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Abstract

This study proposes a novel generalized storage function (GSF) model for water level
estimation from the rating curve relationship by considering (i) the spatial distribution of
rainfall over the basin and (ii) incorporating all the possible inflow and outflow compo-
nents to reduce the uncertainties involved. The proposed GSF model, along with three
other models, was then applied in two watersheds of Japan to examine its applicability in
different types of watersheds with optimized parameters: (i) the Iga watershed, a semi-
urban watershed and (ii) the Oto watershed, a rural watershed. Further, the proposed
model’s effectiveness was identified based on hydrograph reproducibility, Akaike infor-
mation criterion, and Akaike weight. The results showed that the GSF model performed
well in both watersheds compared to the other models. Moreover, the Morris global
sensitivity method has used to analyze the sensitivity of the GSF model parameters for the
objective function of root mean square error.
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1 Introduction

Floods are considered as severe natural hazards due to the associated flood risk and costs in
both rural and urban areas (Karbasi et al. 2018). The flood events will always affect the nearby
population. This will indirectly cause an enormous threat to human life, properties, and crops
(Seckin and Guven 2012). Flood mitigation is a water management strategy that can control
the devastating impact of floods (Bubeck et al. 2012). However, accurate prediction of the
hydrograph is necessary for flood mitigation to avoid losses resulting from floodplain inun-
dation. Further, flood peak estimation is also required for the design of bridges, culverts,
waterways, etc. (Sahoo and Saritha 2015). For these purposes, rainfall-runoff models are
essential tools, and they play a central role in water management.

The simple rainfall-runoff models are lumped and conceptual in their approach to provide
information regarding different watershed processes (Andrews et al. 2011). Among them,
storage function (SF) models have been widely used in many parts of the world. Kimura
(1961) proposed the first SF model (3-parameter) and is still widely used for flood prediction.
Subsequently, several improved SF models have been proposed in terms of how to express its
nonlinearity, model structure, and the storage hysteresis loop (Hoshi and Yamaoka 1982;
Prasad 1967; Sugiyama et al. 1997). However, all these models require effective rainfall as
their input for the prediction of direct runoff. This further involves the problems of baseflow
separation and effective rainfall estimation. Later, to overcome these problems, Baba et al.
(1999) introduced an SF model with loss mechanism (directly uses the observed rainfall and
total runoff). Later, Takasaki et al. (2009) developed a new urban SF (USF) model for urban
watersheds with the combined sewer system. The performances of different SF models have
already evaluated for an urban watershed, and it has found that the USF model performs better
in comparison to the conventional SF models (Padiyedath et al. 2018a; Padiyedath et al.
2018b). However, the target area of the USF model is restricted to urban watersheds with the
combined sewer system.

Generally, in conventional SF models, a spatially averaged basin rainfall is considered.
However, under actual conditions, there is spatial variability in rainfall across a catchment which
has not captured when undertaking lumped catchment modelling. This spatial variability will be
quite high even in small watersheds based on meteorological factors. Besides, there might be
problems with the location of the rain gauges in terms of capturing the representative rainfall
corresponding to each rainfall event, particularly for catchments with high rainfall gradients
(Vaze et al. 2012). Therefore, the use of basin-average rainfall will further underestimate or
overestimate the storm runoff based on meteorological factors as well as the location of rainfall
occurrence. Vaze et al. (2011) has investigated the effect of different rainfall data sets on the
calibration and simulation of conceptual rainfall-runoff models and concluded that considerable
improvement could be obtained in the modelled runoff with better spatial rainfall representation.

All the existing SF models require discharge data for their calibration and subsequent runoff
analysis. This observed river discharge is generally obtained from water level observations
made at a gauging station which are further converted to flow estimates using a well-defined
and stable rating curve (Vaze et al. 2012). However, there are uncertainties in the converted
discharge data resulting from errors in the rating curves derived from stream gauging opera-
tions as well as a result of extrapolation outside the limits of the rating curve (Sivapragasam
and Muttil 2005). This will further contribute to model prediction uncertainties, and several
studies have analyzed the uncertainties in discharge estimation from the rating curve (Chen
et al. 2013; Domeneghetti et al. 2012; Vatanchi and Maghrebi 2019). In addition, data for a
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much larger period is needed to establish a stable rating curve, and it is difficult to update them
from time to time.

