 
and 100-year) return levels ( ) can be obtained following [2]: 

                    (5) 

where: yp = –log(1 – p), 0 < p < 1 and the hat (^) on the parameters denote estimated 
values. 

3. Results 
 

The identified best model fit determined by AIC is shown in Fig. 2a. Stationary 
Gumbel model (M0) is the best fit for the three stations. Five stations, on the other 
hand, require having the shape parameter not equal to zero (i.e. M1). Stationary 
assumptions can’t be done for the remaining 15 stations; 5 of them experience trends, 
while 10 co-vary with ENSO.   

Using Eq. (5), the estimated 30-, 50- and 100-year return levels are shown in 
Figs. 2b–2d, respectively. High rainfall return levels can be observed generally at 
stations located in northwestern Philippines. These stations are primarily influenced by 
the summer monsoon [3]. Note also that the country’s topography plays an important 
role on its rainfall characteristics. The high rainfall return levels in northwest 
Philippines thus clearly illustrate the orographic effect on rainfall. On the other hand, 
four stations located south of 10°N have very small rainfall return levels. These 
stations have 30- to 50-year return levels of less than 200 mm/day. It perhaps reflects 
the fact that these stations are less influenced by the monsoons and are rarely affected 
by typhoons. However, there were recent extreme rainfall-disastrous events that 
affected these areas. For example, the passage of tropical storm “Sendong” 
(International name, “Washi”) in 2011 claimed several people’s lives in Cagayan De 
Oro, southern Philippines. This perhaps, needs to consider the presence of trends when 
estimating rainfall return levels in these areas; as for the finding at Davao station (see, 
Fig. 1 for its geographical location), the best model fit is M2 (see Fig. 2a).  
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The time series of daily rainfall annual maxima at Davao together with the 
estimated 30-, 50- and 100-year rainfall return levels are shown in Fig. 3a. We can see 
that by allowing the location parameter to incorporate the increasing trend present in 
the data, the model (M2) represents the behavior of the data well. It is also supported 
by a reasonable probability plot being obtained (Fig. 3b). Furthermore, by using M2, 
we find that the 30-, 50- and 100-year daily rainfall return level at Davao in 1911 has 
increased in 2010 by as much as 11.27%, 10.48% and 9.57%, respectively. This 
findings need to be considered in future infrastructure designs as well as adaptation 
strategies so that the impact of extreme rainfall might be minimized. 
 
4. Conclusions 
 
 This present study has utilized the recently available rainfall data spanning 100 
years to investigate changes in extreme rainfall in the Philippines. Six variant GEV 
models, two of them assume stationary and four allow for time varying location 
parameter, are used to fit statistically the daily rainfall annual maxima at 23 
meteorological stations. Afterward, the ML method is used to estimate the unknown 
parameters of the models, consequently estimating the 30-, 50- and 100-year daily 
rainfall return levels at each station. It has been shown that out of 23 stations, only 8 of 
them can allow stationary assumptions. On the other hand, 5 of the stations are best 
fitted with the location parameter exhibiting trends, while 10 stations are best fitted 
when their location parameter is allowed to co-vary with ENSO.  

High values of daily rainfall return levels are primarily obtained at stations 
located on the northwestern section of the Philippines. These stations are primarily 
influenced by the summer monsoon and are located along the windward side of the 
prevailing southwesterly flow during summer. This perhaps, contributes to the high 
rainfall return levels obtained. On the other hand, stations located in southern part of 
the country (south of 10°N) have low rainfall return levels < 200 mm/day even for 
100-year return level. One of the stations located south of the country, Davao, exhibits 
an increasing trend; thus, further investigated. It has been shown that by considering 
its trend, the 30-, 50- and 100-year daily rainfall return level at Davao has increased by 
as much as 11.27%, 10.48% and 9.57%, respectively from 1911 to 2010. If considered, 
these findings can be of great help in minimizing the disastrous impact of extreme 
rainfall in the Philippines.   
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Fig. 1. Topographical map of the Philippines and the geographical distribution of the 23 
meteorological stations (black dots) used in this study. The time series of daily rainfall annual 
maxima at one station (Davao) is plotted in Fig. 3.   
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Fig. 2. (a) Best model fit for the daily rainfall annual maxima; M0, M1, M2, M3, M4 and M5 
stands for stationary Gumbel, stationary GEV, Gumbel with trend, GEV with trend, Gumbel 
with ENSO as covariate and GEV with ENSO as covariate for the location parameter, 
respectively; and estimated (b) 30-year return levels, (c) 50-year return levels and (d) 100-
year return levels (color shadings in mm/day).  
 
 

 
Fig. 3. (a) Time series of daily rainfall annual maxima at Davao (blue bars); solid, dashed and 
dotted lines are the estimated 30-, 50- and 100-year daily rainfall return levels, respectively; 
and (b) probability plot based on the best model fit against observed at Davao.                                              
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1. Introduction 
 
 The Philippines receives sufficient amount of rainfall from the two monsoons, southwest monsoon locally known as 
“habagat” and northeast monsoon “amihan”. The former usually occurs as early as May and lasts until late September 
to early October, which brings rains in the western section of the country. On the other hand, the latter usually starts 
from late October lasting until February of the following year that brings enough rain on the east coast of the country 
[1].   
 Although monsoon rains bring a lot of benefits in the country, primarily in agriculture and hydro-power plants 
among others; precipitation extremes also occurred during these seasons. For instance, monsoon surge can bring too 
much rainfall and cause potential flooding. On the other hand, too long monsoon break or delayed monsoon onset may 
lead to drought condition. Those are some of the eventualities that can cause damage to properties or even at worst, 
may result to disaster. It is important to note that the series of Assessment Reports provided by the Intergovernmental 
Panel on Climate Change (IPCC) emphasized that more intense and more widespread occurrences of climate extremes 
(i.e., precipitation and temperature) are expected during this century due to global warming. Thus, it is important to 
examine trends, changes and variability in precipitation extremes in the Philippines during the monsoon seasons. Since 
rainfall in the Philippines is highly seasonal due to the monsoons influencing it [2] and the country's rainfall also 
showed sensitive response to the El Niño Southern Oscillation (ENSO) during July-September (JAS, peak of the 
southwest monsoon) and October-December (OND, early stage of the northeast monsoon) [3], this study examines the 
variability and trends in rainfall extremes in the country during JAS and OND. 
 
2. Methodology 
 
 We use daily rainfall data from 35 meteorological observing stations of the Philippine Atmospheric Geophysical and 
Astronomical Services Administration (PAGASA) (Fig. 1). The stations have near-complete data during the common 
period of 1951-2010. To examine the rainfall extremes, at least five of several precipitation indices developed and 
recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI, 
http://cccma.seos.uvic.ca/ETCCDI/list_27_indices.shtml) and two additional wet and dry spell indices, which are 
applicable for monsoon regions [4], are used. Table 1 describes the indices used in this study. Additionally, the 
recently digitized rainfall data during the pre-1940s (can be accessed through: http://www.jamstec.go.jp/drc/maps/e/), 
is used to understand the precipitation indices in a longer time-scale. The non-parametric Mann-Kendall trend test is 
used to detect significant trends among these indices.   
    
3. Results 
 
 Significant increasing trend (above 90% confidence level) is found in Rx5D at seven stations located in the 
northwest and central Philippines during JAS (Fig. 2a). During OND, there are two stations, located in the east and 
west coasts of the country, which are significantly decreasing (95% confidence level) and two neighboring stations on 
the northwest with significant increasing trend at the 90% confidence level (Fig. 2b). On the other hand, DSDx has 
three (two) stations with significant decreasing (increasing) trend at the 95% (90%) confidence level during JAS (Fig. 
2c). During OND, four (two) stations have significant increasing (decreasing) trend (Fig. 2d). Most of the stations with 
significant trends for DSDx are located in the central and southern Philippines. Aside from the Rx5D and DSDx, there 
are just two to six out of 35 stations with significant trends for the remaining extreme rainfall indices. Found trends in 
the remaining indices also showed spatial incoherency. 
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 High inter-annual variability can be observed in the time series of indices at Iloilo and Daet (see Fig. 1 for their 
location), which have both longer rainfall records (Fig. 3a and 3b, respectively). Aside from the year-by-year 
variability, decadal fluctuation is also well pronounced in the indices at these stations; high values of the wet indices 
are noted during the 1930s, which is comparable in the '90s ('80s) at Iloilo (Daet). 
 
4. Conclusion 
 
 Trend analyses show that the country's precipitation tends toward wetter (drier) condition as indicated by significant 
increasing (decreasing) trend in the maximum consecutive 5-day rainfall totals and significant decreasing (increasing) 
trend in the longest dry spell duration during JAS (OND), which suggests a recent stronger (weaker) southwest 
(northeast) monsoon. These trends can also be partly attributed to a high inter-decadal variability in the indices of 
extreme precipitation as suggested by the stations with earlier pre-1940s rainfall data. However, it is important to note 
that spatial incoherency exists in the observed trends; thus, factors affecting precipitation extremes may differ from one 
station to another in the country. The results obtained here stress the need to identify factors governing extreme 
precipitation indices on specific locations in the Philippines.    
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Table 1. Extreme rainfall indices and their definitions, each index is computed during July to September (JAS) and October to 

December (OND) seasons; the base period used is 1961-1990. Wet days refer to days with daily rainfall ≥1 mm. 
Index (code) Definitions Units 

p95 95th percentile of wet days mm/day 

Rx1D 1-day maximum rainfall mm/day 

Rx5D maximum consecutive 5-day total rainfall mm 

ptot seasonal wet days' total rainfall  mm 

p95D count of days exceeding the base period's p95 day 

WSDx longest wet spell duration* day 

DSDx longest dry spell duration** day 

* wet spell refers to consecutive days with rainfall ≥ base period's mean daily rainfall 

** dry spell refers to consecutive days with rainfall < base period's mean daily rainfall 
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Fig. 1. Topographical map of the Philippines with the 35 meteorological stations considered in this study; stations marked 
with star are mentioned in the text. 
 
 

 
Fig. 2. Trends in (a) Rx5D during JAS, (b) Rx5D during OND, (c) DSDx during JAS and (d) DSDx during OND; blue (red) 
triangles (inverted triangles) denote increasing (decreasing) trend, small (big) filled triangles are statistically significant at 
90% (95%) confidence level, while open circles are not significant in either of the set levels.   
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Fig. 3. Time series of extreme rainfall indices at (a) Iloilo and (b) Daet.   
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ABSTRACT 
 
The longitudinal profiles of salinity, turbidity, temperature, and chlorophyll-a concentration of 
Chikugo River were measured during a semilunar tidal cycle of September, 2010 using CTD with 
optical backscatter sensor. The observations were made at every 1 km from the river mouth to 17 km 
upstream (18 stations) for the spring-neap tidal cycles. Observed data’s were analysed to describe 
the influence of salinity, and tides on locations of estuarine turbidity maximum and the mixing 
conditions. Salinity and tidal cycle affect the location of estuarine turbidity maximum in the 
Chikugo River. The estuary was characterized by a well-mixed condition during the spring tide and 
it changes to a stratified condition during neap tides. The estuarine water was extremely turbid 
during the spring tide especially in flood tide. There were still turbidity on the intermediate tide but 
the estuary became clear during neap tide. Due to the high turbidity, availability of light was limited 
for photo synthesis during spring tide. Due to the low turbidity of the estuarine water, favorable 
condition for phytoplankton growth was found during neap tide.  
 
 
1. INTRODUCTION 
 
An estuary is a semi-enclosed coastal body of water having a free connection with the open sea and 
containing a measurable quantity of sea salt (Pritchard, 1952). Estuaries play an important role on 
the distribution of nutrients, contaminants and sediments to the coastal area. These far field 
distributions are driven to a large extent by localized mixing processes within an estuarine channel. 
Mixing in estuaries can be highly variable, dependent on diurnal and fortnightly variations in tides, 
seasonal cycles of river discharge and variations in channel topography. Vertical mixing is the most 
important process affecting the dynamics of estuaries, as it determines the exchange flow, the 
stratification, residence time and distributions of waterborne material (Geyer et al., 2008). Pritchard 
(1952) discussed dilution of fresh and salt water, which is crucial because it points to the important 
process of mixing. There are only few studies of estuaries provide the comprehensive examination 
of spatial and temporal distribution of salinity, turbidity and chlorophyll concentration and its 
relationships between them. The main aim of the study is to analyse the change of a mixing 
condition during a semilunar tidal cycle and its influence on the ecosystem of Chikugo River. 
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A large number of studies over the past 25 years have investigated suspended sediment 
dynamics in estuaries. Many of these studies report the existence of a zone towards the head of the 
estuary where the turbidity of the water is markedly higher than that observed further landward or 
seaward. The zone is termed the turbidity maximum zone (ETM). In recent times, the ETM zone has 
emerged as an important focus for estuarine research, because it is frequently located near the fresh-
salt water interface and consists of high concentrations of suspended sediment. These conditions 
lead to strong spatial and temporal gradients in geochemical processes, which can play a 
determining role in the dynamics and fate of anthropogenic inputs to estuarine systems. 
 
 
2. MATERIAL AND METHODS 
 
2.1 Study Site 
 
The Chikugo River estuary, which is situated in Southwestern Japan is the 22nd largest river in Japan 
and drain into Ariake Sea. The estuary is having a drainage basin of 2,860 km2, a total length of 143 
km, a mean discharge of 54 m3/s during dry season, and a mean annual storm discharge of 2,800 
m3/s. The tidal influence of sea water in the Chikugo river reach up to the barrage, which is 23 km 
upstream from the river mouth. The estuarine channel has continuous mild meander with a radius of 
curvature of 1.5-3 km, and the channel width varies from 1,000 m at the river mouth to 250 m at the 
barrage. 

 

 
 

Figure 1 Location of the study site- Chikugo River. 
 
The estuary is generally classified as a well-mixed on account of the large tidal range at the 

mouth with the amplitude of 5 m at spring tide and 1.5 m at neap tide. Since the water column is 
almost completely mixed during spring tides, turbidity exceeds 700 ppm even in the surface water at 
lower salinities. The estuary is characterized by large tidal ranges, a well-developed estuarine 
turbidity maximum with extremely turbid water and an absence of vertical stratification. The tidal 
currents are very strong with surface velocity increases over 1 m/s.  
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2.2 Field Measurements 
 
The longitudinal profiles of salinity, turbidity, temperature, and chlorophyll-a concentration of 
Chikugo River were measured during a semilunar tidal cycle of September, 2010 using CTD with 
optical backscatter sensor (AAQ-1183, JFE Advantech). The observations were made at every 1 km 
starting from the river mouth to 17 km upstream (18 stations) for the fortnightly tidal cycles.  
Suspended sediment concentrations (SSC) was calculated from the measured turbidity using the 
predetermined formula.  

Historically chlorophyll a (chl a) has been used as a measure of phytoplankton standing stock. 
Samples for chl-a were collected from surface at each station and transferred to the nearby 
fisherman`s house. From there the sample was filtered through 0.7 μm glass fiber filter. The filtered 
sample sent to Tokyo in frozen condition. Because it takes 3 to 4 days to reach the sample in Tokyo 
from the study site. After being transported back to the laboratory, they were placed in 12 ml 
Dimethylformamide (DMF). Concentrations of chl-a and pheopigments (pheo-a) in the extracts were   
determined by the fluorometry using a Turner Designs 10-AU fluorometer. Chl-a and pheo-a 
concentrations are calculated using the fluorescence values and the predetermined formula. 

 
 

3. RESULTS OF THE ESTUARINE STRATIFICATION VARIABILITY 
 
Data were analysed in order to emphasize estuarine mixing condition during both semi diurnal and 
semilunar tidal cycles by resolving variability of several water quality parameters longitudinally and 
vertically. The time series of the tidal range (at 14.6 km station) during the field measurement 
(September 2010) was shown in the Figure 2. Figure 3 shows the change variation of salinity mixing 
and SSC for a semilunar cycle. The estuary was characterized by a well-mixed condition during the 
spring tide. The mixing condition for the succeeding half tide was almost well-mixed with low 
salinity penetration towards the upstream. During neap tides, tidal ranges are smaller and have little 
effect on mixing, resulting in strong salinity stratification of the estuary. It formed a two layered 
saline vertical stratification with salty and denser marine water penetrating deeper into the estuary 
along the bottom, while fresh waters created by river discharge advance seaward on the surface 
forming a salt wedge and separated by halocline.  

 

 
 

Figure 2 Time series of the tidal range during the field measurement, September 2010. The yellow 
shaded area shows the time duration which the observations were taken. 

 
The mixing condition for the half tide after the neap tide was partially mixed with high 

salinity penetration towards the upstream. Again the estuary became a well-mixed for the next 
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spring tidal cycle. Salinity penetration towards upstream was very low for spring tides compared to 
neap tides. The length of the salt wedge during spring tide was short (12-14 km) as the saline ocean 
water enters in 6 hours. The entered sea water goes back to sea in the next 6 hours. The length of the 
salt wedge in neap tide reaches over 17 km with a salinity of 10 psu at mid-layer. Because a stable 
gravity current was formed and it run-up the channel for several days.  
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Figure 3 Longitudinal variation of salinity (left) and SSC (right) for the flood tides during a 

semilunar cycle. 

