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The recent advances in GIS technology as well as data availability open up new possibilities concerning
urban storm runoff modeling. In this paper, a vector-based distributed storm event runoff model - the
Tokyo Storm Runoff (TSR) model - is developed and tested for urban runoff analysis using two historical
storm events. The set-up of this model is based on urban landscape GIS delineation that faithfully
describes the complicated urban land use features in detail. The flow between single spatial elements
is based on established hydraulic and hydrological models with equations that describe all aspects of
storm runoff generation in an urban environment. The model was set up and evaluated for the small
urban lower Ekota catchment in Tokyo Metropolis, Japan. No calibration or tuning was performed, but
the general model formulation was used with standard parameter values obtained from the literature.
The runoff response to two storm events were simulated; one minor event resulting only in a small-scale
flood wave and one major event which inundated parts of the catchment. For both events, the simulated
water levels closely reproduced the observed ones. For the major event, also the reported inundation area
was well described by the model. It was also demonstrated how the model can be used to evaluate the
flow conditions in specific components of the urban hydrological system, which facilitates e.g. evaluation
of flood-preventive measures.
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1. Introduction

In recent years, a number of cases of urban flooding due to sew-
age system outflow and river overflow have occurred in Japan. In
1999, heavy storms lead to severe flooding particularly in the cities
of Tokyo and Fukuoka, resulting in casualties and damages to more
than 4000 houses (Kusuda, 1999; Goto, 2000). In 2000, extreme
rainfall associated with a typhoon caused devastating flooding in
the city of Nagoya, damaging over 60,000 houses (Yamamoto and
Iwaya, 2002). Partly as a consequence of these and similar cases,
a part of the Japanese flood defense legislation was amended in
2001 to require the publication of maps showing urban areas prone
to flooding. Further, a flood damage countermeasure act for speci-
fied urban rivers was enforced in 2004. By this act, cities are re-
quired to have an urban catchment-based flood warning system
which integrates all components contributing to urban runoff
including hard and soft countermeasures. Examples of structural
measures, currently recommended by the Tokyo Metropolitan
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Government, include local storage tanks, infiltration facilities and
porous asphalt for roads.

Also in a more global perspective, a growing number of floods in
urban areas is evident (e.g. Sz6ll6si-Nagy and Zevenbergen, 2004)
and the problem of urban flooding is further expected to increase
in the future. One obvious reason is today’s rapid urbanization in
many parts of the world, which is not always accompanied by a
sufficient increase of the sewage system capacity. Another some-
what more speculative reason is the increased frequency of high
rainfall intensities as a consequence of heat island phenomena
and climate change, which has been indicated in several studies
(IPCC, 2007; Bornstein and Lin, 2000). In response to the perceived
and expected problems, urban flood management by structural
and non-structural measures is an important strategy in many
countries (Andjelkovic, 2001; Genovese, 2006). To properly evalu-
ate the damage-reducing effects of current or planned structural
measures (such as infiltration and storage facilities or permeable
pavements), storm runoff models are required that take full advan-
tage of today’s geographical data sources and processing tools. A
highly explicit and spatially distributed strategy in urban
catchment modeling is crucial for accurately evaluating the
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effectiveness of various measures and for facilitating stakeholder
communication.

From a process description point of view, watershed models for
different purposes can be classified into lumped and distributed
models (Singh, 1995). In most lumped models (e.g. HEC-1 (HEC,
1998), tank model (Sugawara, 1974) and SSARR (Spears, 1995)),
some processes are described by simplified hydraulic laws, and
other processes are expressed by empirical algebraic equations.
Distributed models take an explicit account of spatial variability
of processes, inputs, boundary conditions and watershed charac-
teristics. In most distributed models, raster-based approaches for
land-use characterization using digital elevation model (DEM)
have been developed (e.g. SHE (Abbott et al., 1986a,b) and TOP-
MODEL (Beven et al., 1984)). Advantages of grid-based distributed
models are their simple model structure and their use of catch-
ment information which is generally readily available. Especially
in urban applications, direct runoff in each grid is usually calcu-
lated on the basis of runoff coefficients or estimated fractions of
impervious area in different land use categories (e.g. Niehoff
et al., 2002; Choi and Ball, 2002; Park et al., 2008). A proper repre-
sentation of land use is particularly crucial for accurate runoff sim-
ulation in urban environments, with their high degree of
imperviousness (Leopold, 1968). In a grid-based rainfall runoff
model, the parameters are generally either estimated from ras-
ter-based land-use maps of the city or from air photos, depending
on the availability in the particular catchment, or by tuning them
in model calibration and validation. While fast and practically con-
venient, the approach is limited in different respects. One is that
the information on land-use maps may not be directly translatable
into key hydrological characteristics such as permeability. Another
limitation is that it is difficult with the grid-based models to eval-
uate local flood preventive measures together with the existing ur-
ban structures (buildings, roads, etc.) in a straight-forward way.