The direct use of observed water level for model development will be a reliable alternative
to reduce the propagation of uncertainty to runoff predictions. In addition, from a disaster
perspective, the prediction of water level information is often sufficient to provide an early
warning of flooding and to implement evacuation activities. This approach also attempts to
reduce the uncertainty derived from the spatial variability of basin rainfall by introducing the
rainfall factor, hereafter termed as -y, which will act as a correction coefficient of the basin-
average rainfall. Therefore, this study proposes a novel generalized storage function (GSF)
model for water level prediction by incorporating the rainfall factor (), and all the possible
inflow and outflow components. This proposed model could apply in ungauged and partially
gauged watersheds, where the rating curve establishment is highly uncertain.

2 Methods
2.1 GSF Model for Water Level Prediction

GSF model considered all the possible inflow and outflow components in a conceptual
watershed, as shown in Online Resource 1. The inflow components are represented by rainfall,
R (mm/min) and inflows from other basins, /(mm/min). The outflow components comprise the
river discharge, O (mm/min); evapotranspiration, £ (mm/min); water intake from the basin, O
(mm/min); and groundwater-related loss, ¢; (mm/min). The storage equation of GSF model is
given as (Hoshi and Yamaoka 1982):

s= RO + ko (0 ()

where s is storage (mm); ¢ is time (min); and &, k,, p1, and p, are model parameters. In Eq. (1),
Q is replaced with the rating-curve relationship based on power law as follows:

0 = a(H-b)’ 2)

in which a and /3 are the rating curve constants, and b is a constant that represents the gauge
reading corresponding to zero discharge (Domeneghetti et al. 2012). O is the observed river
discharge in m3/s that was further converted into mm/min in order to use in the continuity Eq.
(4) since the other components of Eq. (4) are in mm/min. There value of (3 in the present study
is taken as two based on the assumption of a quadratic rating curve relationship from previous
studies for water level and discharge prediction using different models (Takasaki et al. 2005;
Tamura et al. 2013). The resulting rating curve relationship is Q = a(H — b)?. The rating curve
constants a and b were considered as the GSF model parameters during calibration. Therefore,
the storage equation of the GSF model is,

- 2 Pi i N2 P2
s=ki (a(H b) ) o (a(H b) ) (3)
where H is the water level (m). Rainfall spatial variability has not been considered in SF

models thus far. Therefore, an attempt has been made to address this issue by introducing a
new parameter, y in the continuity equation of GSF model as follows:

@ Springer



2606 Gopalan SP. et al.

ds
7 R+ I-E-0-0—¢, (4)

The groundwater-related loss was defined by considering the concept of the soil moisture
parameter tank (SMPT) model (Ando et al. 1982) and is given as,

q[:{ 153(s—z) (s>2) } (5)

(s<2z)

where k3 and z are the parameters. The storage (s) in the watersheds should be larger than the
infiltration hole height (z) to be contributed to groundwater recharge, as shown in
Online Resource 1. Substituting Eq. (3) into Eq. (4) results in a second-order ordinary
differential equation (ODE) as follows:

ks % (a(Hfb)z)pz — K

1 % (att-0))" +3R + 1-E-0-a(t-bP~q,  (6)
By numerically solving this second-order ODE, the water level (/) can be estimated. The
proposed GSF model is a 9-parameter model with parameters &y, k», k3, p1, p2, 2, 77, @, and b.
Other models considered in this study are (i) 8-parameter model — GSF model without
parameter -, (ii) 7-parameter model — GSF model with fixed values of parameters a and b
obtained from an established rating curve, and (iii) 6-parameter model — GSF model without
parameter -y and with fixed values of parameters a and b.