  

   
Salinity (psu) & Chlorophyll-a (μg/l) SSC (mg/l) 
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The estuarine water was extremely turbid due to strong current during spring tides. There 
were still turbidity on the intermediate tide but it became clear due to low SSC during neap tide. The 
SSC within the ETM zone was found 20 – 100 mg/l at neap tide and 1000 – 2000 mg/l at spring tide. 
The suspended sediments accumulates in the water column as the spring tide approaches and slowly 
started to deposits as the neap tide approaches after the half tide. 

Figure 4 shows the longitudinal variation of salinity, SSC and in-situ chl-a concentration by 
fluorescent sensor during low, flood, high and ebb tides of a spring tidal cycle. During the spring 
tide, salinity values shows an increasing trend as the tidal phase changes from low to high and 
decreasing during ebb tide.  Also it shows a well-mixed condition with weak vertical stratification & 
halocline throughout the spring tidal cycle. Isohalines looks almost vertical and there were no two 
layered net circulation. The spring tidal cycle affects locations of ETM. ETM zone was found at 7-9 
km during low tide (Fig. 4(a)) and it moves to 12-15 km during flood tide (Fig. 4(b)). For the high 
tide (Fig. 4(c)), ETM was found at 16-17 km and it retreats down to 11-14 km during ebb tide (Fig. 
4(d)). ETM zone was located near the fresh-salt water interface. The highest SSC was found during 
the flood tides. Since the water was very turbid, phytoplankton could not grow up due to light 
limitations. However, chl-a was also very high. The distributions of in-situ chl-a concentration were 
found similar to the SSC. In-situ chl-a sensor may be affected by the suspended sediment. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4 Longitudinal variation of salinity, SSC and chl-a during (a) low tide, (b) flood tide, (c) high 
tide and (d) ebb tide of a spring tidal cycle. 

 
Figure 5 shows the longitudinal variation of salinity, SSC, and chl-a concentration during 

ebb, low, flood, and high tides of a neap tidal cycle. During the neap tide, there is not much change 

 Salinity (psu) & Chlorophyll-a (μg/l) SSC (mg/l) 

(a) (b) (c) (d) 

Salinity  Salinity  Salinity Salinity 

SSC  

Chl-a  

SSC  SSC  SSC  

Chl-a  Chl-a  Chl-a  

07:07-08:04 08:57-10:05 11:01-12:18 13:07-14:10 
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in salinity mixing with the tidal change. The SSC is very low and the estuarine water becomes clear 
during neap tide. So the phytoplankton will grow with a good condition of availability of light and 
low tidal currents. During ebb tide, phytoplankton started to grow its growth is increasing during 
low to high tide.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Longitudinal variation of salinity, SSC and chl-a during (a) ebb tide, (b) low tide, (c) flood 

tide and (d) high tide of a neap tidal cycle. 
 
 
4. DISCUSSION 
 
The in-situ chl-a concentration by fluorescent sensor was plotted against the analysed chl-a 
concentration in laboratory. Figure 6 shows the temporal variation of the relationship between in-situ 
chl-a concentration and the analysed chl-a concentration. It shows the variation from the spring tide 
to the neap tide and from neap to next spring tide. During spring tide (Fig. 6(a)) the chl-a relation is 
not good (R2=0.196 and slope=0.544). That means the in-situ sensor catch not only chl-a but also 
some inorganic matter or dead phytoplankton. The relation becomes better and the slope increases 
during half-tides (Fig. 6(b&c)). Neap tide gives the good relation (R2=0.625) of in-situ chl-a and 
analysed chl-a. So both in-situ sensor and the lab analysis catch the same phytoplankton during neap 
tide. It shows neap tidal cycle is the good condition for phytoplankton plants to grow.  The relation 
during the next half and spring tide was looks good.  

Also the slope becomes highest value (Slope=5.228) during the half tide (Fig. 6(e)) after the 
neap tide (Slope=5.081). This is because the in-situ chl-a sensor detect the reflection from the total 

 
Salinity (psu) & Chlorophyll-a (μg/l) SSC (mg/l) 

(a) (b) (c) (d) 

Salinity  Salinity  Salinity  Salinity  

SSC  

Chl-a  

SSC  

Chl-a  

SSC  

Chl-a  

SSC  

Chl-a  

05:58-07:10 09:55-11:06 13:57-15:14 16:26-17:46 
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suspended matter. It includes suspended sediment, living phytoplankton and the dead phytoplankton. 
With increase in slope, ratio of sediment and the dead phytoplankton will reduce and the living 
phytoplankton will increase. The phytoplankton started to grow during the neap tide due to the 
favorable conditions and reach to the maximum growth during the half tide. It shows there is a time 
lag of 1 or 2 days for the relation between tide and the slope. The phytoplankton grows in 1 or 2 
days. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6 Temporal variation of in-situ chl-a concentration (surface) vs analysed chl-a concentration 
(surface) for (a) Sept. 11- spring tide, (b) Sept. 13 - half tide, (c) Sept. 15 - half tide, (d) Sept. 17 - 

neap tide, (e) Sept. 18 - half tide, and (f) Sept. 22 - spring tide. 
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(f) 

(b) 

(e) 

(c) (d) 
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Figure 7 SSC vs analysed pheo-a (surface) for a semilunar tidal cycle. 
 
SSC for the surface are plotted against the analysed pheophytin-a for a semilunar cycle in 

Figure 7. Pheophytin-a pigments are the dead phytoplankton cells. The SSC gives a good relation 
with the analysed pheo pigment (R2=0.922). The dead phytoplankton plants adhere to the inorganic 
particles and they roll-up together. This is showing the mechanism of flocculation between the dead 
phytoplankton plants and the fine sediment (silt or clay). For the Chikugo estuary the phytoplankton 
plants becomes dead due to the limited light and high water currents during the spring tide. The dead 
phytoplankton aggregate with the fine sediment particle and deposited in the bottom. That means the 
high chl-a concentration in the river bed (Fig. 4) was due to the high tidal current during spring tide 
and light limitation due to the extreme turbid. 
 
 
5. CONCLUSION 
 
Salinity and tidal cycle affect the location of ETM in the Chikugo River. ETM zone was moving 
from the estuary mouth to the upstream as the tidal phase changes from low to high and the ETM 
retreats down the estuary during the ebb. The estuary was in a well-mixed condition during the 
spring tide and it changes to a stratified condition during the neap tidal cycle. The estuarine water 
was extremely turbid during the spring tide especially in flood tide. There were still turbidity on the 
intermediate tide but the estuary became clear during neap tide. Stratification was greatest during 
neap tides, which reduces vertical mixing, increases deposition, and decreases SSC. Deposition and 
erosion are depends on the spring neap tidal cycles. The suspended sediments accumulates in the 
water column as the spring tide approaches and slowly started to deposits as the neap tide 
approaches after the half tide. Due to the high SSC during spring tide, availability of light was 
limited for photo synthesis. The flocculation processes have been found to occur in Chikugo estuary 
in areas of limited biological activity and where no salinity gradients exist. A positive correlation 
was found between turbidity concentrations of suspended sediment and dead phytoplankton 
(pheophytin). Phytoplankton productivity was high in neap tides and pheophytin concentration was 
high in spring tide. During neap tidal cycle chlorophyll a concentrations in the ebb tide was very 
low. As the neap tidal cycles goes from ebb, phytoplankton started to grow because of the low 
turbidity of the water.  
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ABSTRACT
Rehabilitation and reinforcement of the existing distribution pipe network to restore and 
upgrade its flow capacity and to reduce non-revenue water (NRW) are growing concerns of 
all waterworks across the globe. Kota Makassar is not an exception. There are a number of 
old and deteriorated Cast Iron Pipes (CIP) installed in 1920s in city center and a length of 
over 2,700 km Polyvinyl Chloride Pipes (PVC) installed in 1980-2010 in newly developed 
residential and commercial areas, both of which are not necessarily functioning properly. 
PDAM Makassar (waterworks) pays utmost attention to urgent rehabilitation of the 
pipelines. This study aims to propose a design concept of the pipeline network that 
emphasizes minimization of head losses particularly at trunk/limb mains (Trunk/limb Main 
Reinforced - TMR). Additional trunk/limb mains to be installed are considered most 
cost-effective and practical solution for rehabilitation of the exisiting pipe network, and are
able to cope with an unexpected increase in zonal water demand in future. Our preliminary 
study also suggests that this TMR pipe system benefits to the PDAM, in terms of 1) direct, 
social and environmental costs, 2) O&M aspects of the pipe network, and 3) flexibility in 
future expansion of the network. 

Keywords: hydraulic gradient, minimization of head losses, pipe rehabilitation, trunk/limb 
mains, TMR pipe system

BACKGROUND

Kota Makassar, a capital of South Sulawesi Province, has been developing rapidly as 
center of administration, industry, commerce and education in east Indonesia. Its
population in 2010 was 1,339,374 people, increasing rapidly with an annual growth rate, 
2.2% (2004-2010), much higher than a national average growth rate, 1.6% of Indonesia 
(2000-2010, BPS-Statistic Indonesia). 

Infrastructural development, inclusive of water and sanitation, could hardly catch up with 
this rapid pace in the area. Many people, particularly in north and east parts of the city,
are suffering from chronic water shortage and low water pressure.

The current crucial situation may be caused from a high rate of non-revenue water (NRW)
as well as a limited production capacity resulting from the delayed system development. 
Water losses, despite financial investment in the past several decades to decrease the 
level of pipe leakage, are still at a high level of 45% in 2010 (PDAM, 2010).

NRW based on causes can be classified into physical and non-physical losses (Thronton, 
2002). In case of Kota Makassar, according to previous studies, physical water losses may 
account for 20-25%, nearly a half of the NRW. They are mainly those of leakage 
particularly from old deteriorated CIP pipes and fittings installed in 1920s and from PVC 
service mains, branching saddles and connections installed in1980-2010. PVC pipes are
vulnerable to heavy loads and damage.
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This study aims to propose new design concept of distribution pipe network by minimizing 
head losses of trunk/limb mains and verify that this pipe system is most cost-effective and 
practical solution for rehabilitation or reinforcement of old pipe network and is able to cope 
with unexpected increase in future water demand and easy to controll water losses.

EXISTING WATER SUPPLY SYSTEM 

PDAM Makassar (city-owned waterworks) is one of twelve drinking water companies 
classified into a large group in Indonesia, which has over 100,000 customers.

The PDAM currently operates five (5) water treatment plants (WTP). Panaikang WTP with 
a production capacity of 1,100 L/s and Somba Opu WTP with 1,000 L/s are major two,
supplying water to north and south parts of the city respectively. The remaining three are 
relatively small in water production; they are Ratulangi (50 L/s) located at city center,
Antang (85 L/s) in east residential area and Maccini Sombala in south commercial and 
residential area (150 L/s). Actual water production at these 5 WTPs has reached to 2,340
L/s in 2010.

Population serviced by the PDAM has been gradually increasing, approximately 72% of 
total population as of January 2011 (PDAM, 2011). To cope with the city development, the
PDAM has been expanding its service area. Service area is currently divided into 46 supply 
zones for administrative purpose as shown on Figure 1.

Existing distribution mains cover almost all administrative area of Kota Makassar as seen
on Figure 2.  The whole service area is distributed by pumping from each WTP, except for 
a low lying area of north-western part where supplied by gravity. 

Figure 3 shows that service mains (250 mm or less in diameter) are 2,892 km in length, 
accounting for 95% of the total pipe length, 3,043 km, while trunk/limb mains (300 mm or 
more) are 151 km, or 5%. Pipe materials typically installed in Makassar, as indicated in 
Table 1, are mostly of PVC, accounting for over 90% out of the total. DCIP (3%) and GIP 
(2%) then follow. In the city center, old and deteriorated cast iron pipes (CIP) laid in 1920s 
have been left without repair. These pipes extend to a length of 58 km or 0.2% of the total. 
Furthermore, hazardous asbestos cement pipes (ACP) with a length of 28 km laid in 1980s 
are still in service despite frequent bursts. Figure 4 “Comparison of distribution mains by 
diameter” indicates that Kota Makassar has a longer length of 50 mm service mains than 
those of waterworks in Japan, almost double in percentage. 

Figure 1 Existing Service Units and Supply Zones  Figure 2 Existing Distribution Mains
(PDAM, 2011) 
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Table 1 Pipe Length in Kota Makassar (Unit: m)
SP DCIP CIP PVC GIP ACP Total
19,631 87,779 58,334 2,774,389 75,695 27,570 3,043,398

1% 3% 2% 91% 2% 1% 100%
(PDAM, 2011) 

 

Figure 3 Distribution Mains by Diameter in Makassar 
                                              (PDAM, 2011) 

Figure 4 Distribution Mains in Makassar and Japan  
 
With regard to valves, wash-outs, hydrants, meters and flow controllers installed to control 
water flow, they are rarely found in the pipe network. Most of such devices and accessories,
even if they exist, are not working any more due to heavy corrosion and a lack of 
maintenance.   
 
CURRENT PROBLEMS 

The PDAM recognizes urgent needs of rehabilitation and reinforcement of the existing 
distribution pipe network to improve water supply condition in the area. Implementation of 
these works in Makassar may render a financial burden of approximately US$20-25 million 
in total. Major problems the PDAM currently encounters are enumerated below; 
1) High rate of NRW 
Despite financial investment to reduce pipe leaks, the PDAM has been suffering the high 
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rate of NRW, namely, 45% in 2010. Full-fledged NRW reduction to a national target of 20% 
by 2015 may contribute to a significant increase of water sales.
2) Old CIP mains 
One of the major causes for the high rate of NRW may be attributed to the deteriorated CIP 
installed more than 90 years ago. Several rows of the CIP mains, currently, run northward 
and southward along main roads in the city center. The 1989 survey report suggests that 
their outer pipe walls are heavily corroded by aggressive soils. Furthermore,
cross-sectional area of the pipes has reduced almost half due to encrustation thickly 
developed inside. Many leaks are found at pipe joints, flanges, bends and fittings.
3) Low water pressure 
Water pressure particularly in the north and central parts of the city is in a low level, 0-0.5 
kg/cm2, due mainly to the NRW and the inadequate alignment of distribution pipelines. 
Majority of customers (including large factories and commercial centers) tends to have 
suction pumps on their premises to supplement the pressure. This makes situation worse. 
Unsanitary sewage and wastes discharged into city drains may be possibly entering into 
water mains installed in the ditch. This may further cause contamination of the piped water,
raising risk of endangering public health.  
4) Restricted activities for fire fighting 
It is said that around 400 fire hydrants were installed at every 200 m of the main roads in 
1920s. Due to an absence of adequate maintenance, most of these hydrants are missing 
and no longer usable. Once fire occurs, fire engines rush to and fro between Ratulangi 
WTP and fire site. The lack of fire hydrants and the burdensome fire fighting has been a
long pending issue of Kota Makassar since 1970s, posing threats to human life and social 
security. 
5) Road expansion 
Main road expansion in the city center that connects its adjacent cities and an airport had 
been implemented in 1990s. Along with this expansion, many water mains buried 
underground, however, had not been shifted to proper place. Pipes installed under 
pavement of the main roads, accordingly, had become hardly accessible. Thus NRW 
control and reduction is getting more difficult task than ever before. 
6) Newly installed PVC pipes 
In the newly developing area, the PDAM has been used to install mainly PVC pipes. They 
have been laid in a shallow depth (50-80 cm) under sidewalks as service mains. It is 
considered adequate to install PVC pipes, so far as they are installed under unpaved 
sidewalks, generally free from heavy load. As the pipelines recently installed are relatively 
small, i.e., 50-100 mm of PVC pipes, customers at the fringe area may be restricted from 
continuous water supply. 
7) Weak financial capability 
Due to a financially weak standing with long-term debts, the PDAM is not capable to 
allocate sufficient amount of funds for the pipe rehabilitation and NRW reduction.  

BASIC CONCEPT OF TMR PIPE SYSTEM 

To overcome all problems stated above, replacement or reinforcement of the existing 
distribution pipe network with minimum cost is inevitable with an aim to establish a base for 
financially sound PDAM at the earliest date possible. If the NRW reduced to zero, the 
PDAM could double its annual income to nearly Rp 190 billion (US$17 million). 

Major Issues Considered 

The pipe replacement or rehabilitation shall be well-planned in view of current situation of 
the overall distribution network and future expansion of the service area. To seek optimal 
and cost-effective solution for the pipe rehabilitation (Arai, 2007), special attention was paid 
to the following:
1) Insufficient Capacity of Pipe Network: Commerical, industrial and residential areas are 
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Figure 5 Pipe Alignment of Existing and TMR Pipe Systems

expanding rapidly. Many modernized hotels, commercial centers, and large scale 
factories are constructed or under contruction throuout the city. The exisiting pipe 
network is not sufficient in flow capacity to meet the increasing water demand in the 
area. 

2) Low Pressure: Extremely low supply pressure shall be improved as early as possible. 
This may cause adverse effects on human health and local economy. 

3) PVC Pipes: PVC pipes are dominantly used as service/limb mains, which are laid in 
shallow depth under sidewalks. They shall continue to be in service after some 
adjustment or reinforcement.  

4) Easy Operation: Pipe network shall be simple and functional for ease of routine O&M 
and NRW reduction.

The pipe rehabilitation may be a good opportunity for the PDAM to establish flexible and 
durable distribution pipe network in the area. To attain this goal, we propose TMR 
(Trunk/limb Mains Reinforced) pipe system which will be further explained in succeeding 
paragraphs.  

