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Abstract: Since the 20th century, Japan has experienced a period of very rapid urbanization. Cities
have experienced substantial densification and expansion, resulting in gradually elevated flood risk.
Urban flooding has also occurred in most large cities in Japan, particularly in Tokyo. In response
to this growing problem, much effort and resources have been spent on research and development
aimed at understanding, simulating, and managing urban flood risk in Japan. The objective of this
review is to summarize, discuss, and share key outputs from some of the main research directions in
this field, significant parts of which have been uniquely developed in Japan and only published in
Japanese. After a general introduction to urban runoff modeling, in the next section, key historical
works in Japan are summarized, followed by a description of the situation in Japan with respect to
observations of precipitation and water level. Then, the storage function model approach is reviewed,
including an extension to urban basins, as well as recent experiments with AI-based emulation
in Japanese basins. Subsequently, we review the prospects of detailed hydrodynamic modeling
involving high-resolution, vector-based Geographical Information System (GIS) data for the optimal
description of the urban environment with applications in Tokyo. We conclude the paper with some
future prospects related to urban flood risk modeling and assessment in Japan.

Keywords: urban flood risk assessment; USF model; TSR model; urban landscape GIS delineation;
rainfall data

1. Introduction

Development in urban areas greatly increases surface runoff, owing to the increase in
impervious surfaces, as well as the total runoff volume flowing to the receiving watershed.
In addition, the construction of storm sewer systems and the culverting of rivers during
the urbanization process increase the runoff rate. The peak velocity of runoff inevitably
increases as more runoff is discharged at shorter intervals, resulting in an increased risk
of overflow. In conjunction with the concentration of population and property in the
watershed, urbanization thus generally makes flood potential higher [1–4].

Since the latter half of the 20th century, urbanization has progressed rapidly in both
developed and developing countries. Especially in Japan, urbanization has progressed
much more rapidly than in Europe and the United States [5]. Mountains and hills in
watershed areas that had been forests and fields were developed one after another, and
agricultural land, including paddy fields, was simultaneously converted into residential
land [5]. As a result, the watersheds were transformed into urban areas with a high
risk of inundation. In an urban watershed, there is a complex distribution of artificially
developed impervious areas, such as houses, buildings, paved roads, and parking lots,
where rainwater cannot infiltrate. Runoff pathways by storm drainage facilities, such as
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sewers and artificial drainage channels, as well as runoff control and flood control facilities
(e.g., storage and infiltration facilities), form a very complex urban runoff system that is
constantly changing [6]. In Japan, the 1958 Kano River Typhoon Event is considered the
first case of urban flooding [7], which caused extensive inundation damage not only in the
lowlands but also in previously flood-free plateau areas [7,8].

In terms of flood damage in Japan, there has been a decreasing trend in human
losses, although the economic losses have not decreased. The damage per unit area has
exhibited an upward trend since the 2000s. Recent floods in urban areas have become more
complex than past urban floods. One reason is the increasing frequency of unpredictable
localized torrential rains, commonly called “guerrilla downpours” [9–11], which might be
considered to be an effect of urbanization [12]. Seino et al. [13] explored how urbanization
affects precipitation in the Tokyo metropolitan area. The risk of pluvial flooding caused by
surcharge from sewerage facilities has been shown to increase compared to fluvial flooding
caused by overflow from river channels [14].

Urban flooding, especially associated with recent record-breaking rainfall events,
has become one of the most pressing social issues. Thus, flood mitigation is a crucial
water management strategy for reducing destructive damage. For this purpose, rainfall-
runoff models are important tools that play a central role, especially in urban watersheds.
Generally, the purpose of runoff analysis is to clarify the physical mechanism of the
runoff process by applying the amount of precipitation (rainfall, snowfall, etc.) to predict
hydrological impacts, such as floods and droughts, in the target watershed. The results are
used for the planning and management of rivers and watersheds.

In terms of process description, runoff models can be classified into two main types:
lumped and distributed models. The former considers the watershed as a homogeneous
unit without spatial variability, and the runoff process is generally expressed as ordinary
differential equations of time. Distributed models explicitly consider the spatial variability
of watershed characteristics and are usually expressed as partial differential equations of
time and place [15,16]. In addition, semi-distributed models also exist, where a watershed
is divided into sub-watersheds, each of which is represented by a lumped model. Based
on how the response of runoff as output to rainfall (precipitation) as input is described,
models may be classified into “response models”, which simply use a response relation-
ship, “conceptual models”, which conceptualize the response relationship, and “physical
models”, which model the runoff from the basic equations of physics.

The most commonly used lumped conceptual models in Japan today are the tank
model [17] and the storage function (SF) model [18,19]. The tank model was developed
by Sugawara in 1956 [17], and the SF model was proposed by Kimura in 1961 [18,20].
The SF model is a lumped model used to simulate individual flood events and has the
ability to represent nonlinearity in the runoff process with a relatively simple structural
equation and fast calculation. The SF model is commonly used in watersheds with relatively
large catchment areas under the jurisdiction of the Ministry of Land, Infrastructure, and
Transport (MLIT), and has become the standard runoff model for flood control planning in
Japan [21–24].

In contrast to lumped models, distributed models explicitly incorporate the spatial
variability of watershed characteristics. With the widespread use of Geographic Information
System (GIS) technology, distributed physical models have been widely used in small-to-
medium-sized urban watersheds, where the effects of land use change and flood control
facility development on runoff characteristics have been evaluated [25–27]. The main
advantages of commonly used grid-based distributed models are their simple structure and
their use of spatially explicit watershed information, which is generally readily available.
Because of these advantages, grid-based distributed models are widely used not only
in rural areas but also in urban watersheds. In Japan, Sayama et al. [28] proposed the
rainfall-runoff-inundation (RRI) model, which is a 2D model capable of simultaneously
analyzing rainfall runoff and flood inundation. The RRI model has been integrated with
modeling and visualization tools by the International Centre for Water Hazard and Risk
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Management (ICHARM) of the Public Works Research Institute (PWRI) [29] and is used
not only in Japan but also in other countries.

Globally, many different basin-scale hydrological models have been developed, in-
cluding the TOPMODEL [30], Xinanjiang model [31,32], Systeme Hydrologique Europeen
(SHE) [33], and the Institute of Hydrology Distributed model (IHDM) [34], and those
are also commonly used in Japan. The Hydrologiska Byrån Vattenbalans (HBV) model
was developed in Sweden in the 1970s and has been widely used worldwide [35]. More
recently, the hydrological processes for the environment (HYPE) model [36,37] was devel-
oped, which has been set up from the basin to the global scale and is used for operational
forecasting as well as climate change impact assessment. Tanouchi et al. [21] developed the
semi-distributed HYPE model to improve the description of urban runoff.

The accurate characterization of impervious surface type and extent is required for the
prediction of the corresponding impacts on watershed hydrology [38]. However, in general,
the land use information used as watershed characteristics in grid-based models is simply
the impervious area ratio and the runoff coefficient. Therefore, the ability to accurately
represent the impermeable characteristics of urban watersheds in grid-based models is
limited [39]. Many models use raster-type land use data generated from aerial photographs.