2.2 Model Calibration and Validation

The shuffled complex evolution-University of Arizona (SCE-UA) method proposed by Duan
et al. (1992) was used to estimate the optimal parameter values for the GSF model with root
mean square error (RMSE) as the objective function. The search range of parameters was
carefully determined as shown in Table 1 by reviewing the literature of previous studies
(Padiyedath et al. 2018a; Prasad 1967; Sugiyama et al. 1997; Takasaki et al. 2009) except for
parameters -, a, and b. For parameter 7, the maximum possible value was set to 10 in this
study to incorporate the effect of a ten-times higher magnitude rainfall near the basin outlet
compared to the low basin-average rainfall. Finally, the search range of parameters a and b was
set based on their values obtained from an established rating curve. The calibration was
conducted using two data scenarios: (i) an individual event-based scenario where individual
flood events were used and (ii) an all event-based scenario where all the available events were
used for the model calibration which was further used to validate the model.

The model performances were assessed using RMSE, Nash-Sutcliffe efficiency (NSE)
(Nash and Sutcliffe 1970), and other error functions of percentage error in peak water level
(PEP), percentage error in area under the water level hydrograph (PEA) (Padiyedath et al.
2018a). Furthermore, the Akaike Information Criterion (AIC), and Akaike weight (AW) were
also used to identify the most effective model based on the number of optimized parameters.
The corrected AIC (AIC() score was used to correct for small data samples (Hurvich and Tsai
1989). The most effective model is that with the lowest AIC: score (Akaike 1981; Akaike
1998) and highest AW (Hurvich and Tsai 1989).
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Table 1 Description and search range of GSF model parameters

Parameter Definition Detailed description Search
range
ky Physical watershed characteristics Basin area, Stream length [0,
(Sugiyama et al. 1997) 500]
ky Loop relationship between the storage Channel characteristics, Basin shape [0,
and discharge (Prasad 1967) 5000]
ks Groundwater related loss Rate factor of groundwater recharge [0, 1]
P1 Index of flow regime (Sugiyama Flow pattern based on various land [0, 1]
et al. 1997) use conditions
§2Z3 Non-linear unsteady flow effects Factor decides the rate of change of discharge [0, 1]

(Hoshi and Yamaoka 1982)

z Infiltration hole height Minimum water storage required to be [0,
contributed to groundwater 500]
¥ Rainfall factor Correction coefficient of uncertain rainfall resulted [0, 10]

from its spatial variability in the basin

a Rating curve constant Constant that represents the station characteristics [0,
100]
b Rating curve constant Constant that represents the gauge reading [-100,
corresponding to zero discharge 100]

2.3 Sensitivity Analysis

Sensitivity analysis (SA) is used to examine how a model output is influenced by the
uncertainty in the model parameters and inputs (Neumann 2012). SA methods can be
classified as either local or global (Puki¢ and Radi¢ 2016; Liu et al. 2016). In this study, we
utilized the Morris global sensitivity analysis (Morris 1991) which is a screening method based
on elementary effects to identify a subset of the parameter that has the greatest influence on the
output.

Consider a model for which an output y is a function of k parameters 6, i=1, 2, .... k. For a
given value of 6, the elementary effect of the i" parameter is given by the following equation:

d,(@) :.f(917927 "~'79i*170i —’_AAv 9i+17 79k)_f(0) (7)