The recent advances in GIS technology as well as data availabil-
ity open up new possibilities concerning urban storm runoff mod-
eling. A few non-raster-based models have been developed from
the view point of urban morphology in order to consider individual
features in the urban environment. Sample et al. (2001) used GIS to
facilitate urban storm water analysis by using land-use parcel
boundaries (apartment, commercial, low- and medium-density
residual and school). Rodriguez et al. (2003) proposed a vector-
based catchment description based on information in so-called ur-
ban databanks, which includes categories cadastral parcel, build-
ing, street, sewer system and river, to calculate urban unit
hydrographs. Rodriguez et al. (2008) employed the same concept
to develop an urban water budget model.

In contrast to current modeling approaches, which are generally
based on gridded data (e.g. Hsu et al., 2000; Ettrich et al., 2005; Dey
and Kamioka, 2007), in this study we propose a new approach to
simulate urban storm runoff and flood inundation with a vector-
based catchment description. Vector-based data are potentially
very useful for urban hydrological modeling, as a detailed and
accurate representation of the catchment plays an important role
in urban storm runoff simulations. The main novelty of this ap-
proach is that GIS is used to divide the urban environment into
its smallest, perfectly homogeneous, elements which are hydrauli-
cally connected and finally integrated to form a complete catch-
ment-based rainfall-runoff model. One key advantage of the
detailed delineation is that flow tracking is possible on an ele-
ment-to-element basis. Another advantage is that small, individual
facilities that may strongly affect flow locally, such as infiltration
areas or rainwater collection tanks of single buildings, may be
reproduced. Thus detailed what-if scenarios of the consequences
of some flow-preventive measure may be evaluated, both wide-
spread implementation of some small-scale structure (e.g. local

infiltration or green roofs) and single implementation of some
large-scale construction (e.g. retention pond).

In this paper, an event-based urban storm runoff and flood
inundation model is developed and applied for urban runoff anal-
ysis: the Tokyo Storm Runoff (TSR) model. The set-up of this model
is based on what we term “urban landscape GIS delineation” (see
Section 2.1). In the TSR model, surface flows as well as river and
sewer flows are simulated by the unsteady flow equation consider-
ing inundated conditions. Infiltrated water from pervious land use
elements finally drains out into the river as long-term groundwater
runoff, which is however at present not considered in the TSR mod-
el. Neither does the TSR model presently represent evapotranspira-
tion, time variable infiltration and subsurface flow. The model is
therefore applied for event-based rainfall-runoff simulation in a
dense urban catchment with minimal groundwater contributions
to runoff and a well-maintained drainage infrastructure. In this
study, the TSR model is set up for an urban sub-catchment of the
Kanda River (Tokyo, Japan) and applied to test the runoff response
to two actual storm events in 2005, one of which flooded part of
the sub-catchment.

2. The Tokyo Storm Runoff (TSR) model
2.1. Urban landscape GIS delineation

Fig. 1 shows an example of the urban landscape GIS delineation
for an urban catchment. The delineation first divides the catch-
ment into two components: surface and subsurface. The surface
component, which includes everything seen on a surface map, is
in turn classified into block, road and river elements. Inside blocks,
in order to calculate direct local runoff, further division is made
into individual land use surfaces with different permeability such
as building, paved area and grass. The subsurface component
comprises sewer elements. Individual elements are further divided
into segments, which is the smallest spatial calculation unit used
in the TSR model. The spatial extent of a surface segment plays
an important role in storm runoff simulation because properties
such as elevation and water depth are averaged over this extent.
In order to consider the differences between road and block
altitudes the TSR model is supposed to use at least 5 m resolution
DEM with 0.1 m precision in altitude.

2.2. Storm runoff process conceptualization

Fig. 2 shows a schematic of the rainfall-runoff process as repre-
sented in the TSR model. The models used here are composed of
two analytical models; a hydrological model which simulates di-
rect runoff from rainfall, and a hydraulic model which describe
flows in blocks, roads, sewer, and river flows. In urbanized areas,
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Fig. 1. Urban catchment modeling based on the urban landscape GIS delineation.
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Fig. 2. Schematic of the rainfall-runoff process of the TSR model.

the main contribution to the catchment’s response originates from
water flows on the impervious surface component and in the sub-
surface component. Effective rainfall is calculated based on the
permeability of the surface considering initial loss and final infil-
tration capacities (Toyokuni and Watanabe, 1986; Ando et al.,
1986). The drainage system between the surfaces and the sewer
system is based on a concept called “dual drainage”, where urban
drainage is modeled as two dynamically interconnected networks,
and manholes function as points of flow exchange between them
(Smith, 1992, 2006). Direct flow from a building segment to a road
segment is simulated by a kinematic wave model, surface flow and
river flow by the unsteady flow equation, and sewer pipe flow by
the Preissman slot model (Preissmann and Cunge, 1961).

