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The series of annual flood disasters that struck Japan
in recent years pose challenges to urban stormwa-
ter management. Japan has been implementing
nation-wide hydrometeorological observation through
a dense network of rain gauges. Since the recent
decade, ground radars have been deployed to observe
heavy rainfall with high spatiotemporal resolution as a
countermeasure. While commercial software is popu-
lar in designing stormwater drainage systems, several
integrated urban flood models have been developed
domestically and are applicable in stormwater man-
agement. A paradigm shift with the rise of Internet of
Things (IoT) provides an inexperienced opportunity in
hydrological observation, and has been implemented
for monitoring sewer network conditions. Despite this
broad scope of research works and technological inno-
vations, such advancement is not internationally rec-
ognized yet. The present study aims to review the
development and role of science and technology in
stormwater management in Japan, focusing specifi-
cally on rainfall observation, integrated urban flood
modelling, and emerging technologies for stormwa-
ter monitoring. In addition, the possible future direc-
tion of stormwater management is envisioned. Con-
sidering the series of record-breaking rainfall events
that struck Japan, we will have to face more severe
challenges in urban flood management alongside the
impact of global climate change. As compared to
structural measures, which are subject to budgetary
constraints, the relative importance of non-structural
measures is increasing; therefore, effective application
of numerical modeling techniques is required. A com-
mon weakness of the urban flood modeling framework
is the limited availability of observations in sewer net-
works, which can be relaxed by emerging IoT based
observations. The fusion of IoT based observations
with an integrated urban flood modeling technique ap-
pears to the emerging technology for stormwater man-
agement.

Keywords: stormwater management, rainfall observa-
tion, integrated urban flood modelling, Internet of Things
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1. Introduction

The successive flood events associated with Northern
Kyushu Heavy Rain in 2017, Western Japan Heavy Rain
in 2018, and Typhoon Hagibis in 2019 that devastated
wide areas of Japan have apparently increased aware-
ness about the prevention or mitigation of flood damages
and, to this effect, several research studies have been con-
ducted to examine such flood events [1,2]. Aside from
coastal flooding, flood disasters that are particularly of
concern in Japan are mainly of two types: fluvial flood-
ing and pluvial flooding, which are known in Japanese as
“Gaisui” and “Naisui,” respectively. While fluvial flood-
ing can devastate extensive areas [3], pluvial flooding can
have a strong economic impact, and a breakdown reveals
that about 40% of the economic damage associated with
flooding is attributed to pluvial flooding [4]. Hence, it is
reasonable to assume that there have been historical re-
search development, local practices, and technical devel-
opment against stormwater management [5-13].

Despite such works that have been conducted in Japan
and there exists a review in a historical development and
future perspectives of run-off models and their applica-
tion in urban areas [14], it appears that recognition of
those developments is typically limited domestically and
somewhat obfuscated internationally. This can be partly
attributable to language, that is, journals and reports pub-
lished in Japanese are the preferred publications in the
field of stormwater management in Japan. These motivate
the present authors to internationally introduce some of
these contemporary sciences in stormwater management
that are applied in Japan for addressing this discrepancy.

In this context, this paper intends to provide a review
of some innovative science and technology in stormwa-
ter management that have been developed in Japan. Also,
while reviewing emerging innovations, this study aims to
present possible future directions in stormwater manage-
ment, which is a worldwide concern in view of the ongo-
ing climate change.
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Fig. 1. AMeDAS observation in Otemachi.

2. Rainfall Observation for Urban Flooding

Among all hydrometeorological components, rainfall is
one of the most critical variables in the water cycle [15],
and this is also applicable to urban hydrology. Informa-
tion about rainfall is used in various ways, such as design-
ing stormwater management infrastructure [6], preparing
evacuation plans [16], or conducting numerical simula-
tion [17]. Therefore, measurement of rainfall forms the
fundamental basis in urban flood risk management.