With recent technological advances in GIS, digital information has become readily
available for urban watersheds. In addition to grid-shaped raster land use information,
vector-type polygonal (polygon shape) land use data, which can accurately represent
buildings, roads, and other land features, have also been created [40]. However, there are
still only a few cases in which polygon-type land use information is directly used for runoff
analysis. Sample et al. [41] used GIS to facilitate urban stormwater analysis using land use
parcel boundaries. Rodriguez et al. [42] used a vector-based watershed description based
on a so-called urban databank, which includes the categories cadastral parcel, building,
street, sewer system, and river, to calculate an urban unit hydrograph. Lee et al. [43]
developed a model to evaluate low-impact development (LID) by defining a watershed as
a hydrological response unit (HRE), which is a sub-watershed for calculating stormwater
inflow to the sewer system. However, the area of the HRE is very big at several thousand
square meters, and land use information is averaged over the HRE.

In light of this background, we review flood runoff analysis and modeling with a focus
on urban watersheds in Japan. Regarding previous research related to urban flood runoff
modeling in Japan, this has already been reviewed in detail in the authorized Handbook [44]
and Hydroscience Formulary [16,45–47] published by the Japan Society of Hydrology and
Water Resources (JSHWR) and the Japan Society of Civil Engineers (JSCE), respectively.
Therefore, in this review paper, we mainly focus on recent developments in urban flood
runoff modeling. Following this introduction, in Section 2, we briefly describe the history
of urban runoff modeling in Japan. Section 3 is devoted to observations of precipitation and
water levels, which are required for accurate modeling and the current situation in Japan.
Section 4 focuses on lumped modeling, the urban storage function (USF) model is outlined
as an example, and the hydrological data required to build the model for urban areas are
described together with the prediction accuracy obtained using artificial intelligence (AI).
Distributed physical modeling is reviewed in Section 5, including different approaches
to describing the urban structure, as well as the Tokyo storm runoff (TSR) model as an
example of a distributed model using vector-type GIS data. This paper closes with some
future prospects related to urban flood runoff modeling in Japan.

2. Brief History on Urban Runoff Modeling in Japan

In Japan, Morita [48] characterized an urban watershed as a so-called “small- to
medium-sized urban river basin”, where most of the watershed is flat land, such as alluvial
plains, flood plains, alluvial fans, and hills. Normally, the entire upper, middle, and
lower reaches are developed into urban areas, and the watershed area is generally smaller
than 100 km2.
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As for urban runoff research in Japan, Kinoshita [1] was the first to comprehensively
and quantitatively describe and discuss urban flood runoff mechanisms in 1967. This
paper was followed by numerous studies on urban flood runoff mechanisms [2,3], which
were summarized by Kadoya [4] in 1985. There, the urban flood runoff mechanisms are
characterized by (1) an increased runoff rate during floods, (2) a reduced flood concentration
time before rainwater flows into rivers, and (3) extremely large peak runoff rates due to high-
intensity rainfall peaks with a short duration. Generally, most of the flood runoff models
were mainly intended for mountainous and natural watersheds and were not developed
with urban watersheds in mind, as pointed out in the Hydrology and Water Resources
Handbook published by JSHWR in 1997 [49]. In addition, physical runoff processes in
urban watersheds are not fundamentally different from those in natural watersheds. As a
result, when applying a runoff model to an urban watershed, only the model parameters
are usually adjusted [49].

The rational equation [50], which is used in many small-to-medium-sized river and
sewage system plans in Japan, was originally proposed as a model for estimating peak
flows as a basis for stormwater management in urban watersheds. Parameters, such as
the runoff coefficient and flood concentration time, need to be calibrated for the target
urban watershed. For example, in 1976, Kadoya and Fukushima [51] proposed an equation
relating flood concentration time to flood magnitude based on the equivalent roughness
method. The synthesized rational formula [52,53] has also been developed as a model
for urban watersheds in 1998. This method creates a hydrograph by dividing an urban
watershed into sub-watersheds, each characterized by area, runoff coefficient, and flood
concentration time, and combining the peak flows by superimposing the results from the
rational equation. The quasi-linear storage model [54] developed in 1977 and the modified
RRL method [55] developed in 1972 are also used as flood runoff models for urban areas
by setting flood concentration times and runoff coefficients for the urban watershed of
interest [56,57].

In 1954, Iwagaki and Sueishi applied the kinematic wave theory to the analysis of
hillslope runoff [58,59], and soon after, Lighthill and Whitham [60] developed the kinematic
wave theory for river flow tracking. Since then, this theory has been accepted as a standard
tool for modeling surface flows and various other elementary hydrological processes [61,62].
The kinematic wave model, in which the watershed is described in terms of a collection
of rectangular slopes and river channels, and rainwater flow, which is represented by
a hydraulic continuity equation and a kinematic equation, is a widely used distributed
physical model in Japan (see, for example, [24,62]). As an example of applications of the
kinematic wave model to urban watersheds, in 1991, Ando et al. [63] divided an urban
watershed into rectangular sub-watersheds using spatially distributed rainfall and applied
the kinematic wave model to each divided sub-watershed. The reproducibility of the
hydrograph was improved by using the equivalent roughness value of the urban watershed
as an input. In 1995, Fujimura et al. [64] showed that diffusion wave or dynamic wave
models are more accurate than kinematic wave models for nonstationary and unsteady
river channel flow calculations, although kinematic wave models are used for the slope
flow, as well as surface flow, of low-lying watersheds. In 1996, Suzuki et al. [65] developed
the Doken model as a distributed model for real-time flood forecasting. The model has
been incorporated into the Integrated Flood Analysis System (IFAS) for flood forecasting
in watersheds with inadequate water level observations and has been applied in Asian
countries, such as Pakistan [66]. In 1997, Chikamori et al. [67] attempted to obtain model
parameters, such as equivalent roughness, using GIS information when constructing a
kinematic wave model for an urban watershed. In the Technical Standard for River Erosion
Control, Survey Edition by MILT [68], the rational equation [50], the SF model [18], the
kinematic wave model [24], the quasi-linear storage model [54], the tank model [17], and
the Doken model [65] are introduced as runoff models.

Since then, along with the rapid development of computer and IT technology, the
analysis of flood runoff in urban watersheds has been improved in several respects. Data



Water 2023, 15, 2733 5 of 24

collection by, e.g., satellites and radar is a significant advancement, as is the advancement
of GIS technology [69]. Furthermore, a range of new methods based on, e.g., optimization
methods, network theory, and AI, have been applied to flood runoff analysis and modeling.
Shibuo and Furumai [70] recently reviewed urban stormwater management in Japan,
focusing on rainfall observations, numerical modeling, and emerging technologies.

3. Rainfall and Water Level Observation System in Japan

A key component of flood runoff modeling is access to observational data. In Japan,
information on rainfall and river levels is mainly provided by the Water Information
and National Land Data Management Centre established by the Water Management and
Land Conservation Bureau under the MLIT [71]. As of 2023, real-time river observations
(water level and streamflow) and rainfall observations are provided online at 7580 and
10,619 stations, respectively [72]. In particular, the recently developed crisis water level
gauges have improved river level monitoring during heavy rainfall, with approximately
6000 stations installed from 2018 to 2020. For rainfall, in addition to these, approximately
1300 precipitation monitoring stations have been installed by the Japan Meteorological
Agency (JMA) through the Automated Meteorological Data Acquisition System (AMeDAS),
with one station per 289 km2 across the country [73].