where A is the magnitude of step, which is a multiple of 1/(p — 1); p is the number of levels
over which the variables can be sampled; and f{6) is the target function value for the parameter
vector 6 (Shin et al. 2013). Each 6; will be assumed to be scaled to take on values within the
interval [0, 1] and scaled to appropriate ranges of the input variables after performing the
analysis to compute the elementary effect (Morris 1991). Campolongo et al. (2007) suggested
a convenient choice for the Morris parameters that the p is preferentially even (p = 10 in this
study) and A is equal to p/2(p — 1). The d; calculation process has repeated several times (7),
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and the mean (u) and standard deviation (o) values of the » samples of d; have used as Morris
sensitivity indices. Instead of using , Campolongo et al. (2007) used an improved measure
gy ==+ = |d i(6;)|, which is the mean of the absolute values of the r samples of the
elementary effect of the ith parameter. Therefore, this study used p* with =20 because the
r value is typically between 10 and 50, as explained by Campolongo et al. (2007). A high p*
value implies that the high sensitivity of parameter on the target function and a high o value
indicates that the parameter has strong interactions with other parameters (Morris 1991; Shin
et al. 2013; van Griensven et al. 2006).

“1a)
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35+

a : -7 ] - [ Iga basin
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Fig. 1 Index map of (a) Japan, (b) Iga basin and Oto basin within the Okazaki city of Aichi prefecture, (c1)
Topographic map of Iga basin, (¢2) Land use map of Iga basin, (d1) Topographic map of Oto basin, and (d2)
Land use map of Oto basin. The solid rectangle and circle are the water level and rain gauge stations respectively
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3 Study Area and Data Used

The proposed GSF model was applied in the two watersheds of Iga and Oto within Okazaki
City, Aichi Prefecture, Japan (Fig. 1). Okazaki City is the third-largest city in Aichi Prefecture
with a humid subtropical climate and an elevation ranging from 0 to 789 m above sea level
(Rimba et al. 2017). The central city consists of alluvial plains, whereas the eastern part of the
city is mountainous area; the remainder is lowland area which has an altitude ranging from 0 to
300 m (Okazakishi 2019). Precipitation occurs throughout the year with an annual rainfall of
approximately 1500 mm.

Iga River (small to medium-sized semi-urban watershed with an area of approximately
9.6 km? at Iga Bridge) is a narrow river with low channel capacity and flat riverbed. The
design discharge capacity of the Iga basin is 154 mm/day for a 5-year return period. The basin
mainly consists of red-yellow soil, other soil (impervious surfaces, rock, etc.), and low land
soil. The drainage density, urbanization rate, and slope of the Iga basin are around 0.42 km™!,
40%, and 10.7° respectively. The Oto basin (large rural watershed with an area of approxi-
mately 216.46 km? at Chiharazawa) originates from the Mt. Tomoe in the eastern parts of the
Okazaki City and flows further towards west. For a return period of 20 years, the design
discharge capacity is 352 mm/day. The basin has a low drainage density of 0.13 km™!
compared with the Iga basin. The urbanization rate and the slope of the basin are around
3.3% and 19.5° respectively. The major soil type of the basin is brown forest soil, followed by
the red-yellow soil and the immature soil. Both the Iga and Oto rivers are the tributaries of the
Yahagi River, a first-class river in Japan. During the past several decades, heavy rains and
flooding have occurred in the basins as a result of typhoons and intensive localized rainfall in
which the flood in 2008 was the most severe with a rainfall intensity of approximately
146.5 mm/h (Okazakishi 2015). Approximately 620 houses were flooded above floor levels

Table 2 Characteristics of the selected events for Iga and Oto basins

Event no. Event date Peak H (m) Rgo (mm) Average R (mm) Meteorological factors

Calibration events — Iga basin (2013-2015)

1 10/9/2015 24.1 32.9 40.3 Typhoon

2 7~8/9/2013 23.9 429 44.8 Frontal event

3 8~9/9/2015 23.9 18.6 134.2 Typhoon

4 15~16/10/2013 23.7 14.3 138.7 Typhoon

5 26~27/5/2014 23.7 14.2 68.9 Frontal event
Validation events — Iga basin (2016)

1 19~21/9/2016 24.5 47.9 161.5 Typhoon

2 18 ~19/3/2016 23.6 17.7 51.0 Frontal event
Calibration events — Oto basin (2013-2015)