2.1. Rain Gauge Networks

Organized meteorological observation commenced
back in 1872 in Japan, and the observation was man-
aged independently at the prefectural level at that
time [18]. The modernized meteorological observation,
so called Automated Meteorological Data Acquisition
System (AMeDAS), started in 1974 by the Japan Mete-
orological Agency, with the intention to observe localized
meteorology and to apply the information for meteorolog-
ical disaster management [18]. The AMeDAS comprises
densely installed observation stations, and the number of
rain gauges amount to about 1,300 across Japan, having
average spatial intervals of 17 km [19]. Fig. 1 shows the
observatory stations in Otemachi, Tokyo. The data on
observed rainfall depth from unmanned monitoring sta-
tions are transmitted at every 10 min interval through tele-
phonic lines, and this enables to provide near real-time
rainfall information.

There is another nationwide meteorological observa-
tion service in Japan using the telemetry system oper-
ated by the Ministry of Land, Infrastructure, Transport
and Tourism (MLIT), with 2,769 rain gauges currently in-
stalled as of writing the present paper [20]. The MLIT’s
telemetry system is similar to AMeDAS in that it is used
to capture local weather condition, particularly rainfall,
but the primary objective is flood risk management in
rivers. Hence, telemetry stations are located not on city
basis but on river basin basis to observe weather condi-
tion in each catchment area. Dense meteorological obser-
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vation networks provide unique opportunities to capture
spatial distribution of meteorological characteristics from
the scale of small river basins to nationwide, especially
compared to cases when ground observation is limited and
alternative measurements such as satellite-borne informa-
tion is applied in Asia [21] or in Africa [22]. Nevertheless,
the number of rain gauges may not be sufficient for urban
flood risk management at the city scale.

2.2. Radar Rainfall Observation

In July 2008, many people who were enjoying sunny
weather alongside Toga River in Kobe City were suddenly
swept away by flash flooding that resulted in five casual-
ties. The Toga river is merely 1.8 km long with a basin
area of 8.6 km? and the water level in the river is said to
have increased to 1.34 m within 10 min, which was caused
by a torrential downpour of cumulonimbus clouds [23].
As the size of cumulonimbus clouds is typically in the or-
der of a few kilometers, which might not be captured by
rain gauges, the incident highlighted the importance and
necessity in detecting potentially hazardous clouds at an
early stage by applying radar observations for disseminat-
ing early warnings, in the scale of less than 10 min [24].

At the time of the tragic incident, MLIT had the radar
observation network for rainfall using C-band polariza-
tion radars, but the incident revealed the challenges of
using the radar system in detecting downpour caused by
cumulonimbus clouds, which grows rapidly. The con-
ventional radar adopts a single horizontal polarization
scheme, in which the form and direction of the precipita-
tion particles cannot be determined from reflectivity [25];
therefore, it required calibration against ground observa-
tion for quantitative application. Although the radar ob-
servation had a horizontal resolution of 1 km and time
frequency of 5 min, the time additionally required for cal-
ibration confronted real-time dissemination of observed
rainfall [26].

In this circumstance, installation of an X-band multi-
polarimetric radar observation site was propelled. The
X-band multi-polarimetric radar has several advantages
compared to a C-band single polarization radar. First,
reflectivity in multi-polarimetry enabled identifying the
shape of the precipitation droplet. It is known that the
bigger the droplet, the flatter it becomes due to air resis-
tance and the oblateness of raindrops can be detected from
vertical and horizontal polarimetric reflectivity. Second,
phase difference between vertical and horizontal polariza-
tion appears in reflectivity from the rainfall and the differ-
ence becomes pronounced, especially for intense rainfall,
and the distance to the rainfall can be estimated from the
phase differences between the vertical and horizontal po-
larizations. Third, shorter wavelength of 3 cm in X-band
radars has an advantage in detailed observation as com-
pared to the wavelength of C-band radar (5 cm), although
the radar range becomes shorter. Overall, these enable
rainfall observation of 250 m in space and every 1 min
in time, and thereby increased spatiotemporally (Fig. 2).
This has proven the usefulness of radar rainfall observa-
tion and is also available at the prefectural level [27].
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Fig. 2. Comparison of spatial resolution between C-band radar (left) and X-band radar (right).

Fig. 3. Location of radar observation by MLIT. Dashed
and solid circles indicate C-band and X-band radars, respec-
tively.

By integrating and compositing spatial coverages of
C-band and X-band radars, the overall system is now
called eXtended RAdar Information Network (XRAIN),
which nearly covers the whole of Japan. Presently,
Japan has a nationwide network of 65 radar observatories
with 26 using C-band and 39 using X-band for frequency
(Fig. 3).