TMR Pipe System and Old CIP Network 

Figure 5 shows conceptual pipeline alignment of the existing and TMR pipe system. In the 
city center, many existing trunk/limb mains run in parallel, usually located deep under thick 
pavement (1.8 m to 2.3 m below the ground surface). They are all deteriorated after years 
of use. Under such circumstances, installation of an integrated pipeline is more 
cost-effective and hydraulically preferable than replacement of all mains for rehabilitation.
For example, from the Hazen-Williams equation, 400 mm diameter pipeline is hydraulically 
6 times more effective than 200 mm pipeline in terms of pressure loss, although its 
cross-sectional area is 4 times larger than the 200 mm. Consequently, renewal costs may 
drop to one-half or one third of the replacement of all pipelines. In addition, the TMR 
system does not require any temporary or bypass pipes during civil works. Furthermore, 
service main arrangement or installation as planned stepwise can be implemented 
according to a priority or urgency of the supply area.  

As regards to “hydraulically equivalent pipes”, we prepared logarithmic charts that exhibit 
number of pipes vs. hydraulically equivalent diameter as shown on Figures 6 and 7. Pipe 
design engineers can easily refer to and find adequate diameter of the larger main based 
on these charts. In the newly developed residential and commercial area where water 
pressure is extremely low due to small diameter PVC pipes, it is clear that new trunk/limb 
mains shall be additionally installed. This may drastically improve water supply conditions 
in the area.  
  

Note: Conveyance 
capacity of the 
TMR mains is 
almost equivalent 
or more to that of 
the existing.

200mm in dia. x 5-6 rows

Existing System TMR System

400mm in dia.

Complicated limb/ 
service mains 

DMA for service main 
rearrangement

29 8

18 192

18 192

18 192

1 16 17

4

7 6

13 12

15 14

1

R
R
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Figure 6 Number of Pipes-Trunk/Limb Main Hydraulically Equivalent 

Figure 7 Number of Pipes - Service Main Hydraulically Equivalent 
Pipe Alignment 

The TMR pipe system consists of simple pipeline alignment. Depending on needs, it is 
easy to expand the area. Service main rearrangement or District Metering Area`s (DMA) 
establishment in the distribution pipe network will enable the PDAM to conduct effective 
control and management of the NRW as a part of routine maintenance. 

Design matrix 

To clarify further a whole picture of the TMR pipe system, we prepared “design matrix”
(JICA, 2007) which focuses on scope and effectiveness of the TMR as given in Table 2. 

The trunk/limb mains installed probably under pavement of main/sub-main roads shall 
have sufficient strength, durable against long term use. Optimal route for new pipelines 
shall be carefully selected so that pipe laying works may not cause any serious impacts or 
disturbance on social life and traffic. 

Service mains, instead, can be laid at a shallow depth under sidewalks as currently 
practiced by the PDAM. Eventually, the pipe network forms “double-layer”: trunk/limb main 
in 1.2-1.5 m and service mains in 0.5-0.8 m depth underground. This may be appropriate 
for the PDAM to carry out routine maintenance of the pipe network effectively. PDAM staff 
can easily access to the installed service mains when urgent repair and maintenance are 
required. Application of the TMR pipe system to the pipe rehabilitation may have 
advantages as follows;
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Table 2 Design Matrix of TMR in Makassar 

Components Scope Renewal Cost* Effectiveness Current situation

Trunk main
Additional trunk mains are
small in quantity Similar -Moderate

-Trunk mains, 700-1,000mm in dia.
installed

Limb main Integrated pipelines are
installed

1/2-1/3 of simple
replacement

-Highly effective
- New pipe installation may render
less impacts on traffic/human life

-CIP limb mains deteriorated due to
encrustation

Limb main (PVC)
New limb mains are
installed

Reasonable, as installation
of temporary pipes are not
required

-Highly effective
-Water pressure will be drastically
improved

-Small diameter PVC mains are not
functioning as limb mains

Service main (old GIP) New main installation
Reasonable, as installation
of temporary pipes are not
required

-Highly effective
-Water pressure will be drastically
improved

-Service mains deteriorated due to
encrustation
-Low pressure at end users

Service main (PVC) Existing mains to be
rearranged

Reasonable, as installation
of temporary pipes are not
required

-Fairly effective

-Small PVC pipes extend to newly
developing area, from which a
number of service pipelines branch
entangled

Multi-function chamber
Newly constructed on
inlets to service mains Not costly -Highly effective -Flow controllers not exist

Flow/pressure control
Flow controllers installed in
MfC*

Additional costs required
for flow control equipment

-Highly effective
-Flow control becomes easier

-O&M is not considered.
-Flow control is hardly possible

Fire fighting Fire hydrants installed
Increased costs for
installation of fire hydrants -Highly effective

-Due to low water pressure, fire
engines rush between plant and
fire site

NRW control DMA established Similar
-Highly effective
-DMA will be established for NRW
control

-Leakage control is hardly possible

Asset management GIS Not costly as the PDAM
uses GIS software

-Highly effective

-As the priority of the existing
pipelines is uncertain, it is hard to
propose a strategic asset
management.

Pipeline installation
Additional limb /service
main installation for new
DMA

New DMA not costly -Highly effective
-Small diameter of the existing limb
mains shall be reinforced to expand
service area

Flexibility for Future Expansion

Civil Work

Operation & Maintenance Aspects

-Residual chlorine is not detected
at end users.
–Many customers tend to install
house pumps on their premises,
resulting in possible contamination

Additional chlorine dosage
equipment may be
installed.

Public campaignWater quality control

-Highly effective
-House pumps are abandoned
because of increased pressure
-Frequent wash-out may be required
-Residual chlorine may reduce in the
pipes

Note:  
* “Renewal Cost” and “Effectiveness” above are a result of comparison with normal 

pipeline replacement. 
** MfC implies “a multi-function chamber” in which various devices for flow control, flow 

measurement, air release, wash-out, etc. are encased all together. 

[308]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

-8- 
 

Figure 8 Hydraulic Profile of TMR Pipe System

0.0

4.0

Trunk main Limb main Service main Service Con.

Head losses 

Water flow loses its energy due to its internal friction with pipe wall. A number of branches,
bends, reducers, and valves are also additional causes for head losses. Under a certain 
flow rate and pipeline alignment, hydraulic gradient becomes steeper at small diameter 
mains than that of large ones. Figure 8 illustrates hydraulic profile of distribution mains. 
The TMR pipe system, by reinforcing size and alignment of trunk/limb mains, minimizes 
head losses. High water pressure kept in the limb mains will be desirable for stable and 
continuous supply. Although hydraulic gradient (=head loss/distance) of water flow in the 
service mains is similar to those of the existing, all customers even in the fringe area can 
enjoy continuous 24 hour supply.

Sufficient water pressure 

As head losses of distribution mains are smaller than that of the existing, customers enjoy 
sufficient water continuously on 24 hour basis. Although peak hour demand may cause 
pressure drop, the TMR pipe system keeps water pressure sufficiently high even at peak 
hour. Large diameter and low flow velocity in the extended limb mains will decrease head 
losses. Customers are no more required to have suction pumps to supplement the 
pressure. They may abandon their use. In addition, strengthened and durable trunk/limb 
mains are also effective in preventing pipe leaks.

Cost –effectiveness

Renewal cost of limb/service mains is moderate, nearly 1/2 – 1/3 of that of “all-pipe 
replacement”. Short (in total length) but extended length of limb mains and simplified 
network contribute to substantial reduction of labor, procurement and O&M costs.     

Flexible and durable pipe alignment 

Rapid population growth and economy may trigger robust and unexpected increase in 
water demand in future. Strengthened trunk/limb mains have sufficient capacity to cope 
with this situation. Water can be supplied through service mains with minimum effects on 
water flow in the limb mains. Depending on the situation, the PDAM can install new service 
mains at shallow depth under sidewalks which are not costly. 

Easy operation and maintenance 

Multi-function chamber that will function as flow measurement, flow control, air release, 
and wash-out is beneficial to the PDAM, resulting in easy operation and maintenance. 
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Surrounding fence may protect from human access and tampering of equipment installed 
in the chamber. Costs required for operation and maintenance of the simplified network 
may decrease significantly.

Effective control of water losses

Detection and reduction of leaks or water losses become easier by introducing the TMR 
pipe system. Any water leak can be easily detected in well-designed DMA network
(Morrison, 2007).

CONCLUSIONS 

The TMR pipe system we propose is considered more effective than the method commonly 
applied in the world (all-pipe replacement). Basic concept of the TMR is to keep head loss 
at minimum, by replacing the existing distribution mains with larger diameter trunk/limb 
mains. 

Minimized pipes length, number, accessories and volume of civil works will benefit to a
decrease in project costs. Increased conveyance capacity of the mains and interconnected 
limb mains are flexible for growing water demand. Because of its simplicity, NRW control 
and management will become easier than ever before. 

To verify further effectiveness of the TMR pipe system, it is necessary to look into details of 
the pipe system by conducting case-study and research on the following; 

1) Water demand projection in the area 
2) Model development for computerized distribution pipe network  
3) Comparative study through life cycle cost planning 
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Abstract 
This research aims to analyze effectiveness of rehabilitation and expansion plan of the pipe 
network formulated under the concept of “Trunk/limb Mains Reinforced pipe system” (TMR 
system).  Distribution zones are classified into several groups (clusters) according to their 
demographic and economic features. To obtain future water demand by zone and user category, 
population and service population in each zone are forecast up to the year 2090, reflecting 
development concept and strategy set up in the city master plan. This method pays less attention to 
a life span of the planned pipelines. It is often the case that diameter of the pipes installed is no 
longer sufficient after the project. In view of their life span of the pipelines installed, it is hard to 
judge which is more cost-effective, TMR or NPD system. To justify effectiveness of these 
methods, we applied “Life Cycle Cost Analysis (LCCA)” for comparison. This intends to estimate 
and evaluate all costs including those for pipe installation, operation, maintenance, replacement, 
and leak repair to be required up to the year 2090. Through this analysis, most reasonable and cost 
effective solution is selected for the study area that considers life span, quality and function of 
network. 

Keywords 
 TMR-System; Life Cycle Cost; Rehabilitation and Expansion; Pipe Network; Makassar 

BACKGROUND
Kota Makassar, a capital of South Sulawesi Province, is developing rapidly as center of 
administration, industry, commerce and education in east Indonesia. Its population in 2010 is 
1,339,374 people, with an annual growth rate, 2.2% (2004-2010), much higher than a national 
average growth rate, 1.6% of Indonesia (BPS-Statistic Indonesia, 2000-2010). Infrastructural 
development, inclusive of water and sanitation, could hardly catch up with this rapid pace. 
Inadequate alignment of distribution pipelines and high rate of non-revenue water (NRW), 45% in 
2010 (PDAM, 2010), make situation worse. Many people, particularly in north and east parts of the 
city, suffer from chronic water shortage and low water pressure (0-0.5kg/cm2). They tend to have 
suction pumps on their premises to supplement the pressure. In the newly developing area, city-
owned waterworks (PDAM) has installed small diameter of PVC mains, 50-100 mm, not sufficient 
to achieve stable and continuous water supply.

The PDAM, although recognizes urgent needs of rehabilitation and reinforcement of the existing 
distribution pipe network, is not capable to allocate sufficient amount of funds due to a weak 
financial standing with a huge amount of long-term debts. To overcome all problems stated above 
and establish a base for financially sound PDAM at the earliest date possible, replacement or 
reinforcement of the existing distribution pipe network with minimum cost is considered essential 
and inevitable (Arai, 2007).

This research aims to justify effectiveness of the pipe network rehabilitation and expansion plan 
formulated under the concept of “Trunk/limb Mains Reinforced pipe system” (TMR system). The 
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Figure 3 Pipe Alignment of Normal and TMR System 

41

2
13

14

16

1717a

29a

31
31a

32

15
333434a

32a
38

3536

37

40 39

4142

43

30
29

41a

45

46

4747a

48a 48

49

50

51

5253

44

28

27

26

2525a

24

23 22

18

20

21

3

5

6

78

11

12

910
19

WTP

1

2

11

17
123a

4
3b 13

56 14
18

19

25

24Wajo

15
7

8
9

10
16 21

20

23b
28

23a
3543

27
22

26
34

36

29

30

37

31

38

33

42

41b

41a

4039

32

Bontoala

Ujung Pandang

Mamajang
Mariso

Tamalate

Rappocini
Manggala

Panakukang

Tamalanrea

Kima

Biringkanaya

b) Normal System a) TMR System

TMR system may be most cost-effective to cope with deteriorate pipelines, high NRW and low 
water pressure of the existing pipe network particularly in the countries where funds are limited. In 
addition, the pipe network designed on the basis of the TMR concept is more flexible than any other 
plans against unexpected increase of water demand in future. 

EXISTING WATER SUPPLY SYSTEM 
PDAM Makassar is one of twelve drinking water companies classified into a large group in 
Indonesia, which has over 100,000 customers. Population serviced by the PDAM has been 
gradually increasing, accounting for approximately 72% of total population as of January 2011 
(PDAM, 2011). In parallel with the city development, the PDAM has been expanding its service 
area. The service area is currently divided into 46 supply zones as shown on Figure 1, covering 
almost all administrative area of Kota Makassar. These zones are supplied from 2 major systems, 
Somba Opu System and Panaikang System. Distribution and service mains are mostly small in 
diameter of PVC, accounting for over 90% of the total.  

Figure 1 Existing Service Units and 
Supply Zones.

Figure 2 Existing Distribution System 
(Somba Opu System).  
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Figure 4 Number of Pipes-Trunk/Limb Main Hydraulically Equivalent. 

TMR PIPE SYSTEM
The TMR pipe system aims to install quality trunk/limb mains of a long life span to meet water 
demand in the long term future (B. Bakri, 2011). It is simple and easy to adopt the TMR for the 
pipeline design.  First, it needs to identify trunk/limb mains on the network and then seek solution 
of proper diameter of the mains to improve the overall network.  

Figures 3 illustrate conceptual pipeline alignment of the normal and the TMR pipe system.  Under 
the circumstances, installation of an integrated pipeline may be more cost-effective and 
hydraulically preferable than replacement of all mains. As regards to “hydraulically equivalent 
pipes”, we prepared a logarithmic chart that exhibits number of pipes vs. hydraulically equivalent 
diameter as shown on Figures 4. Pipe design engineers can easily refer to and find adequate 
diameter of the larger main based on this chart (B. Bakri, 2011).

For example, from these network and chart, 1,000 mm diameter pipeline is hydraulically more 
effective than dual pipelines of 700 mm in terms of pressure loss, although their cross-sectional 
areas are similar (strictly speaking, 1,000mm equivalent to 2.5 times of 700 mm pipe).  

LIFE CYCLE COST ANALYSIS (LCCA) 
LCCA is a methodology for assessing design alternatives over a particular time frame and selecting 
most appropriate solution (King, 2011). In the analysis, overall costs of the alternatives, including 
those for initial pipe installation, replacement, and leak repair to be required up to the year 2090 are 
estimated with price escalation (Alaska Education, 1999). At the end of the analysis, most 
reasonable and cost-effective solution that considers life span, quality and function of network is 
selected for the study area (Barringer, 2003). 

Pipe Installation 
Pipe installation costs include those for materials and civil work.  Costs for civil work differ 
significantly depending on circumstances where they are installed, under unpaved sidewalks or 
paved roadways. As the sidewalks generally have a limited space, small diameter pipes (less than 
300mm in diameter) are assumed to be laid under the sidewalks. Meanwhile, a dominant type of 
road in Kota Makassar is a single carriageway with unpaved sidewalks.

Pipe materials of PVC, HDPE, and DCIP are assumed in the current research to have a life span of 
20, 40 and 80 years respectively. Material costs depend on the pipe materials and sizes as shown on 
Figure 5 (PDAM, 2009), while civil work costs per meter are given as function of material costs in 
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Figure 5 Pipe Cost Based on Materials and Diameters (IDR: Indonesian Rupiah)

Figure 6 Water Demand Forecast

Equations (1) and (2). 

1cs mC a C      (1) 
2cp csC a C      (2)

Where csC = civil work costs for pipe installation under unpaved sidewalks, cpC = cost under paved 

roadways and mC = material costs. Coefficients, 1a and 2 , are fixed ratios, tentatively assumed to 

be 0.3 and 2 respectively in the study.

Leakage Repair cost 
From the experience in Kota Makassar, pipe leaks are supposed to take place after installation at the 
following frequencies: PVC = 5.0 points/km/year, and HDPE = 2.0 points/km/year. As for DCIP, 
leakage repair will be required at less frequency than PVC and HDPE, namely, 0.5 points/km/year 
in the period of 20 years before its life span expires. Average costs required per meter for the 
leakage repair may be expressed as function of Cm, and Ccs in Equations (3) and (4). 

1ls m csC b C C      (3)

2lp lsC b C      (4) 

lsC  and lpC  stands for leakage repair costs of the pipes installed under unpaved sidewalk and paved 

roadways respectively. Coefficients, 1b and 2b , are fixed ratios, tentatively assumed to be 2.0. 

Demolition Cost 
The present analysis considers demolition of the existing pipes for estimation of the overall cost. 
The demolition cost per meter is supposed to be proportional to civil work costs at the fixed ratio 
( 1c and c2) as expressed by equation (5) and (6). 