The X-band multi-parameter (MP) network of weather radars, known as the eXtended
RAdar Information Network (XRAIN), was developed in 2008 by MLIT. The network uses
16 high-performance C-band MP radars and 39 X-band MP radars that are specialized for
rainfall observation [74]. XRAIN provides high-resolution (250 m), high-frequency (1 min),
and near-real-time rainfall information for almost the entire land area of Japan without the
need for correction by rain gauges at the ground surface. However, owing to its short wave-
length, XRAIN has only a narrow observation area (80 km radius) because of attenuation
caused by rainfall, and in some cases, it cannot fully penetrate heavy rainfall areas.

In urban areas, small-to-medium-sized rivers are at high risk of river overflow and
flood damage due to flooding caused by short periods of high-intensity rainfall. Therefore,
urban runoff analysis requires very high-resolution observations to accurately capture the
spatial and temporal distributions of rainfall. Schilling [75] suggested that rainfall data
of at least 1–5 min and 1 km resolutions should be used for urban drainage modeling.
Fabry et.al. [76] recommended the use of higher-resolution data (1–5 min temporal and
100–500 m spatial) for urban hydrological applications to provide the necessary hydraulic
details. In the case of localized torrential rainfall, there is often a delay of only tens of
minutes from the start of the rainfall to the peak river water level, and flooding damage
associated with such events is frequent in large cities in Japan [77]. For this reason, the
validation of flood runoff analysis models for urban areas requires a time resolution of river
observations similar to that of the rainfall observations.

In Tokyo, for example, the Tokyo Metropolitan Flood Control Integrated Information
System (FCIS) plays a role in flood prevention activities by automatically collecting real-
time observations of rainfall and river water levels in Tokyo and providing them to the
relevant organizations [78]. The FCIS began observing 10 min rainfall in January 1978 and
later increased the resolution to 1 min. Water level observations were initiated to inform
residents of the danger of flooding due to the rapid increase in water levels caused by
heavy rainfall. A total of 124 water level observation stations were established in Tokyo,
and 15 stations (1.67 km2/station) were established in the Kanda River basin. Rainfall
observations were introduced to measure high-intensity rainfall with high resolution in
time and space, as well as high precision. The number of rainfall observation stations
has increased annually, and as of 2022, 93 stations (19 km2/station) have been installed
(Figure 1). This is a very large number, considering that there are only 10 AMeDAS stations
operated by the JMA [73] in Tokyo (178 km2/station). FCIS data are expected to accurately
describe the spatial variability of heavy rainfall.
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4. Storage Function Model in Urban Watersheds
4.1. Conventional SF Models

SF models are event-based lumped models that are used for short-term hydrograph
prediction, characterized by a relationship between storage and discharge. Kimura’s origi-
nal SF model in 1961 is a method to divide effective rainfall into storage and runoff processes
by separating the watershed into runoff and infiltration areas [24] and is described as the
“total storage function method” in the 1985 edition of the Hydroscience Formulary [45].
In general, the relationship between storage and discharge in a watershed during a flood
can be described by a two-valued function, where the relationship between storage and
discharge differs between the rising and receding parts of the hydrograph, respectively,
and often forms a loop [79,80]. Kimura’s SF model with two parameters introduced a delay
time to eliminate this loop. In 1967, Prasad [81] presented a three-parameter SF model that
directly expressed the bivalence between storage and discharge by adding a term for the
loop effect. In 1982, Hoshi and Yamaoka [82] developed a four-parameter SF model by
adding another parameter to accurately express the bivalence of the loop effect.
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Flood runoff models, including conventional SF models, generally target the direct
runoff component of the total runoff, except for tank models that incorporate rainwater
loss and storage effects. Thus, general flood runoff models require effective rainfall as their
input for the prediction of direct runoff. Hence, at first, the separation of baseflow from the
total discharge is needed to calculate the effective rainfall when applied to the actual runoff
analysis. There is no definitive method for separating direct runoff, and the calculated
direct runoff will be different because of the subjective nature of the separation process [83].
As a result, the identification of model parameters may change significantly, which may
cause the stability and reliability of the runoff calculations to decrease. Baba et al. [22] and
Hoshi et al. [84] developed an SF model that directly uses the observed rainfall and runoff
to solve the problems associated with the estimation of direct runoff. The proposal of a
model concept that does not require the separation of baseflow is groundbreaking [69].

The four conventional SF models are the Linear, Kimura [18], Prasad [81], and
Hoshi [84] models, and their storage equations are shown in Table 1, where s is the storage
(mm), Q is the observed river discharge (mm/min), t is the time (min), k1, k2 are model
parameters that express the constant of proportionality for Q and the time variation of Q,
respectively, and p1, p2 are model parameters that express the exponent related to Q itself
and the time variation of Q, respectively. The associated continuity equations, in which ql
and qR include parameters k3, z, and α, respectively, are also listed, and they are explained
in the next Section 4.2. Among these models, Hoshi’s model was found to be superior
owing to an additional parameter, p2, which may be quantified by numerical experiments
and can well define the flow characteristics based on kinematic wave theory [85]. Some
simplifications in Hoshi’s storage model can lead to Prasad’s storage model [81]. If we
set p2 = 1 in Hoshi’s model, we obtain Prasad’s storage model. Similarly, if we set k2 = 0
in Prasad’s model, the model can be transformed into Kimura’s model [18]. The simplest
linear model can be obtained by keeping p1 = 1 in Kimura’s model. Kimura’s SF model
with one storage tank, which is widely used as a special case of Kimura’s original model
with a delay time of zero [85].

Table 1. Storage function models with their associated continuity equations (PAR represents a
parameter).

No. Models Storage Equation Continuity Equation

1 Linear
(3-PAR) s = k1Q ds

dt = R + I − E − O − Q − ql

2 Kimura
(4-PAR) s = k1(Q)p1 ds

dt = R + I − E − O − Q − ql

3 Prasad
(5-PAR) s = k1(Q)p1 + k2

dQ
dt

ds
dt = R + I − E − O − Q − ql

4 Hoshi
(6-PAR) s = k1(Q)p1 + k2

d
dt (Q)p2 ds

dt = R + I − E − O − Q − ql

5 USF
(7-PAR) s = k1(Q + qR)

p1 + k2
d
dt (Q + qR)

p2
ds
dt =
R + I − E − O − (Q + qR)− ql

4.2. Urban Storage Function (USF) Model

The runoff characteristics of urban watersheds are significantly different from those
of natural and mountainous watersheds because of the high proportion of impervious
areas and the increasing prevalence of sewerage systems. Therefore, it is difficult to
accurately reproduce the hydrographs of small-to-medium-sized urban rivers with short
flood concentration times by using conventional SF models. Takasaki et al. [86] proposed
an SF model including a two-valued function that considered the runoff characteristics of
combined sewer systems. Later, Takasaki et al. [23] proposed and constructed an urban
storage function (USF) model that does not require the calculation of effective rainfall or
the separation of baseflow but directly uses observed rainfall and runoff.
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Figure 2 shows the schematic diagram of all the possible inflow and outflow compo-
nents of an urban watershed with a combined sewer system. Combined sewers are common
in small-to-medium-sized river watersheds in old cities, such as the Tokyo Metropolitan
District, where sewers have been in place since the 1900s [87]. The inflow components in
Figure 2 are represented by rainfall, R (mm/min), and urban-specific and groundwater
inflows from other watersheds, I (mm/min). Urban-specific inflows include leakage from
water distribution pipes, irrigation flows, etc. The outflow components consist of river dis-
charge, Q (mm/min), evapotranspiration E (mm/min), storm drainage from the watershed
through the combined sewer system qR (mm/min), water extraction from the watershed
for, e.g., water supply, agricultural needs, etc., O (mm/min), and groundwater-related loss
ql (mm/min). In addition, domestic sewage qw is depicted in Figure 2 even though it does
not contribute to watershed storage, s (mm).
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combined sewer system.

