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Abstract. Evaluation of the effects of climate change on urban river flow has traditionally depended on de-
sign rainfall data due to the scarcity of other data sources. However, high-resolution precipitation data, both
temporally and spatially, have become accessible from regional climate models. Despite this availability, few
studies have tapped into such high-resolution data to analyze urban river flow systems. This study incorporates
an event-based storm runoff and inundation simulation with data from a regional climate model. This model of-
fers a spatial resolution of 5 km and a temporal resolution of 10 min for both current and projected future climate
scenarios. Rainfall analysis reveals that the 20-year probability of an hourly rainfall of 75 mm, specific to Tokyo,
decreases to around 13 years for the period 2016–2035 and further to approximately 8 years for 2076–2095.
This trend indicates a growing frequency of heavy rainfall events. Moreover, flood discharge analysis shows
an increased downstream flow during such rainfall events if reservoir capacities remain unchanged. Flood risk
assessment underscores a significant threat: areas inundated to depths of 25 cm or more may increase by 1.25
times for 2016–2035 and by 1.55 times for the period 2076–2095 when compared to current conditions.

1 Introduction

In small to medium-sized urban river watersheds, flood dam-
age often results from pluvial and fluvial flooding, especially
when the development of flood control facilities lags and
heavy rainfall surpasses facility capacities. According to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC, 2013), Japan may experience a rise
in the intensity and frequency of short-duration rainfall by
the century’s end due to an increase in the global average
surface temperature.

Many studies have assessed the climate change impact
on Class A river systems using the database for policy
decision-making regarding future climate change, known as
d4PDF (Mizuta et al., 2017). The d4PDF originates from
the global model MRI-AGCM3.2, which is the global atmo-
spheric model of the Meteorological Research Institute of
Japan with a resolution of 60 km. This has been further re-
fined to a 20 km resolution using a regional model, NHRCM,
which covers the Japan area. Flood risk research utilizing

the d4PDF includes investigations into future shifts in ex-
treme river flow for the Arakawa, Shonai, and Yodo River
watersheds (Tachikawa et al., 2017) and an evaluation of the
correlation between cumulative rainfall and peak flood dis-
charge in the Omono River watersheds (Abe et al., 2019).
Flood risk assessments due to climate change traditionally
target watersheds spanning thousands of square kilometers,
constrained by the temporal and spatial resolution of precipi-
tation data. Few assessments focus on urban river watersheds
covering tens to hundreds of square kilometers. For urban
rivers, the one-hour precipitation data from d4PDF proves
inadequate. Accurate flood runoff and inundation risk assess-
ment necessitate finer resolution, such as 10 min rainfall data,
where, for instance, the maximum 10 min average rainfall in-
tensity aligns with peak river water levels (Takakura et al.,
2016). Climate forecasts suggest a 1.3-fold increase in short-
duration heavy rainfall events in Tokyo by the century’s end
(Social Infrastructure Development Council, 2022). Evalu-
ating runoff analyses based on these future rainfall projec-
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Figure 1. NHRCM 5 km analysis grid and AMeDAS stations.

tions becomes crucial for determining necessary flood con-
trol measures.

A suitable dataset for assessing urban watershed flood
risks due to climate change is the NHRCM 5 km precipi-
tation data, found in Global Warming Prediction Informa-
tion Volume 8 (hereafter “Vol.8”). This data is computed by
the non-hydrostatic regional climate model from the Japan
Meteorological Agency Meteorological Research Institute
(JMA/MRI). It offers a spatial resolution of 5 km and a tem-
poral resolution of 10 min (Japan Meteorological Agency,
2013). This dataset encompasses three timeframes: the past
(1980–1999), the near future (2016–2035), and the distant
future (2076–2095). These values are experimental, based on
the SRES A1B scenario (IPCC, 2007).

This study utilized design rainfall with a 20-year probabil-
ity spanning three periods: 1980–1999 (P1980), 2016–2035
(P2016), and 2076–2095 (P2076). The data was sourced
from the NHRCM 5 km precipitation in Vol. 8. Flood runoff
and inundation risks in the upper Kanda River watershed
due to climate change were assessed using the Tokyo Storm
Runoff (TSR) model.