2.3. Satellite-Borne Precipitation Observation

There have been extensive researches in the applica-
tion of satellite-borne observations of rainfall, such as
the Tropical Rainfall Measuring Mission (TRMM) [28] or
Global Satellite Mapping of Precipitation (GSMaP) [29].
While satellite-borne precipitation products typically
have wide observation ranges from the Southern Hemi-
sphere to the Northern Hemisphere, the weak point of the
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product is that there exists discrepancy between ground-
based observation and satellite-borne rainfall [30], and
the biases must be corrected to apply quantitative anal-
ysis. Mastrantonas et al. [31] performed inter-comparison
of contemporary satellite-borne precipitation products
against the typhoon event in 2015 and demonstrated that
estimation of the typhoon induced rainfall event is chal-
lenging even for decent satellite-borne precipitation prod-
ucts. Therefore, bias correction using ground observation
is a necessary procedure. As explained earlier, Japan has
a dense observation networks of rain gauges and radars,
and application of satellite-borne rainfall products are
not common in urban flood risk management. Neverthe-
less, a combination of satellite products with rain gauges
has the potential for risk management, particularly fluvial
flooding [32] or identifying surface water body, including
flooded areas [33, 34].

3. Numerical Models for Urban Flooding

3.1. Classical Approaches and Integrated
Modelling

Traditionally, the rational formula, such as [35], and
empirical formulae, for instance, the Biirkli-Ziegler equa-
tion, are popular methods to estimate the peak discharge
of stormwater designs that are widely applied worldwide
and in Japan. The rational formula assumes a linear re-
lation between rainfall and storm runoff, and it can es-
timate the peak discharge when the average rainfall in-
tensity over the time of concentration of the storm runoff
is given. The empirical formula differentiates from the
rational formula in that it explicitly considers the basin
slope [36]. Notwithstanding its simplicity in the physical
expression of the rainfall-runoff process, this methodol-
ogy has demonstrated that it can express river discharges
in urbanized areas, for instance, by splitting the basin into
sub-catchments and overlaying their hydrographs [37].

Under the remarkable advances in computational tech-
nology during the 1990s, modernized hydrological and
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hydraulic models have been developed in Europe and
the United States (U.S.) that allow an integrated com-
putation of the rainfall-runoff process and hydraulics in
channel flows. To apply those modern models to sewer
network management in Japan, especially in the field of
rainfall drainage systems and pollutant load, a compara-
tive survey was conducted [38]. At the time of survey,
five models were compared, namely HYDROWORKS in
the United Kingdom (UK), HYSTEM-EXTRAN in Ger-
many, MOUSE in Denmark, Storm Water Management
Model (SWMM) in the U.S., and LHU in France. After
considering the availability of these models in the mar-
ket and the development status of pollutant load mod-
els, HYDROWORKS, MOUSE, and SWMM were nomi-
nated further for consideration in sewer network manage-
ment in Japan. These models were listed in the recom-
mended software in the “Runoff Analysis Model Applica-
tion Manual” [39] and formed the basis for the most pop-
ular and wide application of commercial software, cur-
rently known as InfoWorks ICM, MIKE URBAN, and
XP-SWMM in the management of sewer networks in
Japan.

Since the enforcement of the act on countermeasures
against flood damage of specified rivers running across
cities in Japan in 2003, the anticipated inundation areas
by pluvial flooding must be designated and thereby urban
flood modelling needs to be applied with the correspond-
ing designed rainfall for each city. This has likely accel-
erated the application of the commercial software for the
urban flood model as it can perform integrated analysis
of the rainfall runoff process and the dynamics of sewer
network flows. These models are categorized into the so
called “integrated model” as they typically consist of mul-
tiple model components [40]. The common hydraulic pro-
cesses in the integrated models include the interaction of
a one-dimensional pipe flow in sewer networks and a two-
dimensional flow process on the ground surfaces, which is
essential in relation to enforcing the aforementioned act.