When rainfall begins, water falling on land use segments inside
a block or a road forms pools, whereas water falling on a river adds
to the river discharge. Rainfall excess from blocks flows out directly
or indirectly through different types of surfaces and finally out into
the road. When a manhole exists inside the surface, water flows
through it to the rainwater sewer pipe conduit. In a manhole, the
water level is obtained considering the inflow from the surface to-
gether with the upstream inflow from connected pipe conduits. In
a pipe conduit, the water flow is obtained considering the water
levels in the manholes located upstream and downstream, respec-
tively. When the water level in a manhole exceeds ground level,
water flows out and inundates the associated surface segment.
The inundated water flows to adjacent surface segments until a
manhole that has not reached full inflow capacity is found. The
water in the sewer pipe conduits eventually reaches the river chan-
nel, which finally drains in the catchment outlet.

2.3. TSR model equations

2.3.1. Direct runoff

For practical estimation of rainfall excess, initial loss and
continuing constant loss rate method (Pilgrim and Cordery, 1992)
is used. Impervious surface includes land use classes building, road
and parking lot, whereas classes grove, grass and athletic field are
considered pervious. In an impervious surface, the only rainfall loss
is the initial loss, which is mainly depression storage (Ando et al.,

1986). Rainfall onto an impervious surface becomes effective after
it exceeds the initial loss. It is expressed mathematically as

(0 (S <Ly
”(”‘{rm () > L) M

where r(t) denotes rainfall intensity at time ¢ (s), r¢(t) effective rain-
fall rate (m/s), > r(t) cumulative rainfall (m) and L; initial rainfall
loss for land use class i (m). Fig. 3 shows the schematic of urban
landscape GIS delineation and the assumed flow processes. In land
use segments inside block elements, direct runoff from a non-build-
ing segment to an adjacent block segment is assumed. The direct
runoff on a building segment is as follows. Although rainfall on
buildings usually runs off to the sewer system through a gutter, it
is rare to have information on the connection between a building
and the sewer system. In the TSR model, the kinematic wave model
(Singh, 1996) is applied to calculate the flow from a building seg-
ment to the nearest road or river segment (Eqs. (2) and (3)). Since
the actual shapes of individual buildings are sometimes compli-
cated, the shape (flow distance x, and flow width B) is supposed
to be square with the same size as the actual segment.

ohy,  9q,
ot (')—Xb =T. (2)
q, = ol (rx =5in 0/Ny, = 5/3) 3)

where @, denotes the discharge per unit width from the building
(m?/s), hy, the flow depth (m) and x, the distance along the building
(m). In (3), « and g are constants related to slope and surface rough-
ness, Othe slope of the building (rad) and Nj is the equivalent Man-
ning’s roughness coefficient (s/m'/3).

On a pervious surface, rainfall losses consist of an initial loss L;
and an infiltration loss I; for each land use class i (Ando et al., 1986).
The initial loss L; is equivalent to the sum of initial infiltration loss
and depression storage. After the cumulative rainfall amount ex-
ceeds the initial loss, rainfall intensities in excess of the final infil-
tration capacity become effective. Therefore, the rainfall excess
rate for a certain land use class is expressed as follows:

(a) Land use segments
inside block

. :Paved area

. HquJ' %?(b) Surface and
T subsurface component
ol |
: I || [ :Block
| | i
I \ i
. l‘l . D : Road
| \ |
|“| —1- D:River
jA — Pipe
rodreas
-T® i @ ® @ Manhole

Fig. 3. Direct runoff process of the land use segment inside block element.
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re(t) = {O
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2.3.2. Surface flow

To calculate the discharge in surface component, one-dimen-
sional unsteady flow without convective acceleration is assumed
according to Eq. (5). Water level changes in the surface segments
are computed by considering the effective rainfall and outflow/in-
flow from manhole elements in addition to the outflow/inflow
from surface segments. After calculating water storage, the water
depth is obtained by Eq. (6) (Fig. 4).

9Q,
ot

OH, +gn?Qs\ vy
o R

+ 84,

=0 ()

dhs  X2Q, + XBq, + XQq;, + reAreds
dt Area;

(6)

where Q is the surface discharge (m®/s), As the surface flow cross
sectional area (m?), H (=z; + h,) the surface water level (m), z; the
surface elevation (m), h; the surface water depth (m), xs the longitu-
dinal distance along surface segment (m), n; the surface Manning’s
roughness coefficient (s/m'/3), 4 the velocity of surface flow (m/s),
Rs the surface hydraulic radius (m), B the width of building segment
(m), Qujy the discharge to/from manhole from/to surface (m?/s) and
Areas the surface area (m?) (excluding the building area in block
segments). The numerical analysis technique used for the surface
flow, as well as for the calculations of sewer pipe flow and river flow
described below, is the unsteady flow equation by the explicit finite
difference method (Balloffet, 1969) used with the leapfrog calcula-
tion method (Dronkers, 1969).