2 Design rainfall based on NHRCM 5 km rainfall data

2.1 Comparison with forecast scenario RCP 8.5

Global Warming Projection Information Vol.9 (Japan Mete-
orological Agency, 2017) provides NHRCM 5 km precipita-
tion data, computed under the RCP8.5 projection scenario.
This data is accessible via DIAS with a daily temporal reso-
lution for the P1980 members. Data from the four members
of P2076 is also available. This study utilized daily precip-
itation data from Vol. 9 to assess the 10 min rainfall data in
Vol. 8. Figure 1 illustrates the NHRCM 5 km analysis grid
alongside the layout of the Automated Meteorological Data
Acquisition System (AMeDAS) stations in the vicinity of
Tokyo.

Figure 2 presents the rank statistics of annual maximum
daily precipitation for five AMeDAS stations in Tokyo, com-
pared with the analytical grid data from Vol. 8 and 9. The

Figure 2. Comparison of annual maximum daily rainfall:
(a) and (b) cover the P1980 period, (c) and (d) cover the P2076
period.

data for Vol. 8 was derived from the 10 min intervals, while
bias-corrected data was used for Vol. 9. Figure 2a and b
represent the P1980 period, whereas Fig. 2c and d depict
the P2076 period. In comparison with the current climate
data, the projected values from Vol. 8 surpass those from
AMeDAS (Fig. 2a), while the estimates in Vol. 9 are gen-
erally lower than AMeDAS data (Fig. 2b). The predicted an-
nual maximum daily precipitation for P1980 in Vol. 8 ex-
ceeded the values in Vol. 9 for stations St. Hachioji and St.
Fuchu, both situated in western Tokyo. However, the predic-
tions for St Tokyo remain largely consistent (Fig. 2c). For the
P2076 timeframe, Vol. 8’s predictions tend to be higher than
those of Vol. 9 when the annual maximum daily precipita-
tion surpasses approximately 100–150 mm d−1. The annual
maximum daily precipitation of A1B scenario’s annual max-
imum daily precipitation was consistently higher than that of
the RCP8.5 climate scenario.

2.2 Preparation of design rainfall

For flood runoff analyses in urban watersheds, the integration
of short-duration rainfall intensity proves crucial. Several
methods have been proposed for this objective. However, no
singular approach has achieved broad consensus as the most
effective (Ioannis, 2022). In Japan, a prevalent strategy when
factoring in climate change impacts for flood runoff analy-
sis involves applying a multiplier (a.k.a. climate factor) to
the projected rainfall values based on current design rainfall
(Arnbjerg-Nielsen et al., 2013; Toda et al., 2020; National
Institute for Land and Infrastructure Management, 2017).
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Given that the 10 min data in Vol. 8 is not bias-corrected,
the study emphasizes the need to evaluate the reproducibility
of short-term rainfall. To address potential underestimations
crucial to urban flood runoff analysis, this research adopted
a method to adjust rainfall intensity, utilizing climate factors
influenced by climate change-induced precipitation changes.
A coefficient (αt ) was obtained by assuming a linear rela-
tionship between the probability of rainfall in the ground rain
gauge (GtT ), the probability of rainfall in the present climate
(DtT ), and by the following formula (Kojima et al., 2018).

GtT = αtDtT (1)

where t denotes the rainfall duration(min); and T denotes re-
turn period (year). Specifically, grid data at 69 locations were
extracted from the NHRCM 5 km time-series precipitation
data of P1980 for Tokyo, and annual maxima of 10, 20, 30,
60, 120, and 180 min were generated for each grid (Fig. 1).
Time series of precipitation data were generated, and 20-year
rainfall probabilities were calculated using a generalized ex-
treme value distribution. Similar processing was applied to
ground-based rainfall observation data, and the coefficient α,
determined as the average value of all grid data, yielded a
value of 1.71, 1.34, 1.27, 0.97, 0.85 and 0.80 respectively.
Despite having a temporal resolution of 10 min intervals, the
rainfall intensity multiplier α displays pronounced bias for
short-duration rainfall, with values of 1.27 for 30 min, 1.34
for 20 min, and 1.71 for 10 min. Given the absence of ground-
based rainfall data for P2016 and P2076, the coefficients αt
for these periods were adjusted using the coefficients derived
from P1980.