The USF model is an empirical representation of Hoshi’s SF model (shown in Table 1),
in which the river discharge, Q, is replaced by the discharge, including storm drainage,
Q + qR. The associated continuity equations, which do not require the separation of
baseflow for both the conventional SF models and the USF model, are listed in Table 1.
Here, the groundwater-related loss (ql) was defined by considering the infiltration hole
height (z) by multiplying k3, which are the new parameters in the continuity equations in
Table 1. Furthermore, the qR of the USF is defined by using an additional parameter, α, that
expresses the slope of the linear relationship between the total discharge, Q + qR, and the
drainage, qR (refer to [23,88] for details).

Thus, seven unknown parameters (k1, k2, k3, p1, p2, z, and α) are identified in the
USF model. As an optimization method for parameter identification in lumped concep-
tual models, global search methods using evolutionary computation methods, such as
genetic algorithms, have diversified in recent years [89]. Among them, the effectiveness
of the shuffled complex evolution University of Arizona (SCE-UA) method developed by
Duan et al. [90] has attracted considerable attention [91,92].
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4.3. Application of the USF Model in an Urban Watershed

Takasaki et al. [23] applied the USF model to the upper Kanda River watershed
(Figure 1), a typical small-to-medium-sized urban watershed in Tokyo that is entirely
urbanized and where urban flooding occurs frequently. The small concentration time
implies that river runoff occurs within a short period of time immediately after rainfall,
and the use of hydrological data with very short time intervals for rainfall-runoff analysis
is required. Therefore, FCIS rainfall and water level data at 1-minute intervals (described
in Section 3) were used. They used the SCE-UA method for parameter identification and
verified the effectiveness of the USF model, including the much-improved reproducibility
of the hydrograph [23].

Padiyedath et al. [88] applied the five SF models shown in Table 1 to the upper Kanda
River watershed. They also used the SCE-UA method to identify parameters to verify the
performance of the SF models. As for the results, the USF model showed not only the
highest hydrograph reproducibility among the five SF models, which is not surprising
when considering that the hydrograph reproducibility increases with the number of model
parameters, but also the most effective SF model from an Akaike information criterion
(AIC) [93] perspective. In addition, the uncertainty of the seven parameters of the USF
model was evaluated in detail using a residual-based bootstrap approach [94]. Furthermore,
Padiyedath et al. [95] expanded the USF model by considering the spatial distribution of
rainfall over watersheds and developed a generalized SF model able to directly estimate
the water level [96].

Lumped models, such as the USF model with a relatively small number of model
parameters, are suitable for real-time flood runoff forecasting by changing the model pa-
rameters sequentially. Parameter identification can be almost automated using global
search methods like SCE-UA, and hydrograph reproducibility at the target point is gen-
erally higher than that of a distributed model. Takasaki et al. [97,98] applied both the
particle filter method and the Kalman filter method to real-time flood runoff forecast-
ing using the USF model in the upper Kanda River watershed and obtained accurate
forecasting results.

4.4. Runoff Prediction by USF Using XRAIN Data in an Urban Watershed

For localized torrential rainfall events in the upper Kanda River watershed (Figure 1),
the USF model has also been used to evaluate hydrograph reproducibility using XRAIN
rainfall data and the FCIS rain gauge data [99]. At first, 1-minute XRAIN mesh rainfall data
were compared to 1-minute FCIS rain gauge data of the same mesh to check the precision
of XRAIN [100,101]. The results showed that 1-minute XRAIN values corresponded well
with the 1-minute ground observation rainfall values, but the former were observed 1 to
3 minutes earlier than the ground observation, which was considered mainly due to the
falling time of the raindrops. Spatiotemporal correlation analysis between XRAIN and
FCIS rain gauge data has also been conducted [102,103]. As for the results, for rainfall
during typhoons, where the rainfall area moved clearly along with the typhoon, it was
shown that radar rainfall was highly correlated with ground rainfall with a 2-minute time
delay. For localized torrential rainfall, it has been shown that the spatiotemporal correlation
between XRAIN and ground rainfall is much more complicated than in a typhoon case,
and the peak correlation does not always occur in the same mesh as the rain gauge but in
the surrounding meshes.

Regarding runoff predictability, the best performance was found for FCIS rainfall
observations, whereas the performance was lower for XRAIN [99]. This study also showed
that it was possible to improve runoff prediction using XRAIN by considering spatiotem-
poral correlation characteristics. It should be emphasized that there is a spatial uncertainty
in XRAIN rainfall, as it is measured at some elevation in the atmosphere and not at ground
level. This uncertainty can significantly affect runoff prediction using XRAIN, particu-
larly in the case of localized torrential rainfall occurring near the watershed boundary in
small-to-medium-sized watersheds [99,103].
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4.5. AI-Based Flood Runoff Modeling in Urban Watersheds

Machine learning using AI technology has developed remarkably in recent years.
In order to utilize machine learning for flood forecasting, many AI-based flood runoff
models have been constructed using, e.g., multilayered artificial neural networks (ANN)
or deep learning (DL) [69]. Many of these models have been constructed for large river
watersheds [104,105] using hourly observation data as input, and some DL applications for
small-to-medium-sized mountain river watersheds have used 10-minute data to construct
the models [106]. On the other hand, in small-to-medium-sized urban rivers, such as
in Tokyo, water level and rainfall observations are carried out at 1-minute intervals, as
described in Section 3. It has been concluded that the combination of temporal and volume
resolutions in rainfall observations is critical for successful AI modeling. In particular, the
hyetographs of 1-minute observations are highly intermittent and differ from the 10-minute
and hourly data in large river watersheds.

An attempt was made to emulate the USF model using ANN and DL. Fujizuka et al. [107]
tested the performance of a DL model using a virtual hyetograph and a virtual hydrograph
and examined the impact of the amount of training data. The DL model was compared with
a conventional ANN model on virtual datasets [108]. For both the ANN and DL models, if
the number of nodes in the input layer is sufficient, the Nash–Sutcliffe coefficients of the
hydrograph of both models are greater than 0.98; therefore, even the conventional ANN
model can accurately emulate the USF model. However, when the total number of nodes
in the intermediate layer was the same, the accuracy of the DL model was higher than
that of the ANN model. Fujizuka et al. [109] also performed a comparison using actual
observations and concluded that the DL model was superior when considering the number
of parameters in relation to the number of observations.