2.3.3. Sewer pipe flow

The runoff in a sewer is usually in the state of free surface flow.
However, in the case of a storm, both free surface flow and sur-
charged flow occur, and their regions vary temporally and spa-
tially. In order to describe these processes in detail, a particular
model for sewer pipe flow with surcharge is required and here dy-
namic waves are used to describe both free surface flow and sur-
charged flow. For the surcharged flow, the technique based on
the assumption of a hypothetical slot is applied (Preissmann and
Cunge, 1961). Fig. 4 shows the variables used in the calculation.
In a pipe segment, the water flow is obtained considering the water
levels in the manholes located upstream and downstream,
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Fig. 4. Variables used in the surface and sewer flow.

respectively. The equation of motion without convective accelera-
tion and continuity of the slot model is applied as

9Q, OHm\ | 8mQ,|vp|
7+g’*p<a—)q,>+w*° @)
where Q, is the pipe discharge (m3[s), A, the pipe flow cross sec-
tional area (m?), H, the manhole water level (m), Xp the distance
along pipe (m), n, the pipe Manning’s roughness coefficient (s/m"
%), v, the velocity of pipe flow (m/s), R, the pipe hydraulic radius
(m).

In a manhole, the storage quantity and water level are calcu-
lated by Egs. (8) and (9) respectively. The storage is based on the
size of the manhole and its upward connection (Fig. 4) according to

dSm
E:ZQdf”+ZQm 8)

Hm :fmh(sm) (9)

where S, is storage quantity in a manhole and connected pipe (m?),
Qm the flow from/to the connected pipe (m?3/s) and f,» a function
relating storage to water level in the manhole (m).

When the water level in a manhole exceeds ground water level,
water flows out and inundates the associated surface segment. The
discharge between a manhole and a surface segment is evaluated
according to

O IneHin) fnes) — (outflow from manhole) 10)
a UArean/gAhs (inflow to manhole)

where f,, is a function relating manhole water level to volume, u a
coefficient and Area,, the manhole area.

2.3.4. River flow

The river channel flow considering the inflow from the rainfall
and sewer pipes, as well as the side inflow from surface segments,
is calculated by the equations of motion and continuity as

0Q,  A(QX/A) |, dH, | n2Q.|v,|

o+ o +gArer+g R =0 (11)
oA, 0Q,

ot T O (12)

where v, is the velocity of the river flow (m/s), x, the distance along
river channel (m), H, the river water level (m), n, river Manning’s
roughness coefficient (s/m'/), R, the river channel hydraulic radius
(m), A, the river flow cross sectional area (m?) and g, the cumulative
discharge from sewer system and surface segments to river seg-
ment in addition to rainfall (m?/s).

3. Model application to the lower Ekota catchment

The study area selected for the model application is a small ur-
ban catchment, which is located in the Kanda River basin Tokyo
Metropolis, Japan, as shown in Fig. 5a. The study catchment will
be termed “lower Ekota catchment” and Fig. 5b shows this catch-
ment in some detail. The boundary of the study catchment is spec-
ified based on two conditions, the topography and the extension of
the sewer pipe network. The lower Ekota catchment area is
~1.1 km? and the length of Ekota River inside it is ~1 km. It is
essentially a residential area with some minor parks, groves, fields,
etc. There are four water level gauges and one rainfall gauge in the
catchment. Concerning the land use, ~60% of the surface is imper-
vious. Along the lower Ekota River, between gauges L1 and L2, a
regulating reservoir with side-spill weir exists on one side. Rainfall
from the upper part of the Ekota catchment reaches the study
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Fig. 5. Location of the Ekota catchment in Tokyo Prefecture, Japan (a), overview of the lower Ekota catchment (b) and map of he selected study location for detailed flow

analysis (c).

catchment only by gravity flow through the combined sewer sys-
tem. Along the Ekota River, there is a main sanitary sewer which
connects the sewer pipe networks in the upper and lower Ekota
catchment, respectively.

3.1. Urban landscape GIS delineation and model set-up

Table 1 shows the data sources used in the urban landscape GIS
delineation performed when setting up the TSR model for the low-
er Ekota catchment. Fig. 6 illustrates the steps involved in urban
landscape GIS delineation. Recently, vector-based basic GIS maps
containing essentially the same information as urban databanks
(Rodriguez et al., 2003) (except sewer system information) are
becoming available also in major cities in Japan (Fig. 6a). The land
use elements inside a block are manually added by use of topo-
graphic map (Fig. 6b). The road and block elements were divided
into segments (Fig. 6d-e). The river segments were created with
20 m intervals because cross-sectional information was available
with that spacing (Fig. 6f). The ground level of road and block seg-
ments were calculated as averages obtained from a 5 m DEM with
0.1 m precision in altitude (Fig 6g). The data on main pipes and
junctions were obtained from the Tokyo government. The eleva-
tions of the manholes and the junctions were derived from the
road segments (Fig. 6h). Finally, all elements created were com-
bined to completely specify the catchment. Fig. 7 shows the final
maps of surface component (a) and sewer element with road, block
and river segments (b) in the entire study catchment. Table 2
shows the numbers and areas of the finally obtained GIS elements
in the lower Ekota catchment. It should be emphasized that more
than 9000 homogeneous elements (land use, road, river, manhole
and pipe) were used to completely specify the small urban
catchment.