3.2. Integrated Urban Flood Modeling in Japan

Domestically, a New Integrated Lowland Inundation
Model (NILIM2.0) [41] was developed by the National
Institute for Land and Infrastructure Management in
Japan. The NILIM2.0 is a physically based model, and
it consists of four numerical components that simulate the
surface runoff process, sewer pipe flow, in- and out-flow
through manholes, and horizontal flow on the ground sur-
faces. While the model was developed domestically, its
application has been mainly in the field of research stud-
ies, such as the prediction of pluvial flooding [42], risk
assessment of pluvial and fluvial flooding [43], or further
including the tidal effect [44], and it is not commonly ap-
plied by local authorities. This is likely because commer-
cial software has an advantage in the long history of an
integrated development environment (IDE), for instance,
integrated use and affinity with essential functions such as
GIS, thereby enabling to build models with relative ease.

Nonetheless, development of integrated urban flood
models has been active in Japan, and several flood models

Journal of Disaster Research Vol.16 No.3, 2021

Advances in Urban Stormwater Management in Japan: A Review

[Protected
L_Lowlands

Fig. 4. An integrated urban flood model, modified after
Kawaike et al. [45].

have emerged and have been applied in various research
fields. To our best knowledge, one of the earliest research
works focusing on urban flooding by the integrated model
in Japan was developed by Kawaike et al. [45], in which
integrated model components of runoff from mountainous
areas, river networks, urban inundation, and sewer net-
works, was applied to the low-lying areas of Neya river
in Osaka (Fig. 4). In their work, a sewer network was ex-
pressed as a simplified combination of main and branches,
in which the designed flow velocity and discharges were
given. Later on, Kawaike et al. [46] updated the sewer
network model component by considering an open nar-
row slot at the top of pipes, enabling application of the
continuity equation and the momentum equation of open
channel flow, which is commonly referred to the Preiss-
mann slot technique [47].

There is an ongoing effort in the enhanced applica-
tion of the integrated urban flood models. Sekine [48]
developed a numerical model of pluvial flooding target-
ing dense residential areas in downtown Tokyo by com-
bining the river channel, sewer network, and road net-
work models, in which one dimensional flow is consid-
ered on the ground surface. Later, the target areas were
extended to most of the Tokyo metropolitan area, account-
ing for 390 km?, with an enabling evaluation of the sub-
merging underpass phenomena [49]. Akiyama et al. [S0]
developed an integrated urban flood model by combining
both pluvial and fluvial flood models with the sewer net-
work model with the Preissmann slot technique, and the
model was applied to evaluate the effect of flood counter-
measures and potential economic damages due to flooding
in lizuka City, Kyushu [51]. Takeda et al. [52, 53] demon-
strated another application of the integrated flood model
by targeting the low-lying areas of Kasugai City, Nagoya.
They analyzed the combined impact of fluvial flooding
and storm surges [53] and fluvial and pluvial flooding [52]
by considering the origin of the flooding source, that is, ei-
ther a river or sea, by providing additional source terms in
the continuity equation, which is methodology developed
by Sayama and McDonnell [54].
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A further advanced model is the seamlessly integrated
model, which consists of the river, sewer network, and
inundation models, targeting the coastal low-lying urban-
ized areas of the Tsurumi River basin [55]. In such ar-
eas, river discharge, tidal fluctuations, and city drainage
altogether influence urban inundation, and therefore, it is
necessary to consider their potential interference to under-
stand the effect of compound water hazards. For instance,
pump stations cannot pump out stormwater when the river
water level is high, and in the meantime the river water
level shall increase when it receives pumped water from
cities. At the river mouth, as the tidal fluctuation regulates
the water levels in the river, it will also affect the func-
tionality of pump stations and possible inundation from
rivers. In this regard, the seamless model has an advan-
tage in having a direct connection with the river runoff
model, Water and Energy Budget Based Distributed Hy-
drological Model (WEB-DHM), which encompasses the
land surface model and thereby can estimate soil moisture
and groundwater of the basin, enabling accurate estimates
of upstream discharges resulting from an initial physical
state of the basin [56]. Also the seamless model can be
connected to the coastal hydraulic model so that the tidal
changes estimated by the storm surge model can give the
boundary condition in the river mouth [55]. With all these
model components, the model can estimate the compound
water hazards from the upstream to the river mouth.