Recently, hybrid forecasting models that combine an ANN forecasting model with a
flood runoff model have been proposed [110]. In conventional ANN models, water level
and flow rate are used as the main input data for training and forecasting. In contrast,
the hybrid forecasting model incorporates flow rate forecasts from the runoff model into
the input layer of the deep ANN model. This is expected to improve the forecasting of
unprecedented runoff peaks, which remains a challenge for conventional statistical models.

5. Distributed Physical Models in Urban Watersheds
5.1. Background

In recent years, most of the distributed flood runoff models developed in Japan for
urban watersheds have focused on surface flooding and inundation analysis, and few
have focused on runoff analysis and the generation of runoff volume directly from urban
impervious areas. Since 1980, with significant improvements in numerical techniques
and hydrological models for slope flow, surface flow hydrological models have become
available for predicting inundation, and inundation hazard maps have been prepared as
flood damage reduction countermeasures. Most inundation analysis models are based
on shallow water equations as applied, e.g., by Iwasa et al. [111]. Toda et al. [112] used
a kinematic wave model for runoff from mountainous areas near urban areas and com-
bined it with an inundation model for urban areas that also consider drainage by sewage
systems. Subsequently, a new integrated lowland inundation model was developed and
used for flood inundation forecasting, considering slope runoff processes, sewer flows,
surface inundation, and runoff from manholes. This model configuration has been estab-
lished as a standard model for flood damage prediction by flood inundation analysis in
urban watersheds.

Furthermore, hydraulic models, such as InfoWorks, MOUSE, and the stormwater
management model (SWMM), which are mainly intended for the design and flow analysis
of sewer pipelines, have been integrated with surface inundation models and are used to
analyze flooding due to poor stormwater pipeline drainage, etc. In Japan, although these
models are used in practical applications, they are not widely used for flood runoff analysis
in urban watersheds because, as mentioned above, the development of flooding analysis
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models that take sewer pipeline flow into account has been conducted independently. As
an example of an integrated sewerage and inundation model, Shibuo et al. [113] developed
a comprehensive analysis model for the Tsurumi River watershed using the water energy-
based distributed hydrological model (WEB-DHM) to calculate runoff from the upper
catchment and InfoWorks to analyze the sewers and combined them into an integrated river
channel and sewage model. In addition, many inundation analyses of urban watersheds
have been conducted overseas using the Hydrologic Engineering Center’s river analysis
system (HEC-RAS), an open source 2D hydraulic model integrated into GIS [114,115]; this
model is not widely used in Japan because there is a need to incorporate aspects such as
flow in sewer pipelines and/or flooding processes in subways into the modeling. Detailed
explanations regarding these aspects will be provided in the next section.

5.2. Representation of Urban Structures in Distributed Physical Models

Urban flooding processes can be described by a dual drainage model that combines a
1D hydrodynamic model of the stormwater drainage network model with a 2D hydrody-
namic model of overland flow and flooding [116]. In particular, different representations of
urban structures have significant effects on surface flood processes [117]. Table 2 summa-
rizes the computational grid shapes used in different studies. The TSR model proposed
by the authors modeled direct runoff generation and flood flows from the perspective
of urban formation, whereas the other four models were developed to analyze urban
flood inundation.

Table 2. Characteristics of a distributed urban flood runoff models.

Geometry Image
Characteristics

(a) Objective; (b) Features; (c) Land use; (d) Handling of Buildings; (e) Surface
Flow Equations

Structured Grid
[118–120]
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Table 2. Cont.

Geometry Image
Characteristics

(a) Objective; (b) Features; (c) Land use; (d) Handling of Buildings; (e) Surface
Flow Equations

Road Network
[125,126]
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5.3. Structured Grid

A structured grid is most commonly used for surface models because of the simplicity
of grid formation when analyzing ground surface flows as two-dimensional unsteady
flows. The surface flow (inundation analysis) model using a structured grid was developed
based on a relatively large computational grid for wide-area inundation. At the beginning
of the model development, the effects of structures, road networks, etc., were considered by
equivalent roughness coefficients based on land use or synthetic roughness coefficients as a
function of building occupancy and inundation depth. This was carried out because it was
difficult to take into account the influence of roads and buildings, which are likely to have
a significant impact on flood flows in urban areas, in the structured grid. Later, building
volume (nonflooded space) and flow disturbance by buildings were considered [118].

Currently, this is the standard method used to prepare municipal flood maps in Japan,
and the National Institute for Land and Infrastructure Management (NILIM) of the MLIT
provides the analysis program NILIM2.0 [119]. The accuracy of inundation analysis can
be improved by using high-resolution elevation data. In recent years, with advances in
computer performance, analyses using 5 and 1 m mesh elevation data have been made.
Inokawa and Kobayashi carried out an inundation analysis on the surface and in an
underground station using a 1 m mesh and concluded that it is important to consider slight
changes in the inundation level at the station [120].

5.4. Curvilinear Grid

Curvilinear grids are widely used in the numerical analysis of open channel flows,
including bends [121]. When this grid model is applied to an urban area, the attributes of
roads and buildings can be classified for each grid if the co-ordinate axes are appropriately
set. When compared to a structured grid, grid construction requires much more effort.
Since there are only two axes, the direction of the road is restricted [121].

Fukuoka et al. focused on structures, such as houses and road networks, in urban
areas and developed a model using a curvilinear grid for the road network, achieving the
highly accurate reproduction of water levels and flow velocities on roads and between
city blocks of houses [122]. However, in recent studies, this co-ordinate system has rarely
been used.
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5.5. Unstructured Grid

Unstructured grids can be created according to the urban structure, for example, by
applying detailed grids in regions with complex boundaries and geometries and coarsening
the grids in the regions that are not computationally important. However, as with a curvi-
linear grid, the time and effort required for grid formation are significant for unstructured
grids [121].

Akiyama et al. developed a two-dimensional numerical model of flood flows based
on the finite volume method (FVM) with an unstructured grid for the floodplain profile to
ensure the proper representation of the road network and houses [123,124]. The flood flow
in the river and the runoff on the ground were simulated simultaneously using a 2D free
surface flow model based on the flux-difference splitting scheme and an unstructured FVM.
For the sewer network, a dynamic network model for free-surface pressure flow based
on the flux-difference splitting scheme combined with a stormwater drainage network
was used. By performing an inundation analysis on Iizuka City and verifying its accuracy
against observations of the waterlogged areas, it was shown that the model could estimate
waterlogged areas with sufficient accuracy and estimate detailed inundation properties,
such as overflow, internal inundation locations, and flood propagation paths.

5.6. Road Network

Inoue et al. proposed representing roads and buildings as different computational
grids and developed an analysis method using a road network model that can represent
flooding in real urban areas more faithfully than the method using a structured grid [125].
Road junctions were used as nodes, and the road segments between junctions as links;
residential areas were specified as areas surrounded by the network; junctions and resi-
dential areas were defined as the analysis grid; and water depths were obtained from the
continuity equation. They showed that the road network model could directly parameterize
the roughness coefficients at the surface by considering the block walls.