1 15~16/9/2013 5.7 56.1 229.1 Typhoon

2 8~9/9/2015 2.6 14.3 119.5 Typhoon

3 24 ~25/9/2014 2.5 22.1 106.3 Typhoon

4 29 ~30/3/2014 2.5 20.3 108.5 Frontal event

5 16 ~18/8/2015 24 29.8 77.1 Frontal event
Validation events — Oto basin (2016)

1 3~4/5/2016 2.0 24.8 81.4 Frontal event

2 22 ~23/12/2016 1.8 20.9 69 Frontal event
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(Adachi 2009). Recently, Typhoon Malakas caused torrential rainfall in 2016 with an intensity
greater than 100 mm/h.

The rainfall and water level data at 10-min intervals were collected from the Okazaki City
Government during the period 2013-2016 for the study. The basin-average rainfall was
determined using the Thiessen polygon method from the rain gauges scattered over the basin.
Five target events were selected from the data for the calibration and two events that are not
included in the model calibration were chosen for model validation (Table 2). The inflow
component (/), water intake (0), and evapotranspiration (E) were set at 0 as there is no intake
to and from the target basins and the evapotranspiration during heavy rainfall is insignificant.

4 Results and Discussion
4.1 Model Calibration

Figure 2a—f shows the calibrated parameters ki, k,, k3, p1, pa,and z, respectively. These are
associated with all the four considered models. The large Oto basin exhibited relatively higher
kyvalues compared with Iga basin which further confirms the results of Park et al. (2012).
According to them, the parameter &, has high relevance to the basin characteristics in such a
manner that any increase in the basin area, as well as the stream length, will lead to an increase
in parameter k. The parameter £, was found to depend on the main channel characteristics,
basin shape, and rainfall amount and duration, among others (Prasad 1967) which resulted in
higher 4, values for the Oto basin. The GSF model showed high variability in parameter k3 only
for the Oto basin, whereas the p; values were almost similar for all the models in both basins.
The p, values of the Iga basin were higher compared to those of the Oto basin, which further
indicates a relatively higher unsteady flow in the semi-urban Iga basin (Hoshi and Yamaoka
1982). There is high variability in the z values of all the models and the events for both basins.
The GSF and 7-parameter models showed ~y values either greater than one or equal to one
for the Iga basin (Fig. 2g). This represents a higher rainfall magnitude near the outlet compared
to the basin-average rainfall. On the other hand, the Oto basin showed values less than one for
all the models which indicate a higher basin-average rainfall compared to the rainfall near the
basin outlet. Figure 2h-i demonstrates the rating curve constants a and b, in which the
parameter a varies from event to event for both basins and all the models. The calibrated
values parameter g are far compared to the fixed value represented by the red line, whereas the
parameter b exhibited a high level of agreement with the fixed value in both basins.
Furthermore, to assess the significance of the optimized value of «y in the GSF model, the
spatial variability of total rainfall was plotted by interpolating the rainfall received at the
gauging stations using the Kriging interpolation technique, which has been widely used for
data interpolation (Azhikodan and Yokoyama 2019). It can be seen from Fig. 3al—a3 that
heavy rainfall occurred near the watershed outlet, which produces an immediate and intensive
response at the semi-urban Iga basin outlet. However, the basin-average rainfall of these events
(Table 2) is quite low compared to the high rainfall at the outlet. At this point, the GSF model
increased the ~y values greater than one to incorporate the effect of this actual rainfall near the
outlet. In contrast, the Oto basin outlet received a small amount of rainfall compared to the
basin-average rainfall, and the high rainfall occurred at a specific location farther from the
outlet point which will generate a delayed and diminished response as shown in Fig. 3b1-b3.
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The use of basin-average rainfall may lead to the overestimation of water level, and a reduced
~ value is needed to compensate for this effect which further resulted in a y value less than one.