3.3. Validation of Integrated Urban Flood Models

As such, several integrated urban flood models have
been developed and applied domestically in Japan. Nev-
ertheless, the problem persists in model validation, par-
ticularly in the sewer network, where observations are
essentially missing. Kawaike et al. [57] argued the inte-
gration process between surface inundation and the sewer
network model by verifying through the use of hydraulic
laboratory experiments and highlighted the difficulty of
simulating the surface- and sewer-network interactions,
indicating need for model representation. Lee et al. [58]
analyzed the records of water levels obtained from wa-
ter loggers installed in the sewer network in the Tsurumi
River basin, and showed that changes in water level in
response to actual rainfall have characteristics specific to
the length of sewer network and areas of drainage catch-
ment, and demonstrated that calibration is necessary for
the seamless model although the model was previously
validated with observed water level in the river and flood
control volume [55].

These imply that while there exist several integrated
models, developed domestically or internationally, one
should not become overly confident about the models
even if the results show good agreement with the observed
water levels in rivers or inundation depth on the ground
surface unless the results are also validated against ob-
servations in the sewer network; moreover, one should
be cautious about the interpretation of hydrodynamics in
sewer networks. The problem will likely persist unless the
problem in obtaining observations in the sewer network is
solved.
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Fig. 5. A Multi-Parameter Phased Array Weather Radar
(MP-PAWR) by TOSHIBA (see [13]).

4. New Waves of Monitoring and Numerical
Simulation

4.1. Next Generation of Radar Observation

Although X-band MP radars can be considered a break-
through in measuring the spatiotemporally fine resolved
observations of rainfall, further advanced radar is on
the way. The next technology that can become the
mainstream of radar observations is the Multi-Parameter
Phased Array Weather Radar (MP-PAWR) [13,59]. The
MP-PAWR has a flat antenna panel, on which the antenna
elements are aligned as an electronically scanned array
(Fig. 5). By emitting radio signals from each antenna
element with a slight shift in its beam foaming, the flat
antenna can detect disturbances in reflected wave signals
from the rainfall cloud by the Huygens—Fresnel principle,
without changing the elevational and azimuthal direction
of the antenna. By combining the antenna panel’s me-
chanical rotation for horizontal scan and electronic scan
for vertical scan, the PAWR can rapidly detect a three-
dimensional distribution of rain droplets that are falling
in the atmosphere. As the radar also has the feature of
dual polarization described in Section 2.2, “Radar Rain-
fall Observation,” there is no requirement of calibration
with a ground observed rain gauge. Such detailed ob-
servations can be applied in early warning system aiming
for disseminating warnings 10 to 20 min before torrential
rainfall hits the ground.

It is said to be the first case globally where the phased
array radar is dedicated to weather observation. The
radar was developed in collaboration with Toshiba, Osaka
University, and the National Institute of Information and
Communication Technology (NICT), under the Cross-
ministerial Strategic Innovation Promotion Program (SIP)
in Japan. The MP-PAWR has already been implemented,
and the antenna was installed in Saitama.

4.2. Opportunistic Observation of Rainfall

While remarkable advances in radar rainfall observa-
tion are ongoing, it is also worth mentioning about emerg-
ing methodologies in weather and hydrological observa-
tions.
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Interest in use of raw microwave signals from cellu-
lar communication networks as opportunistic sensors of
rainfall [60] can be observed. The principle of observing
rainfall signals from cellular networks is somewhat simi-
lar to the principle of radar rainfall observation, that is, the
harder the rain falls, the more difficult it becomes for sig-
nals to propagate and attenuate. The relationship between
rainfall intensity and signal attenuation can be utilized as
an opportunistic measurement of rainfall from the exist-
ing cellular phone network infrastructure. The application
could be powerful when one considers that the infrastruc-
ture required for rainfall observation is already built, and
thereby expansion of the observation system can be done
with relative ease even if it is for a continental scale.

A tipping bucket is not the only ground observation
method of rainfall; several other types have been devel-
oped over the decades. The measurement can be per-
formed manually or automatically, and the latter can be
classified into impact technique based disdrometers, op-
tical scattering based disdrometers, and optical imaging
based disdrometers [61, 62].