Sekine et al. [126] proposed another flood analysis model using a road network,
focusing on flow concentrations on roads and sewers in densely built-up areas. The model
is characterized by its ability to faithfully model rainwater runoff from buildings into
sewers. The average house in a city block, based on its roof area, was treated as a unit
house in the model, and rainwater on the unit house was assumed to flow into the sewers
adjacent to the city block using the kinematic wave approximation. Sekine et al. focused on
three cities neighboring the 23 wards of Tokyo that were damaged by Typhoon No. 19 in
2019 and performed predictive calculations of inundation in the event of hypothetical
maximum rainfall, describing the inundation process in depressed areas and underpasses
with significant inundation [127].

5.7. Urban Landscape GIS Delineation

The authors have developed the Tokyo storm runoff (TSR) model that can simulate
urban storm runoff and flood inundation using a vector-based watershed description [6].
The TSR model employs so-called “urban landscape GIS delineation” that realistically
describes complicated urban land use features in detail. Urban landscape GIS delineation
enables an accurate representation of the infiltration and perviousness of each property,
making it possible to calculate the impervious area of a target watershed with very high
accuracy. In addition, for pervious land, characteristics such as infiltration capacity can be
set specifically for each land use type [40].

In Japan, 10 m resolution grid-based data classified by land use type are generally
used in distributed runoff modeling in urban watersheds. Although there are 17 land use
categories in the classification, including industrial land, commercial/business land, and
general low-rise residential land, the original purpose was to obtain the basic data necessary
for residential land-related policies in urban areas, and these land use categories were not
compiled with differences in infiltration rates in mind. Since estimating the impervious
area ratio (IAR) for each land use category is an important component of accurate runoff
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analysis, Koga et al. [40] overlaid this landscape GIS and grid on a typical urban watershed
in Tokyo and calculated the IAR for each grid. The results revealed that the reference value
of the IAR for the land use classification had an error of about 7%.

Since the urban landscape GIS considers individual buildings, roads, parking lots, and
other factors, Araki et al. [128] added stormwater runoff control facilities for individual
buildings and specific permeable paved roads in the upper Kanda River basin as attributes
of their maintenance status and examined their effectiveness in controlling flood runoff. The
simulation results show that the developed model allows for the quantitative estimation of
the efficiency of infiltration facilities.

The construction of urban landscape GIS data currently requires time-consuming
manual work using GIS software (ArcGIS 10) [129]. Therefore, research has been conducted
on automating urban landscape GIS delineation [130,131]. In addition, current GIS data
only represent the planar structure of ground surface objects, and thus cannot represent
the three-dimensional structure of subways, underground road tunnels, and the multilevel
intersections of roads and bridges, as well as buildings, especially high-rise buildings. In
order to more faithfully reproduce rainfall runoff paths physically, it will be necessary to
construct three-dimensional GIS data that also take the height direction into consideration.
The construction of a four-dimensional GIS that includes not only three spatial dimensions
but also time has been pointed out as a challenging issue.

5.8. TSR Model
5.8.1. Outline of Tokyo Storm Runoff (TSR) Model

The Tokyo storm runoff (TSR) model is a distributed physical model that utilizes
urban landscape GIS data (for details, see Amaguchi et al. [6]). Figure 3 shows the rainfall-
runoff process for the TSR model. Rainfall in the watershed is applied to each land use
element, and the rainwater that cannot infiltrate is discharged to nearby roads and further
to manholes and sewer pipes based on the infiltration and imperviousness characteristics
set individually. In a manhole/sewer pipe element, the water level in the manhole section is
first calculated based on the inflow/outflow to/from the road and inflow/outflow to/from
the connecting pipe. The flow rate is then calculated based on the water level in the manhole
section and the cross-sectional characteristics of the pipe. In this calculation process, water
in the manhole overflows onto the road when the water level in the manhole exceeds the
ground level of the road. The overflowing water flows down the road and eventually
returns into a manhole or sewer pipe with sufficient flow capacity. Thus, water entering the
sewer pipes is combined with water in the sewer network and eventually flows out into
the river channel. In the inundation analysis, the amount of runoff from land use elements
and the amount of overflow through manholes in the sewer system is used to calculate
the water flows into residential areas when the road water level is above the surrounding
ground level. The water in the residential areas flows back into the road when the water
level on the road decreases.

Stormwater runoff processes in urban watersheds are highly dependent on local
boundary conditions such as buildings, roads, rivers, and surface flows to sewers. Based on
these boundary conditions, the TSR model calculates the direct runoff from roads, buildings,
and other impervious areas that constitute a city and simulates the transport to the ground
surface, sewerage systems, and rivers. When compared to the other four representations of
urban structure (grid, curvilinear, unstructured, and road networks), and the associated
models, the TSR model is not suitable for analyzing flooding flows with levee failures
from large rivers, but it is intended for inundation phenomena, such as pluvial flooding in
urban areas.
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5.8.2. Model Application to Urban Watershed

Amaguchi et al. [132,133] used the building element of urban landscape GIS data
to set individual values for the site elevation and floor elevation of buildings and made
some modifications to the flooding analysis in the TSR model. This made it possible to
simulate inundation conditions both inside and outside buildings. The model was set
up and evaluated for the upper Kanda catchment in the Tokyo Metropolis, Japan. In the
model, the parameters for the foundation height and floor height of each building, as
well as the opening ratio below and above the 1st floor, were set for individual buildings
based on their structure and purpose (Figure 4). The model was applied to the major
flood event of 4 September 2005. There was no flood damage in the target watershed
due to the effect of the underground control basins, so the simulation was performed
assuming that the control basins were not functioning. The validity of the model was
confirmed by comparing the model with river water levels observed at upstream locations
not affected by the underground control basins. The validity was confirmed through its
ability to overall accurately reproduce the observed river water levels [132]. This model
was applied to simulate major flood events and was able to reproduce the differences in
the inundation depth of individual buildings, reflecting the additional input parameters.
The use of the model to evaluate inundation conditions for specific building properties was
also demonstrated. The results show that the suggested approach, which is based on a
detailed reproduction of all the relevant elements in an urban watershed, can simulate the
inundation of individual buildings (Figure 5).

Water 2023, 15, x FOR PEER REVIEW 15 of 24 
 

 

 
Figure 3. Schematic of the rainfall-runoff process. 

5.8.2. Model Application to Urban Watershed 
Amaguchi et al. [132,133] used the building element of urban landscape GIS data to 

set individual values for the site elevation and floor elevation of buildings and made some 
modifications to the flooding analysis in the TSR model. This made it possible to simulate 
inundation conditions both inside and outside buildings. The model was set up and evalu-
ated for the upper Kanda catchment in the Tokyo Metropolis, Japan. In the model, the pa-
rameters for the foundation height and floor height of each building, as well as the opening 
ratio below and above the 1st floor, were set for individual buildings based on their struc-
ture and purpose (Figure 4). The model was applied to the major flood event of 4 September 
2005. There was no flood damage in the target watershed due to the effect of the under-
ground control basins, so the simulation was performed assuming that the control basins 
were not functioning. The validity of the model was confirmed by comparing the model 
with river water levels observed at upstream locations not affected by the underground 
control basins. The validity was confirmed through its ability to overall accurately repro-
duce the observed river water levels [132]. This model was applied to simulate major flood 
events and was able to reproduce the differences in the inundation depth of individual 
buildings, reflecting the additional input parameters. The use of the model to evaluate in-
undation conditions for specific building properties was also demonstrated. The results 
show that the suggested approach, which is based on a detailed reproduction of all the rel-
evant elements in an urban watershed, can simulate the inundation of individual buildings 
(Figure 5). 