3.2. Simulation of actual storm events

To test the applicability of the TSR model for storm runoff anal-
ysis, simulations were performed for two historical storm events.
The first represents a small-scale event in which the storm water
runoff in the sewer system was mainly free surface flow and no
flooding occurred. The second event represents a major flooding,
which followed heavy rainfall caused by the typhoon nr. 14 (Nagi)
in September 2005. The resulting inundation is one of the most se-
vere that has ever occurred in the Ekota catchment.

Table 1
Data sources required for advanced GIS delineation.
Data source (provider) Contents of the data Data
type

Basic GIS delineation data (Toyo Buildings, residential blocks Polyline

Met. Gov.) and river
Topographic paper map (Toyo Met. Land use information inside Paper
Gov.) residential blocks

Channel cross section (Toyo Met.
Gov., Bur. of Const.)

Channel cross sections Paper

5 m DEM (Jpn. Geog. Surv. Inst.) Elevation of road and block  Raster
elements
Sewer pipe network data (Toyo Sewer pipe network Vector

Met. Gov., Bur. of Sewage)

Concerning rainfall and runoff observations, there is one rainfall
gauge in the catchment (Fig. 5b), where observations are made
with a 1-min time resolution by the Tokyo Metropolitan Govern-
ment. The gauge is of tipping-bucket type with a volume resolution
of 0.5 mm. However, as it has been installed with the specific aim
of observing high-intensity events for flood disaster prevention,
time stamps are recorded only every second tip giving an effective
volume resolution of 1 mm which is sufficient for the purpose. In a
temporary measurement campaign carried out by the authors from
2005-08-20 to 2005-09-20, river water level was observed with a
2-min time resolution in four pressure-type water level gauges
(L1-L4 in Fig. 5b). Model results can be obtained at arbitrary loca-
tions, but for comparison with observations the locations of gauges
L2-L4 are used in the presentation of results below.

Table 3 shows the model parameters required. In this study, no
attempt to calibrate or adjust parameter values is made but stan-
dard values are used. The initial loss parameters of impervious
and pervious surfaces are obtained from Van de Ven et al. (1992),
who reviewed urban drainage model parameters. The values of fi-
nal infiltration capacity are obtained from Ando et al. (1986), who
developed a flood runoff model for urban basins using measured fi-
nal infiltration capacities of different land uses. Roughness coeffi-
cients are not easily estimated from the urban landscape GIS
delineation data. Further field investigation is needed to identify
the relationship between surface roughness and flow in surface
elements. Therefore, published values of Manning’s roughness
coefficient n are used here. The value of roughness coefficient used
for building flow is 0.035 (Yen, 1991). The values of n used for sur-
face flow shown in Table 3 are obtained from Inoue et al. (1999).
The values were estimated based on model simulations of flooding
in a similar type of urban catchment in Japan. The values of n used
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Fig. 7. Final map of surface component (a) and sewer element with road, block and river segments (b) in the lower Ekota catchment.

for sewer pipes and river channels are assigned as the standard
roughness coefficient of concrete pipe and concrete channel,
respectively (Mays, 2001).

In the simulations, the initial water levels and discharge in the
river channel were set at stationary conditions after an adequate
model warm-up period for calculation stability (1 h is enough in
this catchment), during which river flow was calculated using
the first water level observation in each event. The initial discharge
in the combined sewer system, blocks and roads was set to zero.
Concerning the boundary conditions for the main sanitary sewer,

as it soon flows full and discharges downstream of the catchment
during intense storms we assume that all water in the lower Ekota
catchment pipe network flows out to the river. The river discharge
at the upstream catchment border needs to be specified as a
boundary condition. As a water level gauge exists at the upstream
border, the boundary conditions here were estimated from a rating
curve, calculated using observed water levels by taking into ac-
count the channel cross section and the average slope of the river
bed. The water level at the catchment outlet was estimated from
the calculated discharge using the outlet rating curve.
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Table 2
Numbers of feature elements and their total element area.