Acoustic disdrometers and displacement disdrometers
can be categorized as impact disdrometers as they are in
common in use of kinetic energy. Acoustic disdrometers
utilize the kinetic energy that is produced when a rain-
drop hits the surface, by applying the relationship between
kinetic energy of a raindrop and acoustic energy when a
raindrop hits the surface [63]. Displacement disdrometers
estimate the size of a rain drop by magnetic induction that
is created when the raindrop hits the surface of the de-
vice. The well-known Joss—Waldvogel Disdrometer [64]
can be applied to this category. Optical scattering beams
a horizonal light sheet, which is scattered in the presence
of raindrops, and the reduction in light detected by the
sensing unit is converted into raindrop information [62].
Optical imaging is based on the analysis of raindrops, e.g.,
size, velocity, and oblateness, from the captured images.
The 2D-Video-Disdrometer [65] falls into this category.

Recently, Onomura et al. [66] extended the possibility
of optical imaging disdrometers, which estimate the inten-
sity of the rain on an acrylic plate through a comparison
of successive images. The plate is cleared by wiper rep-
resenting cars. Jiang et al. [67] used closed-circuit tele-
vision (CCTV) systems, which are available urban areas
as surveillance cameras, for developing optical imaging
to measure rainfall. Similar to the indirect use of cel-
lular phone networks, opportunistic use of imaging de-
vices is considered to have advantage in the relative ease
of their application in rainfall measurement, considering
their widespread use.

4.3. Crowd Sourcing and Citizen Science

There has been a rise of citizen science in hydrometeo-
rological monitoring. Personal weather stations installed
by private weather enthusiasts for measuring air temper-
ature, relative humidity, and pressure, may compensate a
monitoring station that may not be dense enough to cap-
ture weather information by local authorities or the gov-
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ernment agencies. For instance, Netatmo provides per-
sonal weather stations and hosts web services for individ-
ual users to share their monitoring data worldwide, and it
is accessible from https://weathermap.netatmo.com/.

In Germany, Meier et al. [68] analyzed air temperature
from ca 1500 of crowd sourced stations from Netatmo
service against the reference data for a one-year period,
and concluded that numerous individual sensors can pro-
vide robust air temperature in urban areas, and the data
have the potential for further exploration, while quality
assessment of data may be needed. In the Netherlands,
de Vos et al. [69] examined the quality of rainfall mea-
surement from personal weather stations in Amsterdam.
They reported that while certain discrepancies exist be-
tween crowdsourced data and high-resolution electronic
rain gauge data, where the difference originates due to
data transfer to the online platform and is pronounced as
light rain, the results are promising and deserve further
exploration.

When discussing about crowdsourcing, one cannot
avoid mentioning the potential strength of a mobile phone
as an observation device. In Switzerland, crowdsourced
monitoring of stream flows has been conducted under the
citizen science project called the “CrowdWater.” In gen-
eral, observation stations for estimating stream flow are
less in number compared to meteorological stations, re-
sulting in ungauged basins in the river basin. By provid-
ing a monitoring framework, citizens can report the water
level in streams [70,71] through a mobile app with vir-
tual staff gauges, in which the water level in the stream
is compared against the virtual gauge in a photo taken at
the low flow period [72]. Such crowdsourced observa-
tions may provide valuable source of information as they
can complement the existing observation stations and im-
prove the performance of hydrological modelling through
data assimilation [73, 74].

Citizen involvement in meteorological or hydrologi-
cal observations can be effective in urban areas owing
to dense population [68]. Along with growing awareness
and interests for citizens in environmental issues, specifi-
cally in the context of global climate change, the number
of crowdsourced observations may further expand, and in-
dividual observations can be a useful source of informa-
tion also in stormwater management. Currently, participa-
tion in such crowd sourcing or citizen science applications
are not common in Japan, but involvement of citizens has
high potential in improving observations, such as water
levels in small streams, which are typically ungauged and
where hydrological information is unknown.