 
Figure 4. Parameters used for building inundation. Figure 4. Parameters used for building inundation.



Water 2023, 15, 2733 16 of 24
Water 2023, 15, x FOR PEER REVIEW 16 of 24 
 

 

 
Figure 5. Example of inundation analysis results in the upper Kanda River watershed (The arrows 
indicate north direction). 

6. Concluding Remarks and Future Prospects 
In this review, approaches to flood runoff analysis and modeling with a focus on 

urban rivers in Japan have been reviewed. Relevant essential articles quoted in this paper 
concerning urban flood modeling in Japan have been summarized chronologically in Table 
A1 in Appendix A.  

The USF model and other lumped conceptual models predict runoff at a given point in 
a river using rainfall data in the target urban watershed as input. The major advantages of 
these methods are that the number of parameters is small, the execution time is short, and 
the reproducibility of the observed hydrograph is generally high. 

Concerning distributed modeling, in the TSR model with urban landscape GIS delin-
eation, all land surfaces are represented by polygons divided according to their infiltration 
characteristics. This concept almost eliminates the problem of the excessive fine graining 
required in grid-based models to fully represent heterogeneity. However, current GIS 
data only represent the planar structure of ground surface objects and, thus, cannot rep-
resent the three-dimensional structures of subways, underground road tunnels, the mul-
tilevel intersections of roads and bridges, and (high-rise) buildings. In order to more faith-
fully reproduce rainfall runoff paths physically, it will be necessary to construct three-
dimensional GIS data that also consider the height direction. 

Furthermore, in flood runoff analysis using distributed physical models, it is im-
portant to improve observation systems for model calibration and the real-time prediction 
of flooding and inundation. These observations include spatial real-time rainfall radar in-
formation, the water levels in sewers, and the inundation depth during flooding. For this 
purpose, technology to quickly collect and utilize accurate information is needed. Addi-
tionally, runoff and inundation forecasts need to be transmitted in an easy-to-use format 

Figure 5. Example of inundation analysis results in the upper Kanda River watershed (The arrows
indicate north direction).

6. Concluding Remarks and Future Prospects

In this review, approaches to flood runoff analysis and modeling with a focus on
urban rivers in Japan have been reviewed. Relevant essential articles quoted in this paper
concerning urban flood modeling in Japan have been summarized chronologically in
Table A1 in Appendix A.

The USF model and other lumped conceptual models predict runoff at a given point
in a river using rainfall data in the target urban watershed as input. The major advantages
of these methods are that the number of parameters is small, the execution time is short,
and the reproducibility of the observed hydrograph is generally high.

Concerning distributed modeling, in the TSR model with urban landscape GIS delin-
eation, all land surfaces are represented by polygons divided according to their infiltration
characteristics. This concept almost eliminates the problem of the excessive fine graining
required in grid-based models to fully represent heterogeneity. However, current GIS data
only represent the planar structure of ground surface objects and, thus, cannot represent
the three-dimensional structures of subways, underground road tunnels, the multilevel
intersections of roads and bridges, and (high-rise) buildings. In order to more faithfully re-
produce rainfall runoff paths physically, it will be necessary to construct three-dimensional
GIS data that also consider the height direction.

Furthermore, in flood runoff analysis using distributed physical models, it is impor-
tant to improve observation systems for model calibration and the real-time prediction
of flooding and inundation. These observations include spatial real-time rainfall radar
information, the water levels in sewers, and the inundation depth during flooding. For
this purpose, technology to quickly collect and utilize accurate information is needed.
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Additionally, runoff and inundation forecasts need to be transmitted in an easy-to-use
format and be presented in an easy-to-understand manner to different recipients. Recently,
the use of drones to observe early flood damage has been proposed to help local residents
decide about evacuation and efficiently promote self-help. Finally, to enable highly accu-
rate real-time flood forecasting with sufficient lead time using any type of runoff model,
accurate and reliable high-resolution rainfall forecasts are required at least one hour ahead
of an event in the case of urban watersheds.

Especially in lower urban areas, seamless, coupled models will be developed that
incorporate not only runoff, channel, and sewerage models but also tidal models, which
provide boundary conditions for flooding and inundation, and coastal hydraulic models
to simulate storm surges, tidal waves, and tsunamis. In addition, this seamless, coupled
modeling will incorporate atmospheric observations and simulations, such as radar rain-
fall information and land surface schemes. These seamless models, or “Digital Twins”,
will move beyond the scope of a single urban watershed to encompass a wide range of
watersheds, including rural and mountainous watersheds (ultimately, the entire globe).

Finally, it is crucial to recognize that flood runoff models play a significant role in
mitigating the impact of destructive floods through the implementation of appropriate
protection measures, including flood control planning and policy. As there are very dif-
ferent kinds of urban floods worldwide, they require different protection measures [134].
The implementation of integrated flood risk management (IFRM) is also adopted in both
developed and developing countries, yet some countries have encountered barriers to
IFRM adaptation [135]. In Japan, a new policy called ‘River Basin Disaster Resilience and
Sustainability by All’ was recently introduced in response to climate change risks and
social changes [136]. It takes comprehensive measures, mainly consisting of flood preven-
tion, exposure reduction, and appropriate evacuation, response, and recovery, aiming to
strengthen disaster resilience and achieve sustainability through concerted efforts among
all stakeholders [136]. Under the present circumstances, various rainfall-runoff models are
becoming increasingly important tools, especially in urban watersheds.
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Appendix A

Table A1. Chronological list of essential articles relevant to urban flood modeling in Japan. (Paren-
thetical Ref. No. is not developed in Japan).

Year Ref. No. Model/Method Name Remarks

1954 [58] Kinematic Wave Theory Hillslope runoff analysis.

1955 [59] Kinematic Wave Theory Characteristic curve method is used for hillslope runoff analysis.

1955 ([60]) Kinematic Wave Theory River flow tracking analysis.

1961 [18] Storage Function Model The original storage function model was developed.

1967 [1] - The first paper in Japan that quantitatively describe urban flood runoff mechanisms.

1967 ([81]) Storage Function Model The Prasad storage function model was developed.
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Table A1. Cont.

Year Ref. No. Model/Method Name Remarks

1972 [17] Tank Model The original tank model was developed.

1972 [55] Modified RRL Method The model was applied to urban watersheds.

1976 [51] Kinematic Wave Theory Concentration time of flood by urbanization was studied.

1977 [54] Quasi-Linear Storage Model The model was applied to urban watersheds.

1979 ([30]) TOPMODEL
A watershed hydrologic model that combines the advantages of a concentrated
constant model with the effects of runoff contribution rate changes and the
dispersion of stormwater due to channel network runoff.

1980 [79] Storage Function Model Explanatory paper of the model.

1980 [111] 2D Diffusive Model
(Structured Grid) Pioneering model for inundation calculations.

1982 [2] - A study of flood runoff changes in hilly basins by urbanization.

1982 [57] Kinematic Wave Theory The effects of urbanization on flood runoff was analyzed.

1982 [50] Rational Method Application of Rational Method to urbanized channels.