Element name Number Total area (m?)
Land use inside block Paved area 58 44,542
Building 4558 348,056
Grove 174 205,088
Athletic field 8 32,679
Others 383 207,500
Total 5181 873,865
Surface Block 1,467 873,865
Road 1,688 274,061
River 53 8,063
Total 3,208 1,155,989
Manhole 1,039 -
Pipe 1,053 -
Table 3
List of required input data and parameters of the model.
Parameter (unit) Value
Initial loss L; (mm) Impermeable area 0.5
Permeable area 1.0
Final infiltration capacity I; (mm/h) Grove 100.0
Grass 20.0
Athletic field 5.0
Others 5.0
Building roughness coefficient n, (s/m"?) 0.03
Surface roughness coefficient n (s/m'?) Between roads 0.043
Other 0.067
Channel roughness coefficient n (s/m"/3) 0.0225
Pipe roughness coefficient n (s/m'/?) 0.013

3.3. Event 8/25 (2005-08-25)

Observed and simulated water levels at gauge locations L2, L3
and L4 are shown in Fig. 5b, together with the observed rainfall
during the event. At all three locations, the simulated levels overall
agree very well with the observed ones although no calibration or
tuning of model parameters was performed. This is supported by
the RMSE, being in the range 5-8 cm (Table 4). The best perfor-
mance is found at gauge L2, which is expected as this is located
closest to the upstream catchment border and thus is most influ-
enced by the boundary conditions there. Also the runoff peak at
~13:30 is overall well reproduced, although it is overestimated
by 13 cm at gauge L3. Through rating curves, observed and simu-
lated water levels were converted to discharge (not shown). Over-
all, the accuracy and tendency found were very similar to the
results for water level.

The results shown in Fig. 8b and Table 4 include the runoff con-
tribution from the upper Ekota catchment (Fig. 5b). As this sub-
catchment is larger than the lower Ekota catchment (Fig. 5a), this
contribution from upstream has a significant influence on the total
runoff in lower Ekota. Fig. 8c shows hydrographs from gauges L1,
representing upstream inflow, and L4, representing total runoff.
It is clear that upstream inflow is dominant, but also that the local

Table 4
Root Mean Square Error (RMSE) and peak level difference of events 2005-08-25 and
2005-09-04.

Location Event 2005-08-25 Event 2005-09-04
RMSE for Peak level RMSE for Peak level
water level difference (m) water level difference (m)
(m) (m)

L2 0.049 -0.03 0.133 -0.11

L3 0.077 0.13 0.192 -0.25

L4 0.069 0.02 0.160 -0.14
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Fig. 8. Observed rainfall (a), observed and simulated river water level in gauges L2,
L3 and L4 (b) and discharge in gauges L1 and L4 (c¢) during event 8/25.

contribution is not insignificant and therefore the close agreement
in Fig. 8b would not have been attained without an accurate esti-
mation of the local contribution by the TSR model. In the following,
some properties of the locally generated runoff are presented and
discussed. The objectives are to assess the realism of the results
as well as to demonstrate what types of information the model is
able to provide.

Fig. 9a shows rainfall intensity as 5-min accumulations to better
visualize the rainfall event. Fig. 9b shows cumulative rainfall as
well as cumulative runoff from all elements to the river channel.
Fig. 9c shows time series of runoff to the river channel, both the
underground flow through the sewer system and the surface flow
from blocks and roads. In this event, there is almost no surface flow
to the river. A negative value implies flow from the river channel to
a sewer pipe, road or block element, but in this event no such re-
versed flow occurred. Fig. 9d shows time series of the total storage
in sewer pipes, roads and blocks respectively. Throughout the rel-
atively moderate rainfall event, most of the storage occurs in road
elements. The sewer system storage, and to a lesser degree the
road storage, directly reflects the rainfall intensity variations. As
expected, the block storage is less variable.

As shown in Fig. 9b, the accumulated rainfall is 41 mm at the
end of the event and the accumulated runoff to the river channel
is 26 mm. In Fig. 9d, the total storage in all elements at the end
of the simulation is found to be 2 mm. If these are regarded as di-
rect runoff, the direct runoff ratio can be estimated as 0.69. Since
the rate of impervious area in the study catchment is ~60%, and
considering that rainfall on impervious surface is totally trans-
formed into runoff, the direct runoff from pervious areas is esti-
mated as ~9%.

To study in detail the flow conditions in a point where sewer
pipe flow enters the river channel, the connection between pipe
segment (with manhole segment) and river segment was selected
as an example in Fig. 5c. Fig. 9e shows time series of the water level
inside the manhole and the river channel as well as on the
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Fig. 9. Properties of rainfall and locally generated runoff during event 8/25:
observed rainfall (a), accumulated observed rainfall and simulated flow to river (b),
flow from sewer system, blocks and roads to river (c), storage in sewer, road and
block element (d), water level in road segment, manhole segment and river
segment (e) and discharge in pipe segment (f).

associated road segment. As expected, an increase of the water le-
vel in the river is preceded by an increase of the level in the man-
hole. In particular when the rainfall intensity is more than 2 mm/
5 min, the manhole water level exhibits a clear increase which is
followed by an increased river water level with some delay.
Fig. 9f shows the time series of discharge in pipe segment. Basi-
cally, the discharge depends on the difference between the water

levels in the manhole and in the river channel. During most of
the event, the river water level is located below the lower pipe
edge, i.e. the pipe flow is freely discharging into the river. In this
situation, an increase of the manhole water level is directly re-
flected in an increased pipe discharge, but it is not sufficient for
increasing the river water level up to the level of the pipe. Follow-
ing the two rainfall peaks just before 13:00 (Fig. 6a), however, the
pipe discharge peaks at nearly 1 m3/s which makes the river water
level increase above the upper pipe edge to almost reach the man-
hole level at ~13:30 (Fig. 9e). Because of the rapidly decreasing
water level difference between the manhole and the river channel,
also the pipe discharge finally decreases (Fig. 9f).