4.4. Internet of Things for Stormwater
Management

In recent years, we have been observing major
paradigm shift with the Internet of Things (IoT) that en-
ables integration of diverse technologies and telecommu-
nications [75]. Application of the IoT in the urban envi-
ronment will lead to the concept of smart city through ad-
vanced telecommunication technologies that would pro-
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vide added value for the local authority and residence [76,
77]. While the application of 10T in the field of stormwa-
ter management has been slow, it is proven to provide
an economical solution for urban hydrological monitor-
ing [78]. Furthermore, the use of IoT for correcting hy-
drological monitoring information itself has of great im-
portance, but the application can be further advanced by
adopting bidirectional information transfer, that is, send-
ing information to an IoT device to control the ambient
local hydrology [79]. Mullapudi et al. [80] demonstrated
that streamflow in an urban watershed can be systemati-
cally controlled to a certain extent by remotely control-
ling the inter-connected valves and sensors installed in
streams, and achieving desirable hydrological responses
and water quality in downstream.

For risk management in mega cities, where under-
ground facilities have been developed, it is crucial to pre-
dict the onset of flooding as the subsurface space could be
submerged when rainfall intensity exceeds the designed
level [6]. Challenges in stormwater management in ur-
ban areas involve how one can predict the onset and the
location of submerging areas on a real-time basis. In gen-
eral, the size of a sub-catchment in urbanized areas is
much smaller than that of river basin, and pluvial flooding
can occur within a short time owing to the hydrological
characteristics. Also, the affected areas can be localized
as pluvial flooding can be triggered by sudden torrential
rainfall from cumulonimbus clouds that have the scale of a
few kilometers. While a priori estimate of the anticipated
flooded areas by applying integrated urban flood models
can help local authorities to plan risk management, detec-
tion of flooding in real-time is also important, for instance,
for safe evacuation of people from vulnerable spaces in
the underground [81]. Moreover, for that to happen, flood
prediction by observation or modeling has great impor-
tance.

Kobayashi [82] has developed an energy and cost-
effective sensor for detecting water level. The sensor
identifies its status of submergence and transmits its sta-
tus as either an “on” or “off” signal through wireless
transmission of information using Low Power Wide Area
(LPWA), which is a telecommunication standard. While
the device focuses on detecting its submergence status and
does not measure the water level directory, it can be in-
stalled on ground surface or gutters with relative ease and
can be highly effective in identifying the onset of a flood
hazard.

Targeting the subsurface area, Meidensha Corporation
has developed the “smart manhole cover” together with
the Tokyo Metropolitan Sewerage Service Corporation
and Hinode, Ltd. (Fig. 6). The smart manhole cover has
a built-in telecommunication and battery unit attached to
its backside, which allows transmission of monitoring in-
formation observed from water level sensors installed in
a sewer network. The device has an advantage as it is
relatively simple in implementation, and it can be easily
installed to the sewerage infrastructure by replacing the
existing manhole covers, thus allowing less difficulties in
its wide application. The water level information obtained
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Fig. 6. A schematic image of a manhole IoT by Meidensha
Corporation.

from a smart manhole cover on real-time basis can be used
to detect signs of pluvial flooding at an early stage, which
has of vital importance for safe evacuation of main under-
ground.

Such observed information is highly beneficial in pre-
dicting water levels in sewer networks. In the current
issue, Nakashima et al. [10] constructed and compared
models of the empirical statistical method and Convolu-
tional Neural Network model, which is a type of an Ar-
tificial Neural Network, both of which employ an ob-
served relationship between rainfall and water level in
sewers and demonstrated that both models can predict wa-
ter level in sewer networks reasonably well [10]. Simi-
lar to the methodology based on machine learning tech-
niques [83], the advantage here is that both models are
computationally effective, which is an important aspect in
the real-time prediction of pluvial flooding, compared to
the physics-based integrated urban flood models.

4.5. Fusion of IoT with Integrated Urban Flood
Modeling

Using observed water levels in sewer networks through
the smart manhole cover, a further advanced methodology
is under development. Regardless of the simulation mod-
els applied, be it empirically based, statistically based, or
physics-based, one must acknowledge that simulated re-
sults are not equivalent to reality, and errors and uncer-
tainty may arise from the model parameters, model as-
sumptions, or even in errors in the observation itself.