1ds sC c C      (5)
2dp dsC c C      (6)

dsC and dpC are demolition costs of the pipelines installed under unpaved sidewalk and paved 

roadways. Coefficients, 1c and 2c are fixed ratios, tentatively set at 0.5 and 2 respectively.
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Inflation Rate 
Inflation rate can be expressed as percentage of annual increase/decrease in the price of goods and 
services against the former year (InvestorWords.com). An average inflation rate during the period 
from 1990 to 2010 on study area is 8% per annum. Maximum and minimum rates are 17.07% and 
2% respectively (inflation.eu). To minimize effects caused by price escalation, the present study 
assumes 2% escalation rate per annum for estimation of pipe material costs and civil work costs in 
future. 

Cost analysis 
To verify cost-effectiveness of the TMR we developed 3 scenarios based on the materials of pipe 
installed. Scenarios 1 and 2 are developed under the TMR concept, while Scenario 3 is obtained 
through normal procedures applied for the existing pipe network. Each scenario can be explained as 
follows:  
Scenario 1: All trunk mains to be replaced by DCIP, while all limb mains by HDPE Pipes.  
Scenario 2: All trunk mains to be replaced by DCIP, while the limb mains of 300mm or more to be 
replaced by HDPE, and the limb mains less than 300 mm to be replaced by PVC.  
Scenario 3: Pipes, larger than 500 mm in diameter, to be replaced by HDPE pipes and 500mm or 
less to be replaced by PVC Pipe (PDAM’s current practice). 

WATER DEMAND FORECAST 
Future water demand is one of key parameters to verify effectiveness and flexibility of the pipe 
network. This study has looked into various aspects of demography, spatial economic development 
plans, and general trends of residential and non-residential (commerce, institution and industry) 
customers and their water consumption in each zone. First, distribution zones are classified into 
several groups (clusters) by demographic & economic features and water consumption rate (Koo, 
2005). Then, population and service population in each zone are also forecast up to the year 2090, 
reflecting development concept and strategy set up in the city master plan (Koizumi, 1982). 
Historical records of water consumption by residential and non-residential customers are used to 
analyze consumption patterns by user categories and zones. Figure 6 shows water demand forecast 
in the distribution zones of Somba Opu System.

RESULT AND DISCUSSION 

Identify Trunk/Limb Mains 
To identify trunk/limb mains is the first step of TMR System. Figure 7 shows six(6) trunk main 
alternatives on Somba Opu System. Trunk main length for Alternatives 1, 2, 3, 4, 5 and 6 are 17.1, 
13.0, 14.3, 13.1, 12.1 and 14.1 km respectively. They are all 1,000mm in diameter. Table 1 shows 
node pressure estimated based on water demand in 2090. Hydraulic pressure at all nodes of 
Alternatives 1 and 2 exceed 2.1 kg/cm2 at the trunk mains and 1.7 kg/cm2 at the limb mains. In 
case of Alternative 3, 4, 5, and 6 hydraulic pressure less than 1.7 kg/cm2 are seen at some limb 
mains located at fringe service area. From this hydraulic analysis, Alternative 2 is evaluated most 
cost effective and selected for our further study. 

TMR vs. Normal Pipe Design (NPD) method 
Node pressure of the pipe network designed under concept of the TMR and the NPD method was 
estimated for the water demand 2030 and 2090. As seen on Figure 8, the TMR system is evaluated 
more desirable than the NPD, keeping water pressure to a sufficient level. As head losses are 
minimized, the TMR system is able to supply water through the limb mains even in peak hour. 
Customers are no more required to depend on suction pumps. Further, the network is flexible 
against water demand increase in future. Conveyance capacity of the mains may absorb any 
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pressure drops caused by increased flow rate.

Table 1 Node pressure based on water demand in 2090 

NODE NODE

1 3.1 3.1 3.1 3.1 3.1 3.1 28 2.4 2.3 1.9 2.3 1.7 2.4

2 3.0 3.0 3.0 3.0 3.0 3.0 29 2.4 2.4 1.9  2.4 1.7 2.4

3 2.0  1.9  2.0  1.9  2.0 1.9 30 2.4 2.4 1.8  2.5 1.6 2.3

4 2.2 2.2 2.2 2.2 2.2 2.2 31 2.2 2.1 1.6 2.2 1.3 2.0

5 2.3 2.2 2.3 2.1 2.3 2.2 32 2.1 2.1 1.5 2.2 1.3 2.0

6 2.0  1.9  2.0  1.8  2.0 1.9 33 2.3 2.3 2.0  2.3  2.0 2.2

7 2.1  1.9  2.1  1.9  2.1 1.9 34 2.2 2.2 2.0  2.3  1.9 2.2

8 2.1  1.9  2.1  1.9  2.1 1.9 35 2.1 2.1 1.8  2.2  1.8 2.0

9 1.9  1.7  1.8 1.6  1.9 1.7 36 2.0 2.0 1.7  2.1 1.6 1.9

10 1.8 1.7 1.8 1.6 1.8 1.7 37 1.9 1.9 1.5 2.1 1.4 1.8

11 2.9 2.7 2.9 2.6 2.9 2.7 38 1.8 1.8 1.3 2.0 1.0 1.7

12 2.9 2.7 2.9 2.6 2.9 2.7 39 1.8 1.7 1.2 2.0 0.9 1.6

13 3.0  3.0  2.9  3.0  2.9 3.0 40 1.8 1.7 1.2  2.0 1.0 1.7

14 2.8 2.8 2.5  2.8 2.5 2.8 41 2.4 2.4 1.8  2.4 1.5 2.2

15 2.5  2.5  2.3  2.5  2.3 2.4 42 2.0 2.0 1.4  2.4 1.1 1.9

16 2.7 2.5 2.4 2.3 2.5 2.5 43 1.9 1.8 1.3 2.5 1.0 1.8

17 2.7 2.4 2.4 2.2 2.4 2.4 44 1.8 1.7 1.3 2.5 0.9 2.2

18 2.8 2.3 2.3 2.1 2.4 2.3 45 2.4 2.3 2.1 2.0 1.6 2.2

19 2.4  1.9  1.9  1.7  1.9 1.9 46 2.4 2.3 2.1  1.9 1.5 2.3

20 2.7 2.2  2.2  2.0  2.2 2.2 47 2.4 2.4 2.1 1.7 1.3 2.1

21 2.7 2.1  2.1  1.9  2.2 2.2 48 2.4 2.4 2.1 1.7 1.3 2.0

22 2.1 1.8 1.7 1.5 2.0 1.9 49 2.2 2.1 1.8 2.0 1.3 2.3

23 2.1 1.8 1.7 1.5 2.0 1.9 50 2.1 2.1 1.8 2.0 1.3 2.3

24 1.8 1.7 1.5 1.4 2.1 2.1 51 2.0 2.0 1.6 2.1 1.1 2.4

25 2.1  1.9  1.8 1.6  2.2 2.1 52 1.9 1.8 1.5  2.4 1.0 2.4

26 2.4  2.2  2.1  1.9  2.3 2.4 53 1.8 1.8 1.4  2.5 0.9 2.4

27 2.5  2.4  2.2 2.1  2.3 2.4          

Unit: Kg/cm2 

(a) Alternative 1 (c) Alternative 3 (b) Alternative 2 

(d) Alternative 4 (f) Alternative 6 (e) Alternative 5 

Figure 7 Six Alternatives of the Network Trunks 

 and  = exceed standard level of minimum pressure on trunk and limb mains  respectively = under standard level of minimum pressure
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Figure 8 Node pressures by TMR and NPD for the water demand 2030 and 2090  

Cost Analysis 
Price escalation influences total cost of the scenarios as indicated on Figure 9.  Scenario 3 is most 
sensitive, due to its frequent pipe repair and replacement.  

To verify further cost-effectiveness of these scenarios, this study assumes the inflation rate, 2% per 
annum, the lowest annual inflation rate in the last 2 decades in Indonesia. As envisaged on Figure 
10, the total cost of the scenario 1 is estimated minimal, nearly two thirds of the scenario 3. This is 
because of difference in their life span, initial costs and leak occurrence of the pipe materials 
installed. It is assumed that a) replacement of high-quality materials of trunk mains require once in 
80 year period, b) mid-quality materials are supposed to have a life span of over 40 years, and c) 
PVC materials are over 20 years. Hence, leakage repair and pipe replacement of the PVC pipes 
requires at more frequent interval than others.

From these assumptions, the total cost of the Scenario 2 is estimated slightly higher than that of the 
Scenario 1.  In contrast to these Scenarios, the Scenario 3 is most costly as it depends largely on the 
PVC pipes for replacement. This scenario is a normal procedure currently practiced by the PDAM.  
The pipelines are being installed to meet water demand in conformity with a standard target year of 
projects (normally, 10-15 year target).  It is often the case that the diameter of the pipes installed is 
no longer sufficient after the project and needs to be accordingly replaced.  

CONCLUSION 
This research has evaluated the pipe network rehabilitation and expansion plan formulated under 
the concept of “Trunk/limb Mains Reinforced pipe system” (TMR system). LCCA has been applied 
to the comparative study, while Bentley WaterGEMS Software is utilized for hydraulic analysis of 
the pipe network. 

Figure 9 Influence of price escalation to the total Figure 10 Total cost of each scenario  
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The research demonstrates that the TMR pipe system keeps water pressure to a sufficient level.  
Conveyance capacity of the mains may absorb any pressure drops caused by increased flow rate. 
Thus, this system is evaluated most flexible against water demand increase in future and considered 
more cost-effective than the NPD. 

As the current study lays emphasis on the trunk main reinforcement, it is necessary to look into 
details and rearrange of the limb mains at the same time. More deep insight to the system may 
probably ensure effectiveness of the TMR, contributing to substantial reduction of installation and 
leakage repair costs. 
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1 INTRODUCTION 

 
Interaction between surface water and groundwater is an integral process in watershed, governed by climate, 
geology, surface topology and ecological factors. A watershed should be envisaged as a combination of both the 
surface drainage area and the parcel of subsurface solid and geologic formations that underlie it (Freeze and 
Cherry, 1979). However, hydrologic components, such as surface water and groundwater, have historically been 
treated as separate units and modeled accordingly (Allison, 2008). This has made inadequate estimates of the 
interaction between surface and groundwater, leading to unreasonable use of water resources. As such, water 
managers need a tool that is able to simulate both the physical processes of flow and management objectives in 
order to meet demands. To fulfill this need, a linkage between two modeling tools, a surface water model and a 
groundwater model has been proven as a promising approach.  Many authors, for example, have studied the 
coupling between a surface water model and a groundwater model. DAFLOW- MODFLOW was created to 
simulate flow in upland streams (Jobson and Harbaugh, 1999) and in their paper Jobson and Harbaugh stated 
that modeling results by the coupled model has higher accuracy than those by separate models.  
BRANCH-MODFLOW has been used in several applications, most notably to examine the effects of raising 
groundwater levels in the Florida Everglade on a neighboring residential community in Dade County (Swain and 
Wexler, 1996).  FHM-MODFLOW was developed to evaluate the water budget in the Big Lost River Basin in 
Idaho (Said et al., 2005). SWAT- MODFLOW (Jinggang, et. al., 2010) has been applied to several sited in 
Kansas including Rattle Snake Creek and the Lower Republican River Basin (Kim, 2008). SWMM was linked to 
MODFLOW to characterize existing hydrology of Kearny Marsh, New Jersey Turnpike (Steven, 2010). While 
the coupled models above are successful for modeling the interactions of surface water in watershed, urban 
drainage and pipe system with groundwater, they are limited to quantify localized groundwater/surface water 
interaction between rivers and aquifers. Thus there is a need to develop an integrated surface-groundwater 
modeling tool by coupling the river flow routing model (MIKE 11) with the ground flow model (MODFLOW). 

Domestic and industrial water supply in Hanoi is mainly from groundwater. Groundwater has been pumped 
in Hanoi since 1909 with an initial pumping rate of some 20,000 m³/day. The groundwater abstraction has 
rapidly increased to over 500,000m3/day at present. It is estimated up to 1,000,000m3/day in 2010 (Nguyen, 
2010). Rapid growth of population and urbanization in Hanoi has put more pressures on water supply. Due to 
insufficiency of infrastructure, surface water, especially river and lake water has been seriously polluted. As 
groundwater is the most important sources of water supply in Hanoi, a great deal of groundwater related studies 
has been carried out. Most of these studies focused on the identification of aquifer system, land subsidence due 
to over withdrawal, and groundwater pollution. For example, Bui et al, (2010, 2011) identified aquifer system 
not only for Hanoi bat also for the entire Red River Delta. Modelling subsidence in the Hanoi City area, Vietnam 
was also conducted (Trinh and Delwyn, 2000). Arsenic pollution of groundwater in Vietnam has exacerbated for 
more than a century ( Lenny et.al., 2001); groundwater pollution in the Hanoi area, Vietnam (Nguyen, 2011); 
research on the groundwater pollution and its effect on the community health in Hanoi, Vietnam (Bui et.al., 
2007); hydrological and sedimentary controls leading to arsenic contamination of groundwater in the Hanoi area, 
Vietnam: impact of iron-arsenic ratios, peat, river bank deposits and excessive groundwater abstraction (Berg 
et.al, 2008) and so on. However, there are limited understandings on groundwater and surface water interactions 
in Hanoi, which is critical for effective water management and conjunctive water use planning.  

This paper presents the development of a coupled MIKE 11-MODFLOW, as well as a description of its 
application to Hanoi, Vietnam. The emphasis in this research is on the quantification of surface water and 
groundwater interactions by coupling MODFLOW with MIKE 11 in order to take full advantages of each model. 
MIKE 11 was linked to MODFLOW through exchange of river level and groundwater level data between the 
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models. The findings from this study provide a modeling tool with significant potential for improved operational 
decision-making in river reaches influenced by surface-groundwater interactions.  

 
2  MATERIALS AND METHODS  
2.1  Study area 

 
Hanoi has a surface area of about 3,344 km2 in the northern part of Vietnam. The population was about 6.5 
million in 2009, occupying 7.5% of the Vietnam’s population. The Hanoi belongs to the tropical monsoonal area 
with two distinctive seasons. The rainy season is from May to October and the dry season lasts from November 
till April. The annual rainfall is about 1,600 mm of which rainfall in the rainy season occupies about 75%. The 
annual average humidity is about 90% and the average temperature is around 24oC. Evaporation is quite high 
with an annual average of 900 mm . The river network is quite dense with the density of about 0.7km/km2. There 
are also more than 100 lakes with a total surface area of more than 2,180 hectares. However, the water  of the 
Red River has a high level of suspended deposts at any one time. Due to poor infrustrure and management of 
dumping waste, surface water in Hanoi has been seriously polluted. Therefore, groundwater is a main source of 
water supply. (Bui et. al.,2010) 

Our previous studies show that Hanoi has two main aquifers: Holocene unconfined aquifer (HUA) and 
Pleistocene confined aquifer (PCA) (Bui et. al., 2010, 2011). HUA and PCA have highest potentials of 
groundwater resources for water supply in Hanoi. An impermeable layer between the two aquifers is an aquitard 
preventing vertical flow from the two aquifers. In some places, along the Red River, the impermeable layer is 
eroded completely by the river. In these places, aquifer and riverbed are interconnected and thus the interactions 
between groundwater and river water could be much closer than other areas. 

According to hydro-geological conditions in Hanoi (Bui et.al, 2010), there are three main types of 
interconnections between aquifers and the Red riverbed: (1) the Red River contacts to the aquifer directly; (2) 
the Red River connects to the aquifer through hydro-geological windows; and (3) the Red river connects to the 
aquifer through an impermeable layer. The study area of 844 km2 encompassing districts of Dan Phuong, Phuc 
Tho, Thach That, Quoc Oai, Tu Liem, Hoai Duc, Tay Ho, Ba Dinh, Cau Giay, Dong Da, Hai Ba Trung, Thanh 
Xuan as shown in Fig.1. The study area selected is a typical area for hydro-geological condition in Hanoi which 
covers three types of interactions between aquifers and the Red River mentioned previously.  

 
 

 
 

Figure 1. Study area and locations of hydrological stations, observation wells and three selected cross sections 
for presentation of surface-groundwater interactions.
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2.2 Data used 
 
Data used in MIKE 11 consist of: river network, cross section data from a field survey of the river in 2000 
(including 119 cross sections), river water levels in Hanoi, Thuong Cat, and Hung Yen stations, inflow 
hydrographs (Son Tay station) in 1996, 2003 for model calibration and validation and 2006 for determining the 
interactions, lateral flows along river reaches, hydrodynamic parameters. The hydrodynamic parameters editor is 
used for setting supplementary data used for the simulation.  
  Data used in MODFLOW consist of: recharge and discharge data, the aquifer-system and strata geometry, the 
hydro-geological parameters of the simulated process and observed groundwater levels. Recharge and discharge 
data include the pumping volume, effective recharge (10-15% precipitation in Son Tay station) and groundwater 
evaporation (Son Tay station) in 1996, 2003 for model calibration and validation and 2006 for determining the 
interactions. They were imposed to the model through the boundary conditions or sink/source terms using the 
boundary packages of MODFLOW. The aquifer-system geometry was determined using the available geological 
information (e.g 300 well log data) and topographic maps. The hydrological parameters, including hydraulic 
conductivity, specific storage and specific yield, were obtained from pumping test data. The observed 
groundwater levels at 5 observation wells and time periods (1996, 2003) were used for model calibration and 
validation.  