The Cleveland type adopted in the Tokyo Metropolitan
Government’s (TMG) River Plan (Tokyo Metropolitan Gov-
ernment Bureau of Construction, 2012) was used to develop
a rainfall intensity equation. The constants were set to 10,
20, 30, 60, 120, and 180 min for the corrected 20-year rain-
fall probabilities of P1980, P2016, and P2076.

I =
a

tn+ b
(2)

where I denotes the rainfall intensity (mm h−1); t denotes
the rainfall duration (min); and a, b, and n denote constants.

Figure 3 shows the rainfall intensity curve with 20-year re-
turn period, (a) before and (b) after correction. The NHRCM
5 km rainfall tended to underestimate rainfall shorter than
60 min and overestimate rainfall longer than 60 min. For the
annual maximum 60 min rainfall, the climate factor is 1.10
for P2016 and 1.22 for P2076. This factor is less than the
change factor of 1.3 for RCP8.5 as determined by d4PDF but
exceeds the change factor of 1.1 for RCP2.6.

A 60 min probability rainfall intensity curve was devel-
oped for the 60 min rainfall to assess the future return period
of a 20-year 60 min rainfall of 75 mm in a present climate,
which is the target of the Tokyo Metropolitan Government’s
river plan (Tokyo Metropolitan Government Bureau of Con-
struction, 2012) (Fig. 4). The reproducibility of the annual

Figure 3. Rainfall intensity curve with 20-year return period, (a)
before modification, (b) after modification.

Figure 4. 60 min intensity-frequency curve.

maximum 60 min rainfall in the present climate was very
high as the 60 min probability intensity curves for the Tokyo
District Meteorological Observatory and NHRCM 5 km al-
most overlapped. Therefore, no corrections were made to the
rainfall probabilities of P2016 and P2076. The return period
of 75 mm hourly rainfall will decrease to 13 years in the near
future (P2016) and 8 years in the future (P2076), suggesting
an increasing trend in heavy rainfall frequency.

3 Study area and flood modelling

3.1 Outline of the study area

The Kanda River, a quintessential urban river in Tokyo, starts
its journey at Inogashira Pond and merges into the Sumida
River via the confluence with the Zenpukuji and Myoshoji
Rivers. This study focuses on the upper Kanda River seg-
ment, spanning from Inogashira Pond to the Zenpukuji River
confluence (with a watershed area of 11.8 km2 and a channel
length of 9 km). Within this watershed, sewage systems are
integrated, channeling waste to the sewage treatment facility
through a primary sewer line. Figure 5 illustrates the upper
Kanda River watershed’s urban landscape GIS, as detailed by
Koga et al. (2016), derived from a 1 : 2500 scale topographic

https://doi.org/10.5194/piahs-386-133-2024 Proc. IAHS, 386, 133–140, 2024



136 H. Amaguchi et al.: Evaluation of climate change impacts on urban flooding

Figure 5. Urban landscape GIS delineation of the Upper Kanda River watershed, (a) overland, (b) sewer.

map of Tokyo. The GIS revealed a total of 104 342 sur-
face polygons, with area distribution percentages as follows:
buildings (29 %), roads (16 %), green spaces (9 %), paved ar-
eas (3 %), private premises excluding buildings (30 %), and
other zones (13 %). As for the stormwater pipe network GIS
data, it identified manholes with points and pipelines with
polylines, recording 9632 manholes and 9904 pipelines.

3.2 Overview of the TSR model

The Tokyo Storm Runoff (TSR) model (Amaguchi et al.,
2012) served as the primary tool for flood runoff and inun-
dation analysis in urban watersheds for this study. Figure 6
illustrates a conventional rainfall-runoff process captured by
the model. Rainfall distribution within the watershed corre-
sponded to each land use element, derived from the urban
landscape GIS. Within each urban block, direct runoff from
impervious zones and rainfall surpassing the permeability of
infiltrating zones was computed based on land use charac-
teristics for infiltration and impermeability. Rainwater from
structures was directed to adjacent road sections. In road el-
ements, rainwater either entered storm and sewer pipelines,
where manholes existed or continued its surface flow in their
absence. Consequently, water entering storm and sewer lines
navigated through the pipeline network, ultimately discharg-
ing into the river and exiting the watershed.