3.4. Event 9/4 (2005-09-04)

In order to evaluate also the model’s ability to reproduce inun-
dated conditions, a second runoff simulation was performed using
a rainfall event occurring on 2005-09-04. On this day, typhoon nr.
14 in combination with a stationary front covering Japan produced
a very heavy rainfall over the Ekota catchment as well as many
other parts of Tokyo. Inside the Kanda River basin (Fig. 5a), the
maximum observed 1-h rainfall volume was 112 mm and more
than 2500 houses were damaged by flooding (Nomura, 2005).

In the model simulation, the initial and boundary conditions in
the river, sewer, block and road elements are overall the same as
for event 8/25. One exception concerns the boundary condition
at the downstream end of the Ekota River. During event 9/4, flood-
ing occurred in the junction of Ekota River and Myoshoji River
(Fig. 5b) and all the neighboring areas were submerged. Also back-
flow occurred due to a higher water level in Myoshoji River than in
Ekota River. Therefore the rating curve applied for event 8/25 could
not be used. Instead, 1-min water level observations from 10 m
downstream of the junction in the Myoshoji River are used as sur-
rogate boundary conditions at the catchment outlet.

Figs. 10 and 11 show the same type of results as was shown for
event 8/25 in Figs. 8 and 9. As shown in Fig. 10, the simulated
water levels in all three locations considered agree well with the
observed levels throughout the event. The RMSE is overall 2-3
times higher than in event 8/25, which is expected as the range
of water level variation is higher with a similar order of magnitude
in event 9/4. The runoff peak at ~23:30 is well reproduced but in
this case systematically underestimated, by at most 25 cm at gauge
L3. The agreement appears at least reasonable considering the ex-
treme nature of the event and the fact that no parameter calibra-
tion or other form of model tuning was used.

The characteristics of runoff generated inside the lower Ekota
catchment are displayed in Fig. 11. At the end of the event, the
accumulated rainfall is 118 mm and the accumulated runoff
78 mm (Fig. 11b) and the total storage in all elements ~12 mm
(Fig. 11d). The direct runoff ratio for this event becomes 0.77. This
ratio is 8% higher than the ratio for event 8/25. The direct runoff
from pervious areas is 17%, compared with 9% for event 8/25. Thus,
as expected, the heavier the rainfall, the higher is the contribution
to surface flow from pervious areas.

As shown in Fig. 11d, the storage in all sewer pipe elements is
constantly ~7 mm during the main part of the rainfall event, when
the intensity exceeds 4 mm/5 min. Even for higher intensities, the
storage in the sewer system remains at ~7 mm. The reason is that
the design rainfall used when constructing the sewer pipe system
is ~50 mm/h. Thus, when the intensity exceeds 4 mm/5 min
(48 mm/h), the water in the sewer system is surcharged to the sur-
face elements. As shown in Fig. 11c, the flow from sewer, block and
road elements to the river elements are sometimes negative during
this event, particularly at ~23:30 following the third rainfall peak
at ~23:00. Consequently the storage on road and block elements
increases to reach their peak values around this time (Fig. 11d).
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Fig. 10. Observed rainfall (a) and observed and simulated river water level in
gauges L2, L3 and L4 (b) during event 9/4.

Besides the overflow from the river, additional storage is at this
time produced by rainfall not able to flow out from the surface ele-
ments due to the inundated conditions. When rainfall intensity
then decreases, the flow to the river returns to be positive, rapidly
from blocks and roads and with some delay from the sewer system,
and the storage decreases accordingly.

Concerning the example location (Fig. 5¢), the water level in the
river segment initially increases to approach the level in the man-
hole (Fig. 11e). This happens already before the start of the rainfall
in the study catchments. The reason is the shape and direction of
the rain band, which produced heavy rainfall west (i.e. upstream)
of the catchment before reaching it. This affected the discharge
in the lower Ekota River both by the increased inflow from the
upper Ekota catchment and by backflow from Myoshoji River
(Fig. 5b). Following the start of the rainfall at ~21:45, the water
levels in both the manhole and the river abruptly increase as does
the pipe discharge (Fig. 11f). At ~22:00 both the manhole and river
water levels reach the level of the road. During the subsequent per-
iod of flooding, the water levels on the road, in the river and in the
manhole are almost identical. However, although not clearly visi-
ble in Fig. 11e, the river water level becomes slightly higher than
the road and manhole levels. This makes the pipe discharge nega-
tive for a 1.5-h period starting ~22:30 (Fig. 11f). Thus, during the
period of flooding river water entered the road both through the
pipe and as direct overflow from the river.