 
2.3 Methods 

 
As mentioned above, the method used in this study is coupling MIKE 11 with MODFLOW. MIKE 11, developed 
by DHI, is a world-recognized surface water modeling package designed for simulating the hydrodynamic 
conditions found in rivers, lakes, reservoirs, and irrigation canals. Flexibility and speed ensure efficient modeling 
applications for all aspects of river engineering. MIKE 11 can be applied on applications ranging from simple 
design investigations to large forecasting projects including complex hydraulic structure operation policies. 
Through dynamic couplings to other DHI software products MIKE 11 allows to integrate rivers and floodplain 
modeling with models for watershed processes, detailed floodplain representation, sewer systems and coastal 
processes. MIKE 11 offers also links to external groundwater (DHI, 2004). 
  The modular finite-difference groundwater flow model MODFLOW (Waterloo Hydrogeologic Inc.) was 
selected to simulate the behavior of groundwater flow in the study area because it is a well-documented and 
extensively tested model. MODFLOW is a three-dimensional, numeric, finite difference, porous medium flow 
model. It contains a porous medium flow solver with several finite- difference solution methods for the 
groundwater equations, into which multiple hydrologic processes may be incorporated MODFLOW’s 
formulation allows these hydrologic processes to solve independently but simultaneously, thus the model is able 
to represent various combination of hydrologic processes at one time. The MODFLOW software was developed 
to be adaptable, so users with specific needs would be able to incorporate new capabilities into its framework 
without requiring significant changes to the existing core code. (Harbaugh et al., 2000).  
  Visual MODFLOW and MIKE 11 have been recently developed as a fully coupled, groundwater and surface 
water simulation environment. This impressive combination represents the only truly conjunctive 
groundwater/surface water model combining USGS MODFLOW 2000and DHI’s MIKE 11. Specifically, data 
from Mike 11 that is shared with MODFLOW replaces data that is input by the user in the River (RIV) package 
of MODFLOW. According to the technical description of this commercial modeling package, the coupled model 
could be ideally suited for a number of studies such as: analyzing the hydraulic connection between rivers, 
streams, and aquifer systems, determining groundwater base-flow and potential impacts to ecologically sensitive 
areas, calculating infiltration rates from surface water to groundwater during rainfall events, developing 
comprehensive watershed management plans and many others. However there has been no researches aim at 
testing its application capacity for actual sites so far. 

 
3 RESULTS AND DISCUSSION  

 
3.1 Model Calibration and Validation 

 
The parameters referring to the hydrodynamic parameters (MIKE 11), the hydraulic conductivity, specific yield, 
and recharge coefficient (MODFLOW) were calibrated through an iterative process. River level from three 
stations i.e Son Tay, Hanoi, Thuong Cat) were used for MIKE model calibration and ground water levels from 
five observation wells (i.e. Q55, Q173, Q56, Q57, Q58) as shown in Fig 1 were used for MODFLOW model 
calibration. The calibration was performed for the period from January 1st 1996 to December 31st 1996. A trial 
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and error method was used in the calibration process. The root mean square error (RMSE), the standard error of 
the estimate (SEE), the NASH and Sutcliffe model efficiency (EF) was used as indicators of goodness of fit 
(Moriasi et.al., 2007). Both regressions show good agreements between measured and simulated river water 
level (Fig.2a) and ground water level (Fig. 3a), with  the Nash coefficients shown as Table 1. The authors 
obtained RMSE = 0.47 m, SEE = 0.031 m and EF = 0.88 from five observation wells when calibrating the 
MODFLOW model, which are inferior to those referred above.    

The models were validated for the period from January 1st 2003 to December 31st 2003. The same stations 
and observation wells used for calibration were used for validation. All hydraulic parameters and empirical 
coefficients were the same as used for calibration. Comparision of observed and simulated data showed small 
errors of the estimate (RMSE = 0.41 m, SEE = 0.028), high modelling efficiency (EF = 0.91) and the high Nash 
shown as Table 1, hence indicating that parameters were properly calibrated. 

From the results of the calibration and validation, the parmeters of the models were estimated as following: 
bed resistance coefficient (n) : 0.02-0.55; hydraulic conductivity coefficient (K): 10-25 metter per day in the 
HUA and 25-60 m/d in the PCA; specific storage coefficient (Ss): 0.0001-0.003, specific yield coefficient (Sy): 
0.0005-0.0125. 

 
 

Table 1. The results of calibration and validation. 
 

No Station/Well Model 
NASH 

Calibration Validation 

1 Hanoi 
MIKE 

0.87 0.86 

2 Hung Yen 0.82 0.81 

3 Thuong Cat 0.85 0.83 

4 Q55 

MODFLOW 

0.83 0.81 

5 Q173 0.76 0.78 

6 Q56 0.88 0.85 

7 Q57 0.78 0.81 

8 Q58 0.84 0.83 

 
 

 
 

Figure 2. Comparision of observed and simulated water levels at observed stations used for (a) calibration in 1996 
and (b) valibration in 2003 of MIKE 11 model. 

(a) (b) 
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Figure 3. Comparision of observed and simulated water levels at observed wells used for (a) calibration in 
1996 and (b) valibration in 2003 of MODFLOW model. 

 
3.2 Interactions between the Red river and groundwater  
3.2.1   Interactions between the Red river stages and groundwater levels in the Holocene unconfined aquifer 

 
Table 2 shows distance to the riverside, average amplitude of the annual cycle of fluctuation, correlation 
coefficient between groundwater level in the HUA and the river level in nodes K1, K2, K3, K4, H1, H2, H3, H4, 
L1, L2, L3, L4 (Fig.1). It is noted that in node H4, L3, L4, the HUA does not exist. As shown from Table 1, the 
correlation coefficients vary in a wide range, from 0.74 to 0.95 with a decreasing tendency with distance from 
the river.  

Table 2. Characteristics of water level fluctuation and the hydraulic interactions between groundwater 
in Holocene unconfined aquifer and the river. 

 

No Node Distance from the riverside 
(m) 

Amplitude of 
fluctuation (m) 

Correlation 
coefficient 

1 K1 100 8.43 R2 = 0.95 

2 K2 500 7.35 R2 = 0.93 

3 K3 1200 5.86 R2 = 0.91 

4 K4 2800 4.23 R2 = 0.81 

5 H1  100 8.23 R2 = 0.89 

6 H2  1400 8.42 R2 = 0.92 

7 H3  3000 7.91 R2 = 0.9 

8 H4 4800 NA NA 
9 L1 100 8.01 R2 = 0.85 

10 L2 500 3.21 R2 = 0.74 

11 L3 4800 NA NA 
 

Note: NA- No aquifer available 

(a) (b) 
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Figure 4. Fluctuation of water level in Red river and groundwater levels in the HUA at nodes: (a)K1, 
K2, K3, K4; (b) H1, H2, H3; (c) L1, L2. 
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Furthermore, we draw Fig.4 to show the visual presentation of the relationship between river water levels and 
groundwater levels over the time of a year. From Fig. 4, we found that fluctuation of water levels in all wells was 
similar to the water levels in the river. The water levels in nodes farther from the river appeared to follow the 
downward trend representative of the regional groundwater system. Water level in the Red river is lower than 
ground water levels in node K1, K2, K3, K4 almost of throughout the year (Fig. 4a). This means ground water 
recharged to the river during almost time of the year. In contract, water level in the river is higher than 
groundwater levels in node L1, L2 over almost the year (Fig. 4c) which indicates that water was flowing from 
the river into the aquifer. Fig. 4b shows that the ground water levels in node H3, H2 were higher than the Red 
river levels but ground water level in node H1 was lower. Thus, the interactions between ground water and the 
river were highly varied depending on the distance from the river. Water levels in all nodes increased coincident 
with the high stream flow events from June to August, 2006 (Fig. 4). These groundwater level rises are 
consistent with increased recharge to the aquifer from river leakage. 

 
3.2.2    Interactions between the Red river and groundwater in the Pleistocene confined aquifer 

 
Similar to Table 2, Table 3 shows distance to the riverside, amplitude of fluctuation, correlation coefficient 
between groundwater level in the PCA and the river level in nodes H1, H2, H3, H4, L1, L2, L3. Table 2 reveals 
that the correlation coefficients vary from 0.7 to 0.89, with an increasing tendency from far to near the river.  
Aside from this observation, Table 2 also indicates a decreasing tendency of the correlation coefficients from 
upstream to downstream along the river. 

 Like nodes in the HUA, water levels in nodes in the PCA which are near to river responded more rapidly to 
changes in river stage (Fig. 5). The rapid response to changes in stage in the near-river nodes is consistent with 
hydro-geological conditions at those locations. The difference in the magnitude of the response to river stage 
fluctuations among the near-river wells may result from differing hydraulic properties in the near-river aquifer 
and streambed material, and the resulting amount of leakage from the river.  The observations of the 
spatio-temporal pattern of the interactions between river water levels in the Red River and groundwater levels of 
PCA are quite similar to those of HUA.    

 
 

Table 3. Characteristics of water level fluctuation and the hydraulic interactions between groundwater in 
Pleistocene confined aquifer and the Red River. 

 

No Node Distances from the 
riverside (m) 

Amplitude of 
fluctuation (m) 

Correlation 
coefficient 

1 K1 100 NA NA 
2 K2 500 NA NA 

3 K3 1200 NA NA 

4 K4 2800 NA NA 

1 H1  100 8.84 R2 = 0.89 

2 H2  1400 7.45 R2 = 0.88 

3 H3  3000 6.91 R2 = 0.85 

4 H4  4800 3.59 R2 = 0.79 

5 L1 100 8.53 R2 = 0.88 

6 L2 500 6.27 R2 = 0.89 
7 L3 4800 2.32 R2 = 0.7 

 
Note: NA- No aquifer available
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Figure 5. Fluctuation of water level in Red river and groundwater levels of the PCA at nodes: (a) L1, 
L2, L3; and (b) H1, H2, H3, H4. 

 
 

3.2.3   Discussion 
 

The result shows that the correlation coefficients between the river and groundwater in the HUA were higher 
than those in the PCA. The reason of this is that the HUA is the topmost aquifer which is affected directly by 
rainfall and the river water. Conceptually, groundwater in the shallow near-river aquifer has a steep gradient 
away from the river or is a mound of the water table underlying the river that exists only because of recharge 
from the river (Rodney, et al., 2003). Therefore, water levels in the near-river aquifer are controlled by hydraulic 
properties of the aquifer material and the amount of local recharge from the river, in combination with water 
level fluctuations of the regional system.  

Understanding the relationship between surface water and groundwater, we may reveal the possible causes 
leading to degradation of groundwater quality. That is because of decrease of the recharge sources to the aquifers. 
The recharge sources to the ground water for the study area are mostly from rainwater and surface water. In 
addition, the results of this study also help managers in the operation of reservoirs upstream. 

 One of the most severe consequences of excessive groundwater pumping in Hanoi is decline of groundwater 
level (Bui, et al., 2011). The close relationship between river water and groundwater found in this study area 
reveals a clear indication of reduction of water in river as the water flowing in rivers during low flow period 
mostly comes from seepage of groundwater into the streambed. Declines of groundwater level can alter intercept 
of groundwater flow that discharges into river. The ultimate effect is a loss of riparian vegetation and wildlife 
habitat. 

Furthermore, it is also noted that the observation wells and hydrological stations in study area as shown in 
Fig. 1 are very limited. Most of analysis results and interpretations that were described previously are based on 
simulated data. The findings of spatio-temporal pattern of surface-groundwater interactions would provide more 
insights and higher accuracy if there were more observation wells and hydrological station in the site. The 
modeling approaches presented in this study would be an effective approach for similar study for poorly gauged 
or ungauged areas.  

Although the annual cycle in groundwater levels and its strong linkages to rainfall and surface water have 
been also clarified in Bangladesh (Shamsudduha et al. 2009), Spain (Sanz et al. 2011), and Wisconsin, USA 
(Ghanbari and Bravo 2011), the levels of correlation and the mechanism of interaction between surface water 
and groundwater  somehow different from those in Hanoi.  More interesting, the close interactions between 
surface water and groundwater were found not only in unconfined aquifer (HUA) but also in confined aquifer 
(PCA) that were rarely exist in other deltas in the world.  

 

(a) (b) 
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4  CONCLUSION 

 
This paper present an attempt to determine the spatio-temporal patterns of the interactions between the surface 
water of the Red River in Hanoi and the groundwater of two main adjacent aquifers, the Holocene unconfined 
aquifer (HUA) and Pleistocene confined aquifer (PCA). Coupling the river flow routing model MIKE 11with the 
groundwater flow model MODFLOW allowed to simulate the interactions between surface water and ground 
water in Hanoi, Vietnam. The calibration and validation of the models provided for an adequate parameterization 
relative to the processes influencing the recharge and discharge between the Red River and aquifers. The 
simulation results for three selected cross-sections revealed that there are very high correlation between the river 
water levels and HUA groundwater levels. It was also found that the correlations were highly influenced by the 
hydrogeological conditions of the aquifer and riverbed. The correlation was found decreasing not only with 
distance from the river, but also along the river from upstream to downstream. Upper parts of the river exhibited 
seasonal interactions of recharge and discharge between the river and the aquifers, while the lower parts of the 
river recharged the groundwater almost throughout the year. Although the correlation between the river water 
and PCA groundwater levels was also high with the similar tendency to HUA, it was rather small due to the 
existence of a thin aquitard between the two aquifers in a major portion of Hanoi. 
 
ACKNOWLEDGMENTS  

 
This study was carried out as a part of the research project, “Solutions for the water related problems in Asian 
metropolitan areas” supported by the Tokyo Metropolitan Government, Japan. Field data were provided by the 
project, “National Hydrogeological Database Project”, financed by the Department of Geology and Minerals of 
Vietnam.  We are grateful to the reviewers for their corrections and suggestions that have significantly 
improved the clarity of the manuscript.  
 

 
REFERENCES 

 
Allison, M.V. (2008). Modeling groundwater –surface water interactions in an operational setting by linking 

Riverware with MODFLOW. Master thesis, University of Michigan. 
Berg, M., Pham, T.K.T, Stengel, C., Buschamana, J., Pham, H.V, Nguyen, V.D., and Giger, W. (2008). 

Hydrological and sedimentary controls leading to arsenic contamination of groundwater in the Hanoi area, 
Vietnam: the impact of iron-arsenic ratios, peat, river bank deposits, and excessive groundwater abstraction. 
Chemical geology 249, 91-112 

Bui, D.D., Bui, N.T., Hoang, H.A., and Dang, H.T., (2007). Research on the groundwater pollution and its effect 
on the community health in Hanoi, Vietnam with the support of GIS and Mathematical model. Proceeding of 
the International workshop on Bio-Medicine, Hanoi, Vietnam, July, 25-27, 338-345. 

Bui, D.D., Kawamura, A., Tong, T.N., Amaguchi, H.,. (2010). Aquifer system characterization for potential 
groundwater resources in Hnoi, Vietnam. Hydrological Processes (in press). 

Bui, D.D. Kawamura, A., Tong. T.N., Amaguchi, H., Nakagawa, N., Jseri, Y., (2011). Identification of aquifer 
system in the whole Red River Delta, Vietnam, Geosciences Journal, Springer. 323-338. 

Freeze, R.A. and Cherry, J.A., (1979). Groundwater. Prentice Hall, Inc., Englewood Cliffs, New Jersey. 
Ghanbari, R.N., Bravo, H.R., (2011) Evaluation of correlations between precipitation, groundwater fluctuations, 

and lake level fluctuations using spectral methods (Wisconsin, USA). Hydrogeology Journal (in press) 
Harbaugh, A.W., Banta, E.R., Hill, M.C., and McDonald, M.G., 2000. MODFLOW-2000, The U.S. Geological 

Survey modular ground-water model- user guide to modularization concepts and the ground-water flow 
process. USGS Open-File Report 00-92. 

Lenny, H.E.W, Phan, T.K.T, Pham, H.V, and Michael, B., (2011). Arsenic pollution of groundwater in Vietnam 
exacerbated by deep aquifer exploitation for more than a centery. Proceedings of the National Academy of 
Sciences of the United States of America, PNAS vol 108 No.4, 1246-1252. 

Jinggang, C., Chi, Z.and Huicheng, Z.,(2010). Study on interface and frame structure of SWAT and MODFLOW 
models coupling. Geophysical research abstracts, vol.12, EGU 2010-4559, 2010 

Jobson, H.E. and Harbaugh, A.W., (1999). Modifications to the diffusion analogy surface-water flow model 
(DAFLOW) for coupling to the modular finite-difference ground-water flow model (MODFLOW). U.S. 
Geological Survey Open File Report 99-217. 

Moriasi, D.N., Arnold, I.G., Van, L.M.W, Bingner, R.L., Harmel, R.D., Veith, T.L., (2007) Model evaluation 
guidelines for systematic quantification of accuracy in watershed simulations. TransASABE 50(3):885–900 

[327]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

UNESCO-IHP 19th Regional 
Steering Committee Meeting 

The IHP Symposium on Extreme Events "Meteorological, 
Hydrological and Tsunami Disasters: Social Adaptation and Future"  

 

134  

 

Nguyen, V.D, Tong, N.T., Trieu, D.H., 2002, About ability of construction of induced infiltration water works 
along Red River, Geological journal A-44, Ha Noi.  

Nguyen, V.D, Nguyen, T.D (2011). Groundwater pollution in the Hanoi area, Vietnam, Energy security and water 
resources, website www.unescap.org 

Rodney R. Caldwell and Craig L. Bowers, (2003). Surface-water/ground-water interaction of the Spokane River 
and the Spokane Valley/Rathdrum Prairie Aquifer, Idaho and Washington. Water-Resources Investigations 
Report 03-4239. 