Parameters in the TSR model, such as initial loss, initial
infiltration capacity, final infiltration capacity, infiltration ca-
pacity attenuation coefficient, and equivalent roughness co-
efficient of land-use elements, were set according to values
from an earlier study (Amaguchi et al., 2013). The model

Figure 6. Schematic of the rainfall-runoff process.

addressed the significant flood event on 4 September 2000,
within the Kanda watershed. Despite no flood damage in the
target watershed, largely due to effective underground con-
trol basins, the model simulated the event as if these con-
trol basins were non-operational. Model validation occurred
by contrasting its outputs with river water levels measured
at upstream sites, unaffected by underground control basins.
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This validation confirmed the model’s ability to accurately
reproduce the observed river water levels across the board.

3.3 Conditions of application

The underground control reservoir of Loop Route 7, cur-
rently connected to the northern part of the Zempukuji River,
has a total storage capacity of 540 000 m3. In this study, the
storage capacity was set at 240 000 m3, which corresponds
to the section between the Kanda Rivers. To model the un-
derground reservoirs, the stormwater and sewerage pipeline
modelling method in the TSR model was applied, and the
overflow height and width were used as connection informa-
tion between the river channel and reservoirs.

Three types of watershed measures in the river plan were
covered: rainwater penetration, infiltration trenches, and per-
meable pavements installed by the year 2000 (Araki et al.,
2012). Tabulated data enabled the attribution of the quan-
tity of rainwater infiltration facilities per building, infiltra-
tion trench length per building (in meters), and paved area (in
square meters) to the Kanda River Watershed’s land-use GIS
data based on provided addresses and additional details. The
watershed contained approximately 10 000 rainwater pene-
tration inlets, an infiltration trench length totaling 40 km, and
permeable pavement covering 220 000 m2.

The unit infiltration capacities of rainwater penetration and
trenches were 0.234 m3 pcs−1 h−1 and 0.220 m3 m−1 h−1, re-
spectively (Tokyo Metropolitan Council for Comprehensive
Flood Control Measures, 2019). For the permeable pave-
ment, a thickness of 0.20 m and porosity of 0.1 was used
for the permeable pavement with a storage volume of 20 mm
(Tokyo Metropolitan Council for Comprehensive Flood Con-
trol Measures, 2019). The TSR model was calculated using
different building infiltration capacities and storage volumes
for each road.

4 Results and discussion

4.1 Flooding risk assessment using design rainfall

Employing design rainfall based on a future 20-year return
period, variations in channel flow and peak inundated areas
within the study region were compared across periods to as-
sess flood risk. Channel flow changes are examined at the
confluence depicted in Fig. 7 and at a location 2 km away
from the confluence. An underground control reservoir is lo-
cated 1.3 km from this confluence.

Due to the elongated shape of the watershed in the down-
stream direction, the peak flow from the 2 km point is already
in a downstream state. Therefore, the maximum flow is larger
at the 2 km point for all periods, and the flow decreases as it
reaches the confluence point. In the case of P2076, a swift
rise in discharge occurred post the peak rainfall at the conflu-
ence location. This surge results from the reservoir hitting its
capacity, preventing water transfer to the underground reser-

Figure 7. Results of flood discharge analysis, (a) rainfall inten-
sity, (b) discharge at 2 km, and (c) discharge at confluence point
flow rate at the confluence.

voir. The peak flow variation was more pronounced 2 km
away than at the confluence for all durations. When compar-
ing peak flow multipliers relative to P1980, P2016 increased
by 1.08 times and P2076 by 1.15 times at the 2 km location.
Meanwhile, for the confluence location, P2016 increased by
1.09 times and P2076 by 1.17 times. This suggests that the
risk of flooding seemed to amplify further downstream from
the control reservoir.

Figure 8 shows the maximum inundation map for depths of
25 cm or greater, and Table 1 lists the corresponding inunda-
tion areas for roads, city blocks, and houses. The maximum
inundation area with a depth exceeding 25 cm is approx-
imately 0.56 km2 in the present climate (P1980), approxi-
mately 0.70 km2 in the P2016 period, and around 0.87 km2 in
the future P2076. When compared to the present climate, the
inundated area was approximately 1.25 times larger in P2016
and approximately 1.55 times larger in the future (P2076).