It is evident from the results that the same set of model parameters cannot be used for basins
with dissimilar physical characteristics (Pickup 1977). Generally, during the parameter
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Fig. 3 Spatial distribution of total rainfall during calibration and validation events for Iga basin (al-a3) and Oto
basin (b1-b3). ‘C’ and ‘V’ indicate the calibration and validation respectively (circle and square represent rain
gauge and water level stations respectively)

estimation, the model attempts to optimize the parameters based on its structure to obtain the
best combination, which will lead to better performance. However, it is worth mentioning that
no calibration can guarantee the uniqueness of the obtained parameter sets because of a
concept called equifinality (Beven 1993).

4.2 Hydrograph Reproducibility

It is clear from Fig. 4al—a3 of the Iga basin that the 9-parameter GSF model nearly overlaps
with the observed water level hydrograph and reproduces the shape slightly better than that of
the other models. During event 1, the peak estimated by the GSF model was most close to the
observed peak compared to the other models. The low hydrograph reproducibility of the 8 and
6-parameter models, particularly during event 1, indicates that the incorporation of + is
indispensable to achieve better performance. Figure 4b1-b3 of the Oto basin shows that the
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Fig. 4 The reproduced hydrographs by the models for Iga basin (al-a5) and Oto basin (b1-b5) during calibration
and validation (‘C” and ‘V” indicate the calibration and validation respectively)
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GSF model, along with the other models, reproduced the shape of the observed hydrograph
with small discrepancies. However, likewise in the Iga basin, the GSF model best simulated
the hydrograph as well as peak water level compared to those of other models.

On the other hand, the model validation for the Iga basin illustrated in Fig. 4a4-a5 shows
that all the models considerably underestimated the peak water level during both validation
events. The inability of the models to predict the peak water level of validation event 1 can be
attributed to their low extrapolation potential outside the range of the calibration data set. The
GSF model along with other models significantly deviated from the observed hydrograph at
the recession limb during the validation in the Oto basin (Fig. 4b4-b5). However, the GSF
model accurately reproduced the rising limb compared to other models. The results further

\ —8— GSF —e— 8 Parameter —4A— 7 Parameter —v— 6 Parameter \
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Fig. 5 The performance evaluation of different models during calibration and validation for Iga basin (al-a4)
and Oto basin (b1-b4). ‘C* and “V”’ indicate the calibration and validation respectively
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revealed that none of the models showed consistent performance during validation in both
basins.

Further, the model performance was evaluated using RMSE, NSE, and the other error
functions as shown in Fig. 5. Figure 5al-bl, a2-b2 shows that the GSF model generates the
lowest RMSE values and highest NSE values for all the calibration events, whereas the
performance was low during the validation events in both the basins. The GSF model was
followed by the 7-parameter model, which also considered the effect of parameter ~.
Figure 5a3-a4 depict that the PEP and PEA values are close to zero in the Iga basin and not
greater than 1% and 10%, respectively, during calibration. On the contrary, the 7 and 6-
parameter models demonstrated low PEP and PEA values during validation. In the Oto basin,
the PEP and PEA values were within 20% and 50% respectively, as shown in Fig. 5b3, b4.
The results also reveal that all the models have a consistent performance during calibration,
whereas the performance highly varies during validation.

4.3 AIC Aspect

Figure 6al-bl shows the AIC values of different models for both basins. It can be seen from
Fig. 6al that the models showed similar AIC: values during calibration except for the 8-
parameter model. However, during the validation, the 6-parameter model with the least
number of parameters exhibited the lowest AIC. values. During calibration in the Oto basin,
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Fig. 6 The summary of Akaike information criterion (AIC) results of corrected AIC (AIC¢) and Akaike weight
(AW) values of the models for Iga basin (al-a2) and Oto basin (b1-b2)
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the GSF model showed the lowest AIC: values in two events (events 3 and 5), and the 7-
parameter model had the lowest values during event 4. All the models showed identical AIC¢
values in the remaining events during calibration and validation. From Fig. 6al-bl, it is not
casy to clearly distinguish the difference among all the models. Therefore, we analyzed the
AIC¢ values using AW to depict the differences among the models.