Fig. 11a-e shows the temporal evolution of the simulated inun-
dation area during the event. At 22:00 some blocks starts to be-
come inundated, in line with Fig. 12e. The main period of
flooding is 23:00-24:00 and at 23:40 the volume of inundated
water reached its peak. Because of the backflow from Myoshoji
River, most of the inundated area was located close to the catch-
ment outlet. The deepest inundation is found in the regulating
reservoir (Fig. 5b), which was functioning normally throughout
the event. Some inundation also occurred in a curved area just east
of the catchment center. This area corresponds to the location of
the main sewer pipe, which overflowed during the event. At
01:00, most of the inundated water had drained away.
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Fig. 11. Same diagrams as in Fig. 9 for event 9/4.

Fig. 12f shows the maximum extension of the inundated area,
defined as the maximum inundation depth in each block or road
element (>5 cm) during the flooding event. Showed in the figure
is also a reported inundation area. This is based on a questionnaire
that was distributed after the event, in which residents were asked
to report damages caused by the flooding. As the area shown thus
represents locations where damages were reported, and not any
observed water depths, it must be considered only a rough esti-
mate of the extension of the flooding. Even so, there is a reasonable
agreement between simulated and reported inundation, with the
reported area covering most of the locations that were severely
inundated in the model simulation. No damages were reported
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along the main sewer, which is at least partly owing to the exis-
tence of a large park in this area (Fig. 5b). This is designed to have
a retention function during flooding events, and this function can
thus be considered verified in Fig. 12f, indicating a water depth be-
tween 25 and 50 cm in the park. It may be remarked that no similar
retention facility exists in the close vicinity of the catchment out-
let, which could potentially have reduced the reported damages.

4. Summary and discussion

In this paper, a vector-based distributed storm event runoff
model - the Tokyo Storm Runoff (TSR) model - was developed
and tested for urban runoff analysis. The model was set up and
evaluated for the small urban lower Ekota catchment (1.1 km?), To-
kyo Metropolis, Japan. The model was applied to simulate the run-
off response to two historical storm events; one minor event
resulting only in a small-scale flood wave and one major event
which inundated parts of the catchment. No calibration or tuning
was performed, but the general model formulation was used with
standard parameter values obtained from the literature. For both
events, the simulated water levels closely reproduced the observed
ones. For the major event, also the reported inundation area was
well described by the model. It was also demonstrated how the
model can be used to evaluate the flow conditions in specific com-
ponents of the urban hydrological system as well as to verify the
function of flood-preventive structures.

In total, the results show that the suggested approach, based on
a detailed reproduction of all relevant elements in an urban catch-
ment, is able to simulate all aspects of urban flooding. Although in
principle relatively straight-forward, this type of approach has un-
til now not been practically attainable because of limitations in the
resolution of available GIS data as well as limitations in computer
power. We believe the methodology has a wide range of
application for many practical problems such as evaluation of mea-
sures to improve flood protection facilities, which may include riv-
er channel improvements as well as installation of new runoff
control facilities. Such proposed modifications may be easily
implemented in the urban landscape GIS delineation and their

function evaluated. Another potential use of the model is detailed
urban impact assessment of the higher rainfall extremes that are
commonly expected in the future. The high level of detail used in
the reproduction of the catchment is further very useful as it facil-
itates communication of the results, which is important in light of
the recent trend towards increased stakeholder involvement in
hydrological modeling. The conditions at specific critical locations
can be easily extracted from the model output and used during dis-
cussions with the stakeholders involved.

Finally, some issues related to future applications and develop-
ment of the model will be discussed. A significant feature of the
model is clearly its considerable data demand, both in terms of de-
tailed GIS data on the urban environment and in terms of hydro-
logical observations used for model validation. These data are
seldom readily available today and it is crucial that the relevant
authorities make efforts to compile high-resolution GIS data bases,
e.g. urban databanks (e.g. Rodriguez et al., 2003), as well as to in-
stall and maintain observation stations. With comprehensive data
for validation available it may be possible to further improve mod-
el performance and reliability by calibration of model parameters
and/or by using more advanced hydrological and hydraulic model
equations. One particular aspect of the data demand concerns the
detailed land use information used in this application. This level of
detail is seldom available even in today’s urban GIS data. However,
since basic GIS delineation data is usually available in most cities, it
is possible to create the surface component including buildings,
rivers, roads and other land uses. In the storm runoff simulation,
the rate of imperviousness in other land use segments has to be
estimated by calibration or other methods. To facilitate TSR model
set-up in any urban catchment, automated procedures for division
of land use segments inside block elements and for segmentation
of roads and rivers are needed and such procedures are currently
being developed.
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