1982 [82] Storage Function Model Relationship with kinematic wave model was studies

1985 [3] - The effect of field moisture distribution on runoff was analyzed.

1985 [4] - A review of runoff changes due to urbanization is made.

1985 [85] Storage Function Model Comparison of various SF models

1991 [63] Kinematic Wave Model Application for an urban watershed by dividing it into rectangular sub-watersheds.

1992 ([31]) Xinanjiang Model Rainfall-runoff, distributed, basin model.

1995 ([33]) SHE/SHESED Basin-scale water flow and sediment transport modeling system.

1995 ([34]) Institute of Hydrology
Distributed Model The model uses established flow equations for surface and subsurface.

1995 ([35]) HBV Model Lumped (or semi-distributed) bucket-type (conceptual) catchment model.

1995 [64] Diffusion Wave Model
Dynamic Wave Model

Comparison with kinematic wave model for nonstationary and unsteady river
channel flow.

1995 [91] Tank Model Tank model parameter estimation using global optimization methods,

1996 [65] Doken Model Distributed model for real-time flood forecasting.

1997 [67] Kinematic Wave Model Model parameters were obtained using GIS information.

1998 [52] Rational Model Application for small urban rivers.

1998 [122] 2D Diffusive Wave Model
(Curvilinear Grid)

Pioneer research on flood flow considering the influence of buildings and
road structures.

1999 [22] Storage Function Model Proposal of SF model considering loss mechanisms that directly uses the observed
rainfall and runoff.

1999 [25] Distributed Runoff Model Evaluation of the permeable pavement and the house infiltration system.

1999 [125] 2D Diffusive Wave Model
(Road Network) Proposal of road network model in an urban area.

2000 [84] Storage Function Model
(Hoshi’s Model)

Proposal of four-parameter SF model that directly uses the observed rainfall
and runoff.

2000 [112] 2D Diffusive Model
(Structured Grid)

The model of [112] was extended to include inflows from mountain watersheds and
sewer overflows.

2001 [26] A Distributed Hydrological
Model-WEP Model

WEP model that evaluates the effects of stormwater detention ponds and infiltration
trenches in urban watersheds.

2002 [121]
2D Diffusive Model
(Structured/Curvilinear
/Unstructured Grid)

Proposal of a flood runoff analysis model considering urban area characteristics.

2004 [119] NILIM2.0
2D Diffusive Model A standard method used to prepare municipal flood maps in Japan.

2007 [39] TSR Model
TSR model in the early development stage. The model is a physically based
distributed model, which was applied for an urban catchment using polygon feature
GIS data.
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Table A1. Cont.

Year Ref. No. Model/Method Name Remarks

2008 [86] Storage Function Model Proposal of SF model considering outflow through combined sewer system.

2008 [123]
Flood Disaster Deduction System
(Dual Drainage, Unstructured
Grid)

Consideration of sewer flows in surface flooding models that use 2D full
shallow-water equations.

2009 [23] Urban storage function (USF)
Model Proposal of USF Model that directly uses the observed rainfall and runoff.

2010 ([36]) HYPE Model Dynamic and semi-distributed hydrological model integrating fluxes of water,
nutrients, and other substances.

2010 [124]
Flood Disaster Reduction System
(Dual Drainage, Unstructured
Grid)

The numerical simulation for inundation flows with flood control system was
carried out.

2011 [118] 2D Diffusive Model
(Structured Grid) Formulating the impact of buildings on flood flows.

2011 [126] 1D Saint-Venant Equations
(Dual Drainage, Road Network)

Numerical analysis of inundation in the region of downtown Tokyo with residence
area.

2012 [6]
Dual drainage model
TSR model
(Urban Landscape GIS)

TSR model was proposed that is a distributed urban storm runoff event model with
a vector-based catchment.

2012 [28] RRI model RRI model was proposed that is a 2D model capable of simultaneously analyzing
rainfall-runoff and flood inundation.

2012 [38] Urban Landscape GIS Delineation Permeable area ratio of 10m-mesh land use classification was studied.

2012 [53] Synthesized Rational Model Theoretical derivation of the synthesized rational formula.

2012 [97] USF Model Real-time runoff forecasting of the model using particle filter.

2013 [98] USF Model Real-time runoff forecasting of the model using the Kalman filter.

2013 [132] TSR model
(Urban Landscape GIS) TSR model considering the flooding process of buildings.

2015 [92] Distributed Model
SCE-UA Method Parameter identification of a distributed runoff model using SCE-UA method.

2016 [40] Urban Landscape GIS Delineation Impervious area ratios of grid-based land use classifications were assessed.

2016 [100] XRAIN Data Precision evaluation of XRAIN data in a small urban watershed.

2016 [104] Deep Learning (DL) Method Development of the real-time river stage prediction method using DL approach.

2017 [62] Various Numerical Methods Review paper for surface water flow numerical analysis.

2017 [83] Baseflow Estimation Method Baseflow estimation using recursive digital filters.

2017 [102] XRAIN Data Spatiotemporal characteristic analysis of XRAIN data.

2017 [103] XRAIN Data Spatiotemporal correlation analysis of XRAIN data focused on torrential rainfall
events at each ground observation point.

2017 [106] Machine Learning (ML) Method Real-time forecasting of water levels in sewer system by the method.

2017 [110]
Deep Neural Network (DNN)
Model
Distributed Model

Proposal of real-time river stage prediction model by combining DNN and a
distributed model.

2018 ([43]) SWMM Drainage area characterization for evaluating green infrastructure.

2018 ([66]) IFAS (Integrated Flood Analysis
System) Flood forecasting in watersheds with inadequate water level observations.

2018 [88] Storage Function Model An effective storage function model for an urban watershed was investigated.

2018 [99] USF Model
XRAIN Data

Reproducibility of hydrograph by USF model using different rainfall datasets was
studied.

2018 [101] XRAIN Data Precision of 1-minute XRAIN data in a small urban watershed was studied.

2018 [105] DL Method Application of DL method to long-term prediction of dam inflow.

2018 [113] Integrated Model with InfoWorks
and WEB-DHM

A river channel and sewer model were built by integrating InfoWorks into
WEB-DHM.

2019 [21] HYPE Model HYPE model using EEA Urban Atlas.
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Table A1. Cont.

Year Ref. No. Model/Method Name Remarks

2019 [94] USF Model Parameter uncertainty of USF model was evaluated.

2019 [95] USF Model Proposal of a generalized USF model considering spatial rainfall distribution.

2019 [107] USF Model
DL Method

Possibility of emulating USF model by DL method was studied for benchmark
virtual hyeto and hydrograph.

2019 [108] Neural Network Method
DL Method Comparison of emulation ability for the USF model by the two methods.

2019 ([114]) HE-C-RAS HEC-RAS was used to generate flood inundation and develop a risk map under the
different rainfall scenarios.

2020 [27] TSR model TSR model, considering green infrastructure.

2020 [96] Generalized Storage Function
Model Proposal of a generalized storage function model for the water level estimation.

2020 [109] DL Method Prediction evaluation of hydrograph by the method using an observed urban
dataset.

2021 ([115]) HEC-RAS Building representation method by HEC-RAS 2-D and evaluation of the influence of
fluid forces on buildings.

2023 [77] Time Series Method Water level forecasting based on time series analysis in an urban watershed.
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