Said, M.A., Tara, P.D., Geurink, J.S., and Stewart, M.T., (1997). FIPR Hydrologic Model users’ manual and 
technical documentation. Tampa: University of South Florida. CMHAS Water Resources Report FIPT.97.03 

Sanz, D., Castaño, S., Cassiraga, E., Andrés, S., Alday, G., Jose, J., Salvador, P., Alfonso, C., (2011). Modeling 
aquifer–river in teractions under the influence of groundwater abstraction in the Mancha Oriental System (SE 
Spain).  Hydrogeology Journal 19:475–487 

Shamsudduha, M., Chandler, R.E., Taylor, R.G., and Ahmed, K. M., (2009). Recent trends in groundwater levels 
in a highly seasonal hydrological system: the Ganges-Brahmaputra-Meghna Delta. Hydrology and Earth 
System Sciences 13: 2373-2385  

Swain, E.D. and Wexler, E.J., (1996). A coupled surface-water and ground-water flow model (MODBRANCH) 
for simulation of stream-aquifer interation: U.S. Geological Survey Techniques of water-resources 
investigation, book 6, chap. A6. 

Swain, E.D., Howie, B., and Dixon, J., (1996). Description and field analysis of a coupled 
ground-water/surface-water flow model (MODFLOW/BRANCH) with modifications for structures and 
wetland in Southern Dade County, Florida. U.S. Geological Survey, Water Resources Investigations Report 
96-4118. 

Tong, N.T., (2003).Ground water model in Vinh Yen commune, Vinh Phuc province, Division of geo-hydrology 
and engineering geology for the North of Viet Nam. Final project report. Department of Geology and 
Minerals of Vietnam (in Vietnamese) 

Tong, N.T., (2004). National hydrogeology database program. Final project report. Department of Geology and 
Minerals of Vietnam, 120p (in Vietnamese) 

Tong, T.N., and Bui, D.D., (2004), Study on the possibility of artificial recharge to groundwater in Hanoi, 
Vietnam. Journal of Water Resources and Environmental Engineering, 111-123. (in Vietnamese) 

Tong, T.N., (2007), Groundwater level change in the Red River Delta. P.h.D thesis, University of Geology and 
Mining, Hanoi, 150p. (in Vietnamese) 

Tring, M.T and Delwyn, G.F., (2000). Modelling subsidence in the Hanoi city area, Vietnam.  Can.Geotech.J.37 
Canada, 621-637. 

Vu, M.C, (2005), Simulate ground water model to serve socioeconomic development in Ha Tay province. Final 
project report. Water Resources University. (in Vietnamese)  

Zagona, E., Magee, T., Frevert, D., Fulp, T., Goranflo, M., and Cotter, J., (2005). RiverWare. In: V.Singh & D. 
Frevert (Eds.), Watershed Models, Taylor & Francis/CRC Press: Boca Raton, FL, 680pp. 

Xu, X., Huang, G, Qu, Z., Pereira, L.S.,  (2011), Using MODFLOW and GIS to assess changes in Groundwater 
Dynamics in Response to Water saving Measures in irrigation districts of the Upper Yellow river basin. Water 
Resource Manage (2011) 25:2035-2059  

[328]



AAA+ 2013 Proceedings : Answers to Asian Aquatic Problems 

 
 

Interactions between the surface water and groundwater of the Red River 
in Hanoi, Vietnam 

Thuy Thanh Nguyen1, Akira Kawamura1, Cat Minh Vu2, Duong Du Bui3,
Hideo Amaguchi1, Naoko Nakagawa1

1Department of Civil and Environmental Engineering, Tokyo Metropolitan 
University, 1-1 Minami-Ohsawa, Hachioji, Tokyo, 192-0397, Japan; PH +81 (42) 
677-2787; FAX +81 (42) 677-2772; email: nguyen-thanhthuy@ed.tmu.ac.jp 
2Faculty of Ocean and Coastal Engineering, Water Resources University, Hanoi, 
Vietnam; PH +84(4)36634415  E-mail: vuminhcat@wru.edu.vn 
3Faculty of Engineering, National University of Singapore, Singapore 117577. PH 
+65 84496648  E-mail: sdwbdd@nus.edu.sg 

ABSTRACT 

Understanding the interactions between surface water and groundwater is 
critical for effective water management and conjunctive water use planning as these 
are intimately linked in the hydrologic cycle. This study is the first attempt to 
determine the spatio-temporal patterns of the interactions between the surface water 
of the Red River in Hanoi, Vietnam and the groundwater of two main adjacent 
aquifers, the Holocene unconfined aquifer (HUA) and Pleistocene confined aquifer 
(PCA). In this study, an integrated surface-groundwater model was developed by 
coupling two commercial modeling packages: the river flow routing model (MIKE 
11) and the ground flow model (MODFLOW). As for the results, this study revealed 
that there was very high correlation between the river water levels and HUA 
groundwater levels. The correlation was found decreasing not only with the distance 
from the river, but also from the upstream to downstream along the river. Upper parts 
of the river exhibited seasonal interactions of recharge and discharge between the 
river and aquifer, while the lower parts of the river recharged groundwater almost 
throughout the year.

INTRODUCTION

Domestic and industrial water supply in Hanoi is mainly from groundwater. 
Groundwater has been pumped in Hanoi since 1909 with an initial pumping rate of 
some 20,000 m³/day. The groundwater abstraction has rapidly increased to over 
500,000m3/day in 2010 (Nguyen 2008). Rapid growth of population and urbanization 
in Hanoi has put more pressures on water supply. As a consequence of insufficiency 
of infrastructure, surface water, especially river and lake water has been seriously 
polluted. As groundwater is the most important sources of water supply in Hanoi, a 
great deal of groundwater related studies has been carried out. Most of these studies 
focused on the identification of aquifer system, land subsidence due to over 
withdrawal, and groundwater pollution. For example, Bui et al. (2011a) identified 
aquifer system not only for Hanoi but also for the entire Red River Delta. Modelling 
subsidence in the Hanoi City area, Vietnam was also conducted by Trinh and Delwyn 
(2000). However, there are very limited understandings on groundwater and surface 
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water interactions in Hanoi, which is critical for effective water management and 
conjunctive water use planning.

Interaction between surface water and groundwater is an integral process in 
watershed, governed by climate, geology, surface topology and ecological factors. A 
watershed should be envisaged as a combination of both the surface drainage area and 
the parcel of subsurface solid and geologic formations that underlie it (Freeze and 
Cherry 1979). However, hydrologic components, such as surface water and 
groundwater, have historically been treated as separate units and modeled accordingly 
(Allison 2008). This has made inadequate estimates of the interaction between surface 
and groundwater, leading to unreasonable use of water resources. As such, water 
managers need a tool that is able to simulate both the physical processes of flow and 
management issues in order to meet the demands. To fulfill this need, a linkage 
between two modeling tools, a surface water model and a groundwater model has 
been proven as a promising approach.  Many authors, for example, have studied the 
coupling between a surface water model and a groundwater model. BRANCH-
MODFLOW coupling system has been used in several applications, most notably to 
examine the effects of raising groundwater levels on a neighboring residential 
community in the Florida (Swain and Wexler 1996). FHM-MODFLOW was 
developed to evaluate the water budget in the Big Lost River Basin in Idaho (Said et 
al. 2005). SWAT- MODFLOW (Jinggang et al. 2010) has been applied to several 
sites in Kansas including Rattle Snake Creek and the Lower Republican River Basin 
(Kim 2008). SWMM was linked to MODFLOW to characterize existing hydrology in 
New Jersey Turnpike (Steven 2010).  

Specific objectives of this study were to: (1) increase the understanding of the 
dynamics of the surface water/ground water interaction along the Red river in Hanoi, 
Vietnam, (2) quantify the recharge between the Red River and groundwater of two 
main aquifers in Hanoi, (3) investigate temporal variations of groundwater level in 
two main aquifers in response to fluctuating water level of the Red River. While the 
coupled models above are successful for modeling the interactions of surface water in 
watershed, urban drainage and pipe system with groundwater, they are more 
complicated to quantify localized groundwater/surface water interaction between 
rivers and aquifers. Thus Mike 11 is enough to achieve these purposes. According to 
the technical description of this commercial modeling package, the coupled model 
could be ideally suited for a number of studies such as: analyzing the hydraulic 
connection between rivers, streams, and aquifer systems, determining groundwater 
base-flow and potential impacts to ecologically sensitive areas, calculating infiltration 
rates from surface water to groundwater during rainfall events, developing 
comprehensive watershed management plans and many others. However there has 
been no researches aim at testing its application capacity for actual sites so far. 

STUDY AREA 

Hanoi is the capital of Vietnam with a total area of about 3,344 km2 in the 
northern part of Vietnam (Fig.1.). The population was about 6.5 million in 2009, 
occupying 7.5% of the Vietnam’s population. The Hanoi belongs to the tropical 
monsoonal region with two distinctive seasons. The rainy season is from May to 
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October and the dry season 
lasts from November till 
April. The annual rainfall is 
about 1,600 mm of which 
rainfall in the rainy season 
occupies about 75%. The 
annual average humidity is 
about 90% and the average 
temperature is around 24oC.
Evaporation is quite high 
with an annual average of 
900 mm . The river network 
is quite dense with the 
density of about 0.7km/km2.
There are also more than 
100 lakes with a total 
surface area of more than 
2,180 hectares. However, 
the water  of the Red River 
has a high concentration of 
suspended alluvials at any 
time (Bui et al. 2011b). 

Our previous studies show that Hanoi has two main aquifers: Holocene 
unconfined aquifer (HUA) and Pleistocene confined aquifer (PCA). HUA is mainly 
composed of silty clay and various kinds of sands mixed with gravels. Thickness of 
this layer varies greatly, up to more than 35m with an average of about 15m. The 
transmissivity for HUA is form 20 to 1,788 m2/day. The specific yield is between 
0.01-0.17. The water level is 3-4m below the surface however in the south of the Red 
River the water level is lower due to the groundwater pumping. HUA is sufficient for 
small-scale water supply. (Bui et al. 2011b) 

PCA or lower aquifer is situated lower in the stratigraphic sequence. The 
depth is only less than 10m in the North of the Soc Son District, but around 20m in 
Dong Anh district, and up to 40m in the south of the Red River. The PCA is made up 
of sand mixed with cobbles and pebbles. The thickness of the PCA also fluctuates 
over a large range, up to 50m with the average of about 35m and has an increasing 
tendency from the North to the South. The transmissivity ranging from 700 to 
2,900m2/day indicates a very high potential of groundwater resources. The specific 
storativity ranges from 0.00004 to 0.066. The specific capacity in the all tested wells 
in most cases is over 1L/sm. An impermeable layer (HPA) between the two aquifers 
is an aquitard preventing vertical flow from the two aquifers. (Bui et al. 2011b).

The study area is a rectangle which of 400 km2 encompassing districts of the 
Dan Phuong and the Phuc Tho as shown in Fig.1. The study area selected is a typical 
area for hydro-geological condition in Hanoi which covers three types of interactions 
between aquifers and the Red River bed:  (1) the Red River contacts to PCA directly; 
(2) the Red River connects to PCA through hydro-geological windows; and (3) the 
Red river connects to PCA through an impermeable layer (Bui et al. 2011b). Figure 2 

Figure 1. Study area, locations of hydrological 
stations, observation wells and three 
typical hydrological cross sections. 
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shows the typical hydrogeological cross-sections A-A’, B-B’ and C-C’ as shown in 
Fig. 1 which were selected considering the location of boreholes.

METHODOLOGY

As mentioned above, the method used in this study is coupling MIKE 11 with 
MODFLOW. MIKE 11, developed by DHI, is a world-recognized surface water 
modeling package designed for simulating the hydrodynamic conditions found in 
rivers, lakes, reservoirs, and irrigation canals. MIKE 11 can be applied on 
applications ranging from simple design investigations to large forecasting projects 
including complex hydraulic structure operation policies. Through dynamic couplings 
to other DHI software products MIKE 11 allows to integrate rivers and floodplain 
modeling with models for watershed processes, detailed floodplain representation, 
sewer systems and coastal processes (DHI  2004). 

The modular finite-difference groundwater flow model MODFLOW 
(Waterloo Hydrogeologic Inc.) was selected to simulate the behavior of groundwater 
flow in the study area because it is a well-documented and extensively tested model. 

Figure 2. The typical hydrological cross-sections A-A’, B-B’ and C-C’. 
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MODFLOW is a three-dimensional, numeric, finite difference, porous medium flow 
model (Harbaugh et al. 2000).

MODFLOW is the de facto standard in groundwater modeling. However, 
MODFLOW is strictly a saturated groundwater model, typically with boundary 
conditions defined by surface water bodies, such as lakes, rivers and streams. In the 
case of Rivers and Streams, MODFLOW requires a time series of river levels for 
every cell in the model that intersects a river. (Harbaugh et al. 2000). Therefore, 
output from Mike 11 that is shared with MODFLOW replaces data that is input by the 
user in the River package of MODFLOW.  

DATA USED 

Data used in MIKE 11 consist of: river network, 119 cross sections of the Red 
river, daily discharges recorded at Son Tay station, daily water levels at the watershed 
outlets, hydrodynamic model parameters (bed and floodplain resistance data for the 
river network), observed daily water levels at Hanoi, Thuong Cat, Hung Yen station. 
The daily data in 1996 was used for model calibration and the daily data in 2003 was 
used for model validation. After model calibration and validation, the daily data in 
2006 was used for determining the interactions. Output data of Mike 11 is water 
levels at the cross sections used as input data for MODFLOW. 

Data used for MODFLOW model setup consist of: available geological 
information (e.g. boreholes data and cross sections) and topographic maps used to 
determine the aquifer-system geometry; hydrological parameters including hydraulic 
conductivity, specific storage and specific yield; pumping volume; effective recharge; 
groundwater evaporation; groundwater heads at observation wells.

To simulate the recharge and the interaction between surface water and 
groundwater more accurately, HUA is divided into two layers: the upper layer is a 
low permeable layer (HUA_U) and the lower layer has higher permeability (HUA_L). 
Therefore, the aquifer system was discretized into four layers as shown in Fig. 2. 
Layer 3 represents the Holocene-Pleistocene aquitard (HPA), while layer 4 refers to 
PCA. The finite difference grid contained 94 columns, 70 rows, oriented north-south, 
with a regular grid size of 250m. Input data of cells in the first layer is effective 
recharge, evaporation, discharge into the under layer and recharge/discharge 
from/into other cells. Input data of cells in the under layers is recharge from the other 
cells/ river, discharge into the other cells/river, pumping volume. Groundwater head 
data from fours observation wells (Fig.1) were used for model calibration and 
validation using 1996 and 2003 data, respectively. The output of MODFLOW data 
are daily groundwater levels of each cell. However, in this study, daily groundwater 
levels in some nodes which are typical of hydrological conditions were analyzed to 
determine the interactions between surface water and groundwater in the study area. 

RESULTS

Model Calibration and Validation 
The parameters referring to the hydrodynamic parameters (MIKE 11), the 

hydraulic conductivity, specific yield, and recharge coefficient (MODFLOW) were 
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calibrated through an iterative process. River level from three stations (i.e Son Tay, 
Hanoi, Thuong Cat) were used for MIKE 11 model calibration, and ground water 
levels from four observation wells (i.e. Q173, Q56, Q57, Q58) as shown in Fig 1 were 
used for MODFLOW model calibration. The calibration was performed for the period 
from January 1st 1996 to December 31st 1996. A trial and error method was used in 
the calibration process. The Nash was used as an indicator of goodness of fit (Moriasi 
et.al., 2007). Fig. shows the calibration results of MIKE 11 at the three stations and 
Fig. 4a presents the calibration results of MODFLOW at the four observation wells. 
Both regressions show good agreements between measured and simulated river water 
level (Fig. 3a) and ground water level (Fig. 4a), with the Nash coefficients shown as 
Table 1.

The models were validated for the period from January 1st 2003 to December 
31st 2003. The same stations and observation wells used for calibration were used for 
validation. All hydraulic parameters and empirical coefficients were the same as used 
for calibration. Fig. 3b indicates the results of validation of MIKE 11 at those stations 
and Fig. 4b shows the results of validation of MODFLOW at those observed wells. 
Comparision of observed and simulated data showed small errors of the estimate (Fig. 
3b, 4b), and the high Nash index which are almost the same as calibration shown as 
Table 1, hence indicating that parameters were properly calibrated. 

Figure 4. Comparision of observed and simulated water levels at observed stations 
for (a) calibration in 1996 and (b) valibration in 2003 of MODFLOW model. 

Figure 3. Comparision of observed and simulated water levels at observed 
stations for (a) calibration in 1996 and (b) valibration in 2003 of MIKE 11 model.

(a) (b) 

(a) (b) 
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Table 1. The results of calibration and validation. 

No Station/Well Model 
NASH 

Calibration 
(1996)

Validation 
(2003)

1 Hanoi 
MIKE

0.87 0.86 
2 Hung Yen 0.82 0.81

3 Thuong Cat 0.85 0.83

4 Q173 

MODFLOW

0.76 0.78 

5 Q56 0.88 0.85

6 Q57 0.78 0.81

7 Q58 0.84 0.83

Estimating the recharge rate of the three zones by the water balance method 
According to hydro-geological conditions in Hanoi (Bui et al. 2011b), the 

study area was divided into three zones in accordance with the three types of 
interconnections between aquifers and the Red River riverbed as shown in Fig. 5. 