The model with the highest AW is considered to be the best. Figure 6a2-b2 shows that the
GSF and 7-parameter models received the highest weights during two calibration events and
were greater than 0.8. The 8-parameter model received the highest AW value during event 2 in
both basins and was followed by the GSF model. The high AW values of the GSF and 7-
parameter models during most of the calibration events for both basins can be ascribed to the
effect of the incorporated parameter . This further indicates that the parameter  will act as a
water balance corrector. During validation, none of the models exhibited a consistent perfor-
mance based on the AW values. The AIC analysis revealed that both the GSF and 7-parameter
models showed comparable performance, whereas the remaining models without parameter ~y
showed relatively low performance.

4.4 Sensitivity Analysis of the GSF Model

Figure 7 shows the screening plot from the Morris sensitivity analysis with ;* values on the x-
axis and o values on the y-axis (Zhan et al. 2013) for the objective function RMSE. It is clear
from the figure that the parameter b has the highest p* value for both basins. This further
indicates that it is the most sensitive parameter of the GSF model because it represents the
gauge reading corresponding to zero discharge. Parameter » was followed by parameter p,
because it constitutes the non-linear unsteady flow effects. Apart from b and p,, the ranking
order of the sensitive parameters was different in both basins. In the Iga basin, the parameters
P2 P1, b, ky and a exhibited higher o values which show their strong interactions with other
parameters, whereas the remaining parameters showed relatively low interaction. In the Oto
basin, parameter b showed the strongest interaction with other parameters due to its highest o
value. The parameter p, portrayed high interaction with the other parameters after parameter b,
and the remaining parameters showed relatively low interaction. The sensitivity analysis
showed that the order of sensitive parameters changed between basins. Van Griensven et al.
(2006) examined the parameter sensitivity of the Soil and Water Assessment Tool (SWAT)
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1 ®p, be ]
400 - ok, 500
1 ®a 400
b 300 b ] o
1 oy 300 2
200 | ®ky 1
| e e 200—Z aey,
100 1%,
] 1005 &
k
0 L E L B 042, 1
0 50 100 150 200 250 300 350 0 100 200 300 400 500
Ty Ty

Fig. 7 Morris sensitivity indices for the objective function RMSE in (a) Iga basin and (b) Oto basin
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model and found that the sensitive parameters will vary between catchments. Shin et al. (2013)
strengthened the results of van Griensven et al. (2006) that the sensitivities of parameters in a
rainfall-runoff model are site-specific and cannot be assumed from previous work in other
catchments.

Notably, the models with many parameters did not always provide the best predictions,
which further shows that complexity alone cannot guarantee good and reliable performances
(Perrin et al. 2001). The model parameters are subject to change from event to event, and
hence the prediction of future events is a challenging task using the model with fixed calibrated
parameters. However, one solution to tackle this issue is the real-time prediction of the model
parameters using data assimilation techniques.

5 Conclusions

A generalized storage function (GSF) model was proposed for the water level prediction in
which the spatial distribution of rainfall over the basin was considered, and all the possible
inflow and outflow components were incorporated (if there is any). The proposed GSF model,
along with three other models, was then applied for two watersheds of Japan. The hydrograph
reproducibility of different models was analyzed, and the GSF model exhibited higher
performance during calibration. None of the models showed consistent performance during
validation. In comparison with the GSF model, the 7-parameter model, whose rating curve
parameters were obtained from actual basin observations, was expected to provide good
results. Based on the AIC aspect, the GSF model outperformed other models during most of
the events. Therefore, we can conclude that the GSF model is much more effective using
optimized rating curve constants for the use in ungauged and partially gauged watersheds. Any
of the considered models, including the GSF model, were not so reliable during validation.

This study proposes an effective water level estimation system which can be used for
making sound decisions on a wide variety of water management issues. However, there is a
need to improve the model for application in an operational context using data assimilation
approaches. The authors focus on these points and will carry out an effort for real-time water
level prediction using the proposed GSF model.
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