4.2 Flood risk assessment using rainstorm events

In flood runoff analyses based on projected rainfall, assessing
river flow variations due to rainfall events, including factors,
such as rainfall magnitude and duration, is difficult. To evalu-
ate the effects of rainfall patterns on the NHRCM 5 km, flood
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Figure 8. Maximum inundated area above 25 cm depth, (a)
P1980, (b) P2016, and (c) P2076.

Table 1. Area inundated depth of more than 25 cm (km2).

Tokyo P1980 P2016 P2076

Road 0.15 0.14 0.18 0.22
Block 0.20 0.18 0.25 0.34
Building 0.24 0.23 0.27 0.30
Sum 0.59 0.56 0.70 0.87

runoff characteristics due to rainstorm events were estimated
with a maximum hourly rainfall exceeding 20 mm. As men-
tioned above, rainfall with a duration of more than 60 min can
be overestimated. However, it is important to consider rain-
storm events in terms of flood frequency, which cannot be
captured by analyzing the designed rainfall. Figure 9 shows
the selected heavy rainfall events, where the vertical axis rep-
resents the 60 min maximum rainfall and horizontal axis rep-
resents the total rainfall. In the near future, P2016 will have
a high frequency, and P2076 will have many events with a
60 min maximum rainfall exceeding 60 mm.

Using the selected rainstorm events, changes in river water
levels accumulated over time, and the risk of river channel
flooding were assessed. For the upstream and downstream
sides of the regulating reservoir, the cumulative time at which
the river water levels exceeded the bank height and bank
height −1 m was calculated.

Figure 10 displays the accumulated time of exceedance
based on the criteria previously mentioned. When comparing
the accumulated time beyond both bank elevation and bank
elevation −1 m between the two sites for all periods, the up-
stream river is found to be flooded more than the downstream
river. This suggests that the flooding risk in terms of flood
frequency is higher on the upstream side of the underground
reservoir. During the P2016 period, although 24 events reg-
istered rainfall surpassing 20 mm h−1, the peak was around

Figure 9. Characteristics of selected rainstorm events.

Figure 10. Accumulated time of exceedance of the reference level
at points upstream and downstream of the underground reservoir:
(a) bank-level and (b) bank-level –1 m.

60 mm, leading to more time at bank elevation −1 m. In the
P2076 period, the number of events, 17, mirrored that of the
P1980 period. However, six of these events had a maximum
hourly rainfall exceeding 60 mm, resulting in the water level
surpassing the bank height for approximately three times the
hours observed in P1980.
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5 Summary and conclusion

In this study, the NHRCM 5 km 10 min precipitation data
were used to generate a design rainfall with a 20-year return
period for 1980–1999, 2016–2035, and 2076–2095. Further-
more, flood runoff and inundation analyses were conducted
for the upper Kanda River watershed using the Tokyo Storm
Runoff (TSR) model to examine the risk of inundation due
to climate change.

The rainfall analysis indicated that the future return pe-
riod of today’s 1 h 20-year rainfall (75 mm), which is the
river plan for the Tokyo metropolitan area, is about 13 years
for 2016–2035 and about 8 years for 2076–2095, suggest-
ing an increasing trend in the frequency of heavy rainfalls. It
was confirmed by the flood discharge analysis that the flow
rate during rainfall increased, and a more pronounced flow
rate was observed downstream than in the middle part of
the river when the reservoir’s capacity was assumed to re-
main unchanged from its current state. Through the flood risk
assessment, it was determined that the maximum inundated
area with depths of 25 cm or greater would experience an
increase of approximately 1.25 times for the 2016–2035 pe-
riod and approximately 1.55 times for the 2076–2095 period
when compared to the present conditions.

To conclude, we have shown how historical rainfall statis-
tics and future high-resolution climate projections can be
combined in order to estimate future short-duration rain-
fall extremes. These data may then be used for detailed
evaluation of climate adaptation measures to reduce urban
flood risk, as demonstrated here. The development of high-
resolution convection-permitting RCMs that well represent
observed small-scale rainfall extremes is highly encouraging
(e.g. Olsson et al., 2021). Still only a limited amount of future
projections are available because of the high computational
demand, but much research and development is currently de-
voted to this field. It is our hope that this will improve the
accuracy and reliability of urban flood risk assessment and,
in turn, lead to better-informed adaptation measures being
taken.
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