Figure 6 presents the recharge value between groundwater and the Red river in 
the three zones. From Fig. 6 in zone A, groundwater discharged into the river from 
January to May, September, November and December. In zone B, groundwater 
contributed to the flowing river in January, February, September, November and 
December 2006.  On the contrary, in zone C, water seeped from the river down to the 
water table over the whole year.

Interactions between the Red River stages and groundwater levels in the 
Holocene unconfined aquifer 

Table 2 shows distance to the riverside, correlation coefficient between 
groundwater level in and the river level in the selected nodes (i.e. NA1, NA2, NA3 in 
zone A; NB1, NB2, NB3 in zone B; NC1, NC2, NC3 in zone C) (Fig.5). It is noted 
that in node NC3, the HUA does not exist and NA1, NA2, NA3, the PCA does not 
exist. As shown from Table 2, the 
correlation coefficients in the HUA 
vary in a wide range, from 0.74 to 
0.95 with a decreasing tendency 
with distance from the river.  

Furthermore, we draw Fig.7 
to show the visual presentation of 
the relationship between river water 
levels and groundwater levels over 
the time of a year in 2006. From 
Fig. 7, we found that fluctuation of 
water levels in all wells was similar 
to the water levels in the river. The 
water levels in nodes farther from 
the river appeared to follow the 

Figure 5. The division of the study area 
into three zones. 
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downward trend representative of the regional groundwater system. Water level in the 
Red river is lower than ground water levels in node NA1, NA2, NA3 almost of 
throughout the year (Fig. 7a). This means ground water recharged to the river during 
almost time of the year. In contract, water level in the river is higher than 
groundwater levels in node NC1, NC2 over almost the year (Fig. 7c) which indicates 
that water was flowing from the river into the aquifer. Fig. 7b shows that the ground 
water levels in node NB2, NB3 were higher than the Red river levels but ground 
water level in node NB1 was lower. Thus, the interactions between ground water and 
the river were highly varied depending on the distance from the river. Water levels in 
all nodes increased coincident with the high stream flow events from June to August, 
2006 (Fig. 7). These groundwater level rises are consistent with increased recharge to 
the aquifer from river leakage. 

Interactions between the Red river and groundwater in the Pleistocene confined 
aquifer

Table 2 reveals that the correlation coefficients in the PCA vary from 0.7 to 
0.89, with an increasing tendency from far to near the river.  Aside from this 
observation, Table 2 also indicates a decreasing tendency of the correlation 
coefficients from upstream to downstream along the river. 

Like nodes in the HUA, water levels in nodes in the PCA which are near to 
river responded more rapidly to changes in river stage (Fig. 8). The rapid response to 
changes in stage in the near-river nodes is consistent with hydro-geological 
conditions at those locations. The difference in the magnitude of the response to river 
stage fluctuations among the near-river wells may result from differing hydraulic 
properties in the near-river aquifer and streambed material, and the resulting amount 
of leakage from the river.  The observations of the spatio-temporal pattern of the 
interactions between river water levels in the Red River and groundwater levels of 
PCA are quite similar to those of HUA 

Figure 6. The recharge value between groundwater and Red River in the three zones. 
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Figure 7. Fluctuation of water level in Red river and groundwater levels in the 
HUA at nodes: (a)N1a, N1b, N1c; (b) N2a, N2b, N2c; (c) N3a, N3b. 
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Table. 2. The hydraulic interactions between groundwater in the two main 
aquifers and the river. 

Node
Distance from the 

riverside 
Correlation coefficient 

(2006)
(m) HUA PCA 

NA1 100 0.95 NA 

NA2 1200 0.91 NA 

NA3 2800 0.81 NA 

NB1 100 0.89 0.89 

NB2 1400 0.92 0.88 

NB3 3000 0.9 0.85 

NC1 100 0.85 0.88 

NC2 500 0.74 0.89 

NC3 4800 NA 0.7 
Note: NA- None aquifer 

DISCUSSION 

The result shows that the correlation coefficients between the river and 
groundwater in the HUA were higher than those in the PCA. The reason of this is that 
the HUA is the topmost aquifer which is affected directly by rainfall and the river 
water. Conceptually, groundwater in the shallow near-river aquifer has a steep 
gradient away from the river or is a mound of the water table underlying the river that 
exists only because of recharge from the river (Rodney et al. 2003). Therefore, water 

Figure 8. Fluctuation of water level in Red river and groundwater levels of the 
PCA at nodes: (a) N2a, N2b, N2c; and (b) N3a, N3b, N3c.
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levels in the near-river aquifer are controlled by hydraulic properties of the aquifer 
material and the amount of local recharge from the river, in combination with water 
level fluctuations of the regional system.

Understanding the relationship between surface water and groundwater, we 
may reveal the possible causes leading to degradation of groundwater quality. That is 
because of decrease of the recharge sources to the aquifers. The recharge sources to 
the ground water for the study area are mostly from rainwater and surface water. In 
addition, the results of this study also help managers in the operation of reservoirs 
upstream. 

 One of the most severe consequences of excessive groundwater pumping in 
Hanoi is decline of groundwater level (Bui et al. 2011b). The close relationship 
between river water and groundwater found in this study area reveals a clear 
indication of reduction of water in river as the water flowing in rivers during low flow 
period mostly comes from seepage of groundwater into the streambed. Declines of 
groundwater level can alter intercept of groundwater flow that discharges into river. 
The ultimate effect is a loss of riparian vegetation and wildlife habitat. 

Although the annual cycle in groundwater levels and its strong linkages to 
rainfall and surface water have been also clarified in Bangladesh (Shamsudduha et al. 
2009), Spain (Sanz et al. 2011), and Wisconsin, USA (Ghanbari and Bravo 2011), the 
levels of correlation and the mechanism of interaction between surface water and 
groundwater  somehow different from those in Hanoi. More interesting, the close 
interactions between surface water and groundwater were found not only in 
unconfined aquifer (HUA) but also in confined aquifer (PCA) that were rarely exist in 
other deltas in the world.

CONCLUSION 

This study investigates the hydraulic relationship between the surface water of 
the Red River in Hanoi and the ground water of two main adjacent aquifers, the 
Holocene unconfined aquifer (HUA) and Pleistocene confined aquifer (PCA). The 
results show that in three selected cross-sections, that there are very high correlation 
between the river water levels and HUA groundwater levels. The correlation was 
highly influenced by not only the hydrogeological conditions of the aquifer and 
riverbed but also the distance from the river. It was also found that the correlation 
decreased along the river from upstream to downstream. More specifically, upper 
parts of the river exhibited seasonal interactions of recharge and discharge between 
the river and the aquifers, while the lower parts of the river recharged the 
groundwater almost throughout the year. Although the correlation between the river 
water and PCA groundwater levels was also high with the similar tendency to HUA, 
it was rather small due to the existence of a thin aquitard between the two aquifers in 
a major portion of Hanoi. 
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Summary: This study presents an attempt to investigate the summer monsoon onset date over Vietnam, especially for central 
coastal area, by using 5-day averaged rainfall, maximum temperature and minimum relative humidity observations at 54 selected 
meteorological stations in the region during the 1979-2003 period. The averaged conditions of this onset process are also 
examined by the NOAA satellite OLR (Outgoing Longwave Radiation) and horizontal winds, temperature, specific humidity and 
geopotential height at pressure levels from JRA25 reanalysis data. The result showed that the earliest onset is found in the 
northwestern mountainous region in late April. Later, the westerlies summer monsoon start dominating over the Indochina 
Peninsula in mid-May, bringing the rainy season in the Red river delta in the north and Mekong river delta in the south of 
Vietnam. In case of central Vietnam, which is very different from others, as a result of Foehn wind, from mid- to late May, sudden 
increase of temperature and gradual decrease of minimum relative humidity are indicted as summer monsoon onset date for this 
region. Over the Indochina and SCS (South China Sea) region, the most significant changes of convective activity and 850 hPa 
circulation fields occur in 28th pentad (16-20 May). Moreover, there is clear linkage between the beginnings of Meiyu season 
with the onset of summer monsoon in the SCS. In addition, in the upper atmosphere (200 hPa level), the retreat northward of sub-
tropical westerly jet and the formation of TSE (Tropical Strong Easterly), consequence from the difference in heating over Indian 
inland and cooling over ocean, also play an important role in summer monsoon circulation. 

 

Keywords: summer monsoon onset, tropical strong easterly, Meiyu front, Vietnam 

 

1. Introduction 

  In previous studies, the summer monsoon onset date in the Indochina Peninsula is determined in some various 
methods. Essentially, these methods are based on either precipitation or convective activity indicated by satellite 
observation (Tao and Chen 1987, Matsumoto 1997, Wang and LinHo 2002, Zhang et al. 2002) or changes of the 
prevailing winds (Orgill 1967, Holland 1986, Wang et al. 2004, Li and Zhang 2009) or combine both of them (Xie et 
al. 1998). The date of summer monsoon onset over the Indochina Peninsula was found in the early to mid-May 
(Matsumoto 1997, Wang and Ho 2002, Zhang et al. 2002) or in late April to mid-May (Qian and Lee 2000). 
However, by examined the features of rainfall distribution, Matsumoto (1997) found that some stations in coastal 
region of Indochina, which is also the middle region of Vietnam, was not able to determine the onset by the criteria. 
Therefore, such stations were not considered (e.g. Wang and LinHo 2002) then the descriptions of summer monsoon 
onset in Vietnam are still insufficient. In the other hand, the definition of summer monsoon onset using the changes 
of prevailing winds (e.g. Li and Zhang 2009) is only suitable for the south of Vietnam because in the northern and 
central, it is difficult to distinguish the monsoon from earlier dominated mid-latitude westerlies (Matsumoto 1997). 
Thus the objective of this study is to investigate the summer monsoon onset date in Vietnam, including coastal area. 

2. Data 

 The data used in this study are 5-day (pentad) mean of daily rainfall (P), maximum of temperature (Tmax), 
minimum of relative humidity (RHmin) are computed from daily observed data, which were provided from 54 
meteorological stations over Vietnam by Vietnamese National Hydro- Meteorological Service (VNHMS) for the 25-
year period (1979-2003). The homogeneity of the precipitation data from these stations is checked in Endo et al 
(2009). When missing data in a particular pentad exceeds 2 days, the data from this pentad will be removed from the 
calculation of the mean data. Subsequently, for investigating the general atmospheric circulation, mean pentad data 
of zonal and meridional wind components (U, V), temperature (T), specific humidity (Q) and geopotential height (H) 
at 8 pressure levels (1000, 925, 850, 500, 400, 300, 250, 200 hPa) are derived from 6-hour interval Japanese 25-year 
reanalysis data (JRA25) (Onogi et al. 2007). In addition, the convective activity is examined by the daily NOAA (US 
National Oceanic and Atmospheric Administration) OLR satellite observations (Liebmann and Smith 1996). The 
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JRA25 and OLR data’s spatial resolution is 1.25o x 1.25o and 2.5o x 2.5o, respectively, and also has the same 25-year 
period as observed station data. Finally, the 30-second global elevation data from GTOPO30 of U.S. Geological 
Survey's EROS Data Center (EDC) (http://www1.gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html) is used 
for the topography map of Vietnam (Figure 1).  

3. Determine the onset of summer monsoon in Vietnam 

  

Figure 1. Topography (grey shaded) and summer 
monsoon onset date (colored dot), following the 
definition of summer monsoon onset date by Matsumoto 
(1997), of 54 stations in Vietnam. 

Figure 2. Difference between the two consecutive pentads of 25-year (1979-
2003) averaged maximum temperature (oC) from P22 to P33. 

 

 Firstly, the summer onset date will be investigated by the definition proposed by Matsumoto (1997): “The first 
pentad when the mean precipitation exceeds annual mean pentad precipitation (Pm) in at least three consecutive 
pentads after lowering it in more than three consecutive pentads”. For reducing noise before applying that definition, 
the precipitation data is smoothed with a 1-2-1 filter (forward and backward) applied once in temporal dimension. As 
a result, Figure 1 shows the onset date at the location of 54 meteorological stations over Vietnam. The earliest onset 
of summer monsoon in the late of April to early May (23rd pentad P23- 25th pentad P25) is located in the 
northwestern mountainous region. While, the later beginning is found in mid-May in the Red river delta in the north 
and Mekong river delta in the south of Vietnam (P26-P27). But for the coastal area in the central of Vietnam, the 
monsoon onset date is often indefinable. It is because of Foehn wind, as the consequence of summer monsoon, 
brought warmer and drier weather instead of rainy season to the middle of Vietnam during summer regime (Figure 
2). The wet southwesterly Asian summer monsoon, after blocking and lifting by the facing north-east Truong Son 
mountain range, drops most of its moisture on windward slopes of Laos and Cambodia, causes hot and dry 
conditions on the lee side of coastal area of Vietnam by diabatic heating. 

 Apart from the difference above, the results for the northern and the southern Vietnam are very similar to those 
obtained from the previous studies. According to Matsumoto (1997), inland region of Indochina (Thailand) has the 
onset date in late April (P23-P24) which is earlier than coastal region. Such earlier onset occurs under mid-latitude 
wind system and could be call as “pre-monsoon rain” (Matsumoto 1997). Pham et al. (2009) also defined the onset 
date over the southern of Vietnam by daily mean zonal wind and accumulated amount of rainfall exceed 0.5 m/s and 
5 mm, respectively, in at least 5 consecutive days. Although by the different criteria, the result is also showed that the 
average onset date of the 26-year period (1979-2004) is the 12th May, which is also in P27.  

 Figure 2 showed the difference between the two consecutive of 5-day Tmax from P22 to P33. As mentioned above, 
sudden increase of temperature and decrease of minimum relative humidity, as a result of Foehn wind, will be 
indicted as summer monsoon onset date for central Vietnam. Basically, Tmax has the most increase occurs in P23, 
P25 and P29. From P22 to P27, late-April to mid-May, while the temperature in the northwestern area does not 
change significantly with only mild decrease in P24, along with the significant increase of RHmin and P (Figure 3), 
under the influence of summer monsoon onset in this area; the Red river delta temperature is increasing, as the result 
of change from winter to summer season. But in P28, the north and the middle of Vietnam is covered with the 
decrease of Tmax. In case of Mekong river delta, Tmax starts decreasing constantly from P26. This is related to the 
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increase of rainfall in this region (Figure 3) and it is clear that the signal of the transition from the dry season to rainy 
season brought by summer monsoon here. For the coastal region, the most significant increase of Tmax (about 2oC) 
happens in the P29. After P29, the temperature difference is not as significant as the previous period.   

  

Figure 3. Same as Figure 2 but for the minimum relative humidity (%, left) and amount of precipitation (mm, right). 
 

 Figure 3 indicate the difference of 5-day averaged RHmin and P. Over the north and the middle, in P23 and P25, 
although the minimum relative humidity decreases and temperature increases significantly, the amount of rainfall is 
still increasing from P23 - P24 and P27 – P28, after decrease in P25 and P26. It is because of in late winter, late-
February to March, there are wet days with very light rains under the influence of the last cold fronts in the north of 
Vietnam (Pham et al. 2009). Although these last cold surges are not strong enough to bring rainfall to the middle 
area, it still makes relative humidity increases there. In the late April to early May (P24-P26), the dominated mid-
latitude westerlies over northern and central Vietnam before mid-April starts to retreat northward; moreover, the 
easterly trade wind associated with the western Pacific subtropical high, which dominates south of Vietnam, also 
retreats eastward to the western Pacific Ocean and replaced by the summer monsoon westerlies (Kiguchi and 
Matsumoto, 2004). That retreat eastward of easterly trade, which represent by the increase of westerlies over central 
Vietnam in P25 (Figure 5), discontinue providing moisture to the northern and central Vietnam in P25 and P26, 
cause RHmin and P decreased and Tmax suddenly increased significantly in this time. However, from P27, in when 
the easterlies already move to the SCS and the summer monsoon westerlies start dominating the north and the middle 
of Vietnam, the relative humidity and rainfall changes to increase again, and therefore, we have the most 
significantly decrease of maximum temperature in P28 (Figure 2). From P28, the monsoon strengthens and begins to 
bring hot and dry weather in the central Vietnam, represented by the increase significantly of temperature in P29 and 
the constant decrease of relative humidity from this time, indicted the summer monsoon onset date for this region.  

 This result is agreed quite well with the previous study of Li and Zhang (2009) in which considered only the changes 
of direction of 850-hPa winds. Under the influence of Foehn wind, the meteorological stations in the central Vietnam 
recorded minimum relative humidity to being lower than 60% (data not shown). Meanwhile, in South Vietnam, from 
P25, the dominated easterly wind begins to weaken and completely succeed by the summer monsoonal southwesterly 
in mid-May, along with the significant increase of rainfall amount there (P27 to P28). After P28, the monsoon 
westerlies cover not only the Indochina Peninsula but also the SCS region.   