Wau et al. [84] developed a novel methodology of com-
bining the integrated urban flood model of the seamless
model with the observed water level in the sewer network
through data assimilation. The uniqueness of their ap-
proach is that numerous sets of pluvial simulation are con-
ducted for making the databank of water levels of sewer
networks, and model bias is minimized in the real-time
simulation by comparing the water level in the simulation
with the observation through the smart manhole cover and
updating the simulated hydraulic condition in sewer net-
works with the one having the least error from the data-
bank (Fig. 7). By doing so, the seamless model can update
its physical state so that it becomes closer to reality, and
having it as the initial condition, the model can have better
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Fig. 7. Flow chart of flood simulation with databank-based
data assimilation method.

chance in prediction of pluvial flooding.

Shibuo et al. [85] applied the databank-based data as-
similation approach for estimating improved accuracy in
water levels in pumping stations, showing that stormwater
pipes in the vicinity of a pumping station would require
further information of pumping operations. When such
information becomes available, the approach may con-
tribute to effective countermeasure in stormwater man-
agement by identifying at which hour the pumping oper-
ations ought to be started [8]. As an example of assisting
flood countermeasures in real time, Fig. 8 shows the ad-
vanced application, in which various types of information
of observation and simulated results, such as CCTV cam-
eras, radar rainfall, simulated river water level, and sewer
network and flooding states, are combined.

5. Summary

This study reviewed research developments in
stormwater management in Japan, specifically focusing
on rainfall observation, urban flood modeling, and
emerging technologies. As for rainfall observation, there
has been long history in Japan for observations over its
territory, which has led to high resolution spatio-temporal
variabilities in rainfall by ground observed radars. Two
decades have passed since the emergence of an integrated
urban flood modeling approach, which has replaced the
classical conceptually simple methodology, e.g., the
rational formula. Although several integrated models
have been domestically developed, commercial software
are still popular and widely applied for the practical
design of infrastructure, which was earlier designed with
a simplified rainfall-runoff scheme, as mentioned above.
One must be aware of such differences in the methodol-
ogy applied for designing stormwater systems. Together
with such differences, the difficulty in observing the
underground environment poses challenges in estimating
the hydraulic status in a sewer network. Application of
IoT based observations, such as the smart manhole cover,
may minimize such uncertainties.

Flooding is expected to increase in accordance with
the climate change [86]. Reportedly, the number of oc-
currences of heavy rainfall that exceeds 50 mm/h has in-
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creased by 1.4 times in the recent decade compared to the
earliest decade in the observation records of AMeDAS in
Japan. Indeed, the highest total rainfall in July related to
the Baiu front was recorded in 2020. Such evidence sug-
gests that there will be challenges to come in urban flood
management in future.

Typically, the designed rainfall standard for stormwa-
ter management is approximately 50 mm, and some-
times 60 mm for flood prone areas. However, imple-
mentation is still ongoing and local municipalities are yet
to complete the designed standard. Notably, the magni-
tude of designed rainfall was derived based on a statisti-
cal analysis of the observed rainfall record, and it cannot
be guaranteed that it will remain the same in the future.
Numerous structural measures have been implemented
in the field of river management, sewerage management,
and watershed management by corresponding authorities,
e.g., retarding basins by the river manager, underground
stormwater storage pipes by city, all of which could in-
crease designed capacities in flood management.

Nonetheless, independent application of structural
measures may not be sufficient to cope with the increas-
ing magnitude of flood hazards, and a multi-disciplinary
approach with dynamic collaborations among river man-
agers and local municipalities is encouraged to maximize
countermeasures against flooding. Furthermore, an in-
terdisciplinary approach of structural and non-structural
measures, e.g., updating city planning for reflecting flood
prone areas to promote residential reallocation, and prepa-
ration of evacuation plans reflecting multiple plausible in-
undation scenarios, may alleviate urban flood damages by
the same magnitude of flood hazards.

Among non-structural measures, the role of an early
warning system is becoming increasingly important as
compared to structural measures, for which implementa-
tion is subject to available budget for either the central
government or local municipality. Consequently, the ap-
plication of numerical models has become ever more im-
portant. The common weakness of an integrated urban
flood modeling related to limited availability of observa-
tions in sewer networks can be relaxed with IoT based
observations, such as the smart manhole cover. Fusion
of IoT based observations with an integrated urban flood
modeling is an emerging technology in stormwater man-
agement. To apply such advanced methodologies, inte-
grated collaboration among academia, local authorities,
and private companies is recommended to realize resilient
society against urban flood issues.
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