4. Convective activity and atmospheric circulation related to onset period 
a. The convective activity 

   To further elaborate on the field of convective activity, the pentad mean OLR distribution and difference between 
the two consecutive pentads from P22 - P30 over Indian, Indochina and the South China Sea area are also displayed 
in Figure 4 and 5, respectively. In this study, the threshold value less than 240Wm-2 is used to indicate the strong 
convective activity (Murakami and Matsumoto, 1994). While the SCS region still has the OLR value higher than 
240Wm-2 until P28; from P23, whole region of Vietnam is under OLR value lower than that threshold, except in 
coastal area. The northwestern mountainous area has much stronger convective activity in P23, represented by the 
significant decrease of OLR value. Besides, it is noted that although the OLR value in the northwestern mountainous 
region of Vietnam is higher than that in the south, this region has earlier onset date. The replacement of mid-latitude 
and trade wind systems by westerlies summer monsoon in the Indochina Peninsula, starts from P25, enhances the 
convection activity both here and the SCS. As a result, from early to late-May (P26-P28), the OLR value in Vietnam 
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and inland of the Indochina Peninsula gradually decreases. However, the OLR value in coastal area of Vietnam is 
still higher than 220 Wm-2. Therefore, it is clear that convective activity here is weak, indicating the effect of Foehn 
wind. The OLR value over the BOB (Bay of Bengal) and SCS region decease significantly in P26 to P28; especially 
in P28, there are strong convective zones appeared along the southern coast of Thailand and BOB with OLR value 
lower than 200 Wm-2. And also from P28, the OLR value in the SCS area also begins to be below 240 Wm-2.  

  

Figure 4. Pentads mean OLR (Wm-2) (left) and horizontal wind fields (m/s) 
at 850-hPa (center) and 200hPa (right) from mid-April to late-May (P22 – 
P30). On the left, contour interval is 10 Wm-2 and hatching is less than 240 
Wm-2. The reference arrow is 5 m/s. 

Figure 5. Difference between the two consecutive pentads 
of 25-year (1979-2003) averaged OLR (Wm-2) (left) and 
wind fields (m/s) at 850-hPa (right) from mid-April to 
late-May (P22 – P30). The reference arrow is 2 m/s. 

  
b. Low-level circulation and linkage with the beginning of Meiyu season in SCS  

 At the 850-hPa level, over the Indochina Peninsula, the easterly trade wind dominates in 7.5o – 12.5oN while mid-
latitude westerlies are located in the north of this wind system before P24 (late April). The retreat and replacement of 
those wind systems by the summer monsoon westerlies start from P25, represented by the strengthening of westerlies 
over Bengal Bay, south of Indochina and South China Sea area in P25 (Figure 5). The southwesterly winds first 
expand northward in the BOB, cause the increase of convective activity there in P26 then merge into the mid-latitude 
westerlies to the north from P27, and it finally cover all over the Indochina Peninsula and SCS area in P28. Hence, 
the OLR value over the South China Sea region is only being below 240 Wm-2 after the western Pacific subtropical 
high move eastward and summer monsoon dominates there (Figure 4). Over the SCS area, the significant strengthen 
of westerly winds occur in P25, P27 and P28 (Figure 5). While the increase of westerlies in P25, which was related 
to the retreat eastward of trade wind, happened all over the SCS area; that increase in P27 and P28 only appeared in 
the south SCS. Especially, in P28, there is strong acceleration of northeasterly winds over the north of SCS, south of 
China mainland and Taiwan. In the other hand, next to the south of this system, the area of significant increase of 
westerlies is located. Therefore, we have strong cyclonic development appear over SCS as well as Taiwan area. And 
vorticity value over the SCS area is also higher than 6x10-6s-1 (Fig 6). These behaviors, which are also observed by 
Chang and Chen (1995), are referred to the Meiyu front, as defined by the axis of vorticity maximum. Chen 1994, 
Chang and Chen 1995 showed that the arrival of Meiyu front in SCS is a possible mechanism that contributes to the 
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triggering of the summer monsoon onset. Moreover, Chen (1994), Chen et al. (2003) also considered 16 May (P28) 
is the start time of the first phase of Mei-Yu season over South China and Taiwan. Clearly, we have P28 is the most 
important pentad in changes of not only convective activity but also 850-hPa wind fields in the Indochina Peninsula 
and SCS region.     

c. The retreat of westerly jet stream and genesis of TSE 

 
 

Figure 6. Averaged vorticity (Vor1000) (10-6 s-1) and horizontal wind fields 
(ms-1) at 1000-hPa in (upper) 1–15 May (P25-P27) and (lower) 16–30 May 
(P28-P30). 

Figure 7. The mean temperature of thickness 500-200hPa 
(shaded), horizontal wind fields (vectors) and potential 
height (contours) at 200-hPa from P23-P26 (upper) and 
from P27-P30 (lower). 

 

 In the upper troposphere (Figure 4), from P24 to P30, along with the movement towards the north of sub-tropical 
westerly jet stream, the Tibetan anticyclone also moves north-westward from south (10oN) to north (20oN) of the 
Indochina area. Around 10oN, the equatorward outflow from this anticyclone gains easterly angular momentum and 
appears as an easterly jet stream from P27 (Koteswaram 1958, Raghavan 1973). In the summer, the ocean is cold 
compared to its adjoining continental plains in the north, because of rainfall and cloudiness formation as a result of 
summer monsoon. While in the Indian inland the maximum heating taking place, especially over Tibet Plateau where 
the largest heating amount and trend are observed in the upper troposphere (Taniguchi et al 2011). This difference in 
heating and cooling and the ensuing pressure gradient is what drives this jet (Figure 6). Therefore many scientists 
considered this well-known tropical jet stream is major component of summer monsoon circulation (Chen 2005, 
Krishnamurti et al 2008). 

5. Conclusions 

The onset date of summer monsoon in Vietnam is different from the north to the south. It was found that the earliest 
onset is in the northwestern mountainous region in late April. Such earlier onset occurs under mid-latitude wind 
system, could be call as “pre-monsoon rain” (Matsumoto 1997). Later, the westerlies summer monsoon starts 
dominating over the Indochina Peninsula in mid-May, bringing the rainy season in the Red river delta in the north 
and Mekong river delta in the south of Vietnam. In case of the central of Vietnam, it is impossible to determine the 
onset date by only considered the changes of precipitation. As a result of Foehn wind, from mid to late May, the 
suddenly increase significantly of maximum temperature and the decrease gradually of minimum relative humidity 
indicted the summer monsoon onset date for this region. These results are agreed well with the previous studies like 
Matsumoto (1997), Wang and LinHo (2002) Pham et al. (2009), Li and Zhang (2009). However, the observation 
information of Laos and Cambodia should be added to check the spatial distribution of rainfall and humidity in 
Indochina, especially for the windward side of Truong Son range.  

The analysis results of convective activity and atmospheric circulation fields over Indian, Indochina and the South 
China Sea area showed that P28 is the key pentad in the changes of not only convective activity but also 850-hPa 
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wind fields in this region. Clearly, there is a linkage between the beginning of Meiyu season over South China and 
Taiwan with the onset of summer monsoon in Indochina Peninsula and SCS. In addition, in the 200-hPa level, the 
retreat northward of sub-tropical westerly jet and formation of tropic easterly jet, consequence from the difference in 
heating over Indian inland and cooling over ocean, also play an important role in summer monsoon circulation.      

Finally, this study presents only averaged conditions of Vietnamese monsoon. In the future, the year to year 
variations should be investigated. Besides that, the reason of earlier monsoon onset in the northwestern and the 
mechanisms of Foehn wind in the central of Vietnam, which perhaps relate to topography and therefore could not be 
described by the coarse resolution of reanalysis data, are expected to be solved in further studies using regional 
climate models.     
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Summary: In this study, interannual variations of onset and withdrawal dates of rainy season in 
Vietnam during the 1951-2007 period are investigated by using the empirical orthogonal function 
(EOF) analysis and Pettitt-Mann-Whitney test. The result suggested that the first dominant EOF mode 
showed the summer rainy season in northern and southern area with the onset occurs in May 5th on the 
average, with the standard deviation of 8 days, and the withdrawal is generally found around late 
October. Meanwhile, the autumn-winter rainy season in the central coastal plain, which is indicated by 
the second EOF mode, has the average onset and withdrawal dates is in late August and mid- 
following January, respectively. A long-term trend analysis also detected advances of onset of 
summer- and withdrawal of autumn-winter rainy season.      
Keywords: onset and withdrawal of rainy season, interannual variability, Vietnam 
 
1. Introduction 

Recently, the salient advance of Asian summer rainy season onset dates was 
revealed during the most recent decades (Kajikawa et al., 2012). In detail, the onset 
was found to occur earlier over the Bay of Bengal and the western Pacific region, 
about 2-4 pentads between 1994-2008 and 1979-1993 epochal, might due to the heat 
contrast between the Asian landmass and tropical Indian Ocean.  

Fig. 1. (a) Topography height (m) and (b) the time-latitude cross-section of 1951-2007 
averaged precipitation (mm/day) in Vietnam. 

It is well known that rainfall is the most important source for supplying water. As 
an agriculture country, many socio-economic sectors of Vietnam are strongly 
dependent on water resources. Therefore, it is of great importance to understand the 
interannual variations of rainy season over Vietnam. However, in Vietnam, the 
climatic differences in the seasonal march of rainfall are shown in not only spatial but 
also temporal features. While the northern and the southern regions have rainy season 
under the influence of summer monsoon, the central coastal area has the maximum 
rainy season delayed in late autumn to early winter (September – November) (Fig. 1).  

Thus, the objective of this study is to examine the interannual variability of the 
seasonal march of rainfall in Vietnam. In next sections, we will introduce the new 
method to determine the onset/withdrawal dates of rainy season for the period of 1951-
2007 by using empirical orthogonal function (EOF) analysis and Pettitt-Mann-
Whitney (PMW) test (Pettitt et al., 1979). The long-term trend of that 
onset/withdrawal will be also discussed. 
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2. Data and methods 

To accomplish of objective of this study, a 57-year (1951-2007) averaged dataset 
is used. The dataset contains of the following: 

  1) Pentad mean rainfall of Vietnam computed from the APHRODITE analysis 
data provided by the Research Institute for Humanity and Nature (RIHN) and the 
Meteorological Research Institute of Japan Meteorological Agency (MRI/JMA)  
(Yatagai et al., 2012).  

  2) Pentad mean zonal and meridional wind components and geopotential height 
conducted by the National Centers for Environmental Prediction/National Centers for 
Atmospheric Research (NCEP/NCAR) reanalysis data (Kalnay et al., 1996) at 850 hPa 
on a 2.5o x 2.5o grid. 

  In order to reveal the spatial and temporal structures of interannual variability of 
rainy season in Vietnam, the EOF analysis was applied to standardized rainfall data. 
Next, the onset and withdrawal pentads were defined by using the PMW test with the 
time coefficients (principal component). In detail, at first, the time coefficients were 
smoothed by 5-pentad moving average filter. Then, the PMW test was applied to a 
time series, in which contains 73 continuous pentads of the time coefficients, at 95% 
significance level. This test was performed for 114 series corresponding to 57 rainy 
seasons from 1951 to 2007. The first pentad of each series was the onset of current- or 
withdrawal pentad of previous rainy season. In case of the first year (1951) and last 
year (2007), the first (last) component of the time series was the first pentad of 1951 
year (1951/1/1-5) or last pentad of 2007 year (2007/12/26-31), respectively. Finally, 
the change-point detected by PMW test was selected as the turning point of the rainy 
season or dry season.      
3. Results 
3.1 Spatio-temporal features of rainfall in Vietnam from 1951-2007  

Fig. 2. Spatial patterns (left) and time coefficients (principal component) (right) of the first 
two EOF modes of the pentad mean rainfall for the period of 1951-2007. (a) and (b) denote 
the spatial distribution of EOF1 and EOF2, respectively. (c) and (d) indicate time coefficient 
of EOF1 and EOF2 for each year, respectively. Bold solid lines denote the 57-year average.  

Figure 2 shows two first dominant modes of the EOF analysis. The spatial 
distribution of the first mode (EOF1), accounting for 60.03% of total variance, has the 
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same positive sign with high (low) loadings in northern and southern region (central 
costal plain). Over the period of 1951-2007, the time coefficient of EOF1 (PC1) is 
observed switch sign from negative (positive) to positive (negative) around late April 
to mid-May (late October to early November). This mean the most important rainy 
season in Vietnam, especially over northern and southern region, occurs in the 
summer-autumn regime.   

Inversely, the second EOF mode (EOF2), contributes of 18.37% of total 
variance, represents the autumn-winter rainy season. In detail, EOF has strongest 
positive signal over the central coastal area while be negative over northern region. 
That rainy season begins around early September and withdraws in following January, 
corresponding with the switch-sign time of the PC2. 

 
3.2 Interannual variability of the onset and withdrawal of rainy season 

 
Fig. 3. Diagrams of the onset and withdrawal pentads of rainy season in Vietnam during the 
period of 1951-2007. Grey boxes indicate pentads with positive value in the 5-pentad moving 
average time coefficients of  (a) EOF1 and (b) EOF2.  Triangles and inverse triangles denote 
the onset and withdrawal pentads determined by the Pettitt-Mann-Whitney test, respectively. 
Dotted lines denote the average onset and withdrawal pentads of rainy season.  

As mentioned above, PC1 and PC2 were used to determine onset and withdrawal 
dates of rainy seasons. As a result (Fig. 3), the mean onset and withdrawal pentads of 
the summer rainy season occurred around the 25th pentad (5/1-5) and 61st pentad 
(10/28-11/1), with the standard deviation was 1.6 and 1.8 pentads, respectively. 
Meanwhile, the autumn-winter rainy season has the mean onset and standard deviation 
was about 48th pentad (8/24-28) and 5.1 pentads, respectively. The average withdrawal 
date of that rainy season occurs in 4th pentad (1/16-20) in following year, and standard 
deviation is 4.1 pentads.  

The non-parametric Mann-Kendall test (Kendall, 1975) with block bootstrap was 
applied to examine long-term trend of the onset/withdrawal dates. The result showed 
that onset of summer- and withdrawal of autumn-winter rainy season has decreasing 
trend over 57-year studied, at 90% significance level. It is suggested an advance in that 
onset/withdrawal dates is detected during 1951-2007 period.  
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Fig. 4. Time series of (a) onset, (b) withdrawal of summer rainy season (EOF1) and (c) onset, 
(d) withdrawal of autumn-winter rainy season (EOF2) from 1951 to 2007. The dotted and 
dashed lines denote the 57-year mean and 11-year moving average, respectively.  
 
3.3 Possible factor of the advance onset (withdrawal) 

Fig. 5. Composite maps of rainfall (a,c and e), geopotential height and wind at 850 hPa (b,d 
and f) with centering the onset pentad of summer rainy season during 1951-2007 period. “0” 
denotes the onset pentad and “-1” and “+1” refer to 1-pentad prior to and after the onset 
pentad, respectively.   

To depict the possible mechanism that triggers the advance onset/withdrawal, 
composite maps of 57-year averaged rainfall, geopotential and wind during the 
onset/withdrawal period were prepared (Fig. 5 and 6). In case of summer rainy season 
(Fig. 5), the onset associated with the eastward retreat of Western sub-tropical high 
and establishment of summer monsoon westerlies circulation. Recently, several studies 
have revealed an advance of Asian summer rainy season onset dates over the most 
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recent decades (e.g. Kown et al., 2005; Kajikawa et al., 2012, Kajkawa and Wang, 
2012). Kown et al. (2005) found a significant change in East Asian summer monsoon 
and its relationship with the western North Pacific monsoon before and after 1994. A 
possible factor of that advanced onset is likely to be attributed to the heat contrast 
between the Asian landmass and the tropical Indian Ocean (Kajikawa et al., 2012). 
Kajikawa and Wang (2012) also suggested that the abrupt advance of SCS monsoon 
onset after 1993/1994 is related to the SST warming in the Western Pacific. 

Fig. 6. Same as Fig.5, but for withdrawal of autumn-winter rainy season. 
Meanwhile, the withdrawal of autumn-winter rainy season occurs when cold 

high shifted eastward from China inland to the ocean in mid- to late winter. 
Simultaneously, the prevailing northeasterly wind over northern and central area of 
Vietnam, which is originated from that cold high, becomes weakening and changed to 
easterlies or southeasterlies. This leads to the abrupt increase of rainfall over northern 
region due to increase of the moisture supply from the South China Sea.  

Over the past recent decades, the strength of the East Asia winter monsoon 
(EAWM) is observed to weaken, especially after early 1980s (e.g. Jhun and Lee, 2004; 
Wang et al., 2009). However, the mechanism for that weakening remains unclear. It 
might be related to global warming which is most significant in mid and high latitude 
in Eurasian (EA) winter. Lee et al. (2003) suggested that the robust warming over the 
EA region in the lower and middle troposphere as well as at the surface is caused 
mainly by changes in circulations over the North Pacific and Eurasian continent. 
4. Conclusion 

The new method has been applied for investigating the interannual variations of 
onset and withdrawal dates of rainy season in Vietnam. Taking the 57-year averages 
(1951-2007), it was shown that the onset of summer rainy season generally occurs 
around May 5th while withdrawal occurs late October. Inversely, the autumn-winter 
rainy season has the average onset and withdrawal dates is in late August and mid- 
following January, respectively. Advanced in onset of summer- and withdrawal of 
autumn-winter rainy season is detected with significant trends. Further investigations 
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in the near future are needed to elucidate the possible mechanism that produces these 
advances.    
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100 geoheritages and candidate places. Proceedings of the General Meeting of the Association of 

Japanese Geographers 2013 Autumn Meeting 84: 138, September, Fukushima. [in Japanese] 
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Sunset at Kota Makassar, Indonesia photo by Akira Kawamura
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