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Abstract: Among the countermeasures against combined sewer overflow (CSO), urban green space
(UGS) has been proven effective. However, few studies have examined the effects of UGS on CSO
at the municipal scale. Therefore, this study aimed to develop a novel method for estimating the
relation of the area of UGS to CSO based on a case study in the Tokyo metropolitan area, which
includes 10 sewersheds. This method integrates surface runoff modeling, sewer network analysis, and
response analysis for estimating CSO and its response to the UGS proportion in each sewershed. This
method is based on public data of topographic features, land-related data, and rainfall characteristics.
Specifically, the CSO discharge is estimated to be the difference between the rainwater inflow to a
terminal treatment plant and the maximum capacity of the sewer systems in each sewershed. The
results revealed that the amount of CSO increases exponentially with the intensity of rainfall. In
addition, a response analysis showed that the increase in UGS proportion would mitigate CSO in all
sewersheds, particularly in the case where the UGS proportion increased from 5% to 10%. Overall,
the present method allows us to estimate CSO in relation to rainfall pattern and the distribution of
UGS in a sewershed without actual CSO records.

Keywords: combined sewer overflow; rainfall intensity; sewer network analysis; surface runoff;
urban green space

1. Introduction

In combined sewer systems, sewer pipes are designed to collect both wastewater and
rainwater runoff. In principle, up to a certain level of stormwater input, a wastewater
treatment plant can accept and effectively treat a mixture of wastewater and rainwater.
However, in the case of heavy rains, the mixture of sewage wastewater and rainwater
flowing in the combined sewer systems may exceed capacity. To prevent treatment plant
overcapacity, a portion of sewer water is diverted directly to the water environment without
treatment, a procedure referred to as combined sewer overflow (CSO) [1]. In many cities,
CSO has been known to cause environmental pollution and, consequently, deterioration of
the aquatic ecosystem [2-5]. For instance, CSO has been reported to drastically increase the
concentration of microbes indicating fecal contamination in an urban river in Paris [6] and
in coastal water in Tokyo [7,8]. It has also been reported that CSO contributes 40-90% of
the annual load of various micropollutants in a lake in Burlington, Vermont, although its
discharge accounts for only 10% of the annual water discharge [9]. Therefore, CSO needs
to be alleviated in order to maintain the health of the aquatic environment, particularly in
urban areas.

Urban green space (UGS) is the term for open-space areas such as parks and other
“green spaces,” which may include vegetation, water, and other elements of the natural
environment [10]. Such natural spaces are considered to act as a kind of countermeasure
against CSO because they enhance ecosystem services in urban areas [11]. In a broad
sense, green spaces are a type of green infrastructure because they serve various functions
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that aid disaster prevention/mitigation, environmental protection, regional promotion,
and so on [12-14]. They are thus utilized to solve social issues, a process referred to as
a nature-based solution [15]. Thus, government and academic investigations have been
conducted to elucidate urban ecosystem services and how they help cities to enhance
their resilience [16].

From an environmental perspective, UGS has several functions, including mitigating
floods and stormwater, maintaining a healthy hydrologic cycle, purifying the atmosphere,
and maintaining natural habitats [17-21]. In particular, UGS is expected to reduce sur-
face runoff by increasing stormwater storage capacity and infiltration volumes, thereby
potentially further reducing the discharge of CSO. Previous studies have clarified the
value of UGS in terms of reducing surface runoff in urban areas [22-25]. For instance, the
runoff reduction capacity of UGS in Beijing has been estimated as 2494 m?/ha, with up to
1.54 x 108 m3 of rainwater stored in the UGS [22]. Maragno et al. [23] reported that the
average runoff reduction efficiency of UGS was 6-23% in 9 parts of Venice, Italy. Further-
more, types of UGS such as rain gardens, green roofs, and porous pavements improve the
water quality of the overflow because they filter out pollutants, thereby contributing to
mitigation of the environmental issues involving CSO [26-29].

There have been some attempts at using empirical and process-based models to
quantitatively assess the capacity of UGS in terms of CSO mitigation. For example, a model
has been built based on the records of CSO in Quebec to describe the relationship between
rainfall characteristics and CSO [3]. The Stormwater Management Model developed by
the United States Environmental Protection Agency [30] was used to investigate a water
collection system in Philadelphia, Pennsylvania, that incorporated UGS [31]. The results of
that study revealed that UGS has better performance for low-intensity and short-duration
events in terms of volume and peak flow reduction compared with high-intensity and long-
duration events. Furthermore, in Tokyo, the introduction of UGS seems to have decreased
CSO in one watershed, based on the observation of CSO from combined sewer systems [32].
However, the quantitative relationship between UGS and CSO has been demonstrated
only in a limited number of sewersheds. Moreover, the reported estimation methods relied
mainly on actual records of CSO in areas of less than 10 km? [31-33]. Thus, there is no
available method or model for assessing the potential contribution of UGS to mitigate CSO
at the municipal or regional scale where past records of CSO are not available, which is
commonly the case. Therefore, it is critically important to model the quantitative relation
between UGS and CSO at the municipal scale, which will help us better understand the
dynamics of the urban water cycle and design more effective UGS.

Against the backdrop described above, this study aims to propose a method for
estimating CSO at the municipal scale and investigate the mitigation capacity of UGS for
CSO discharged into the water environment, taking Tokyo as an example. First, we built
a semi-process-based model to investigate the relationship between CSO and UGS and
then created hydrographs of the influent to each terminal treatment plant based on the
constructed sewer network as well as surface runoff analyses. Second, the constructed
model was applied to investigate how effective the increase in UGS area is for mitigating
CSO and maintaining the aquatic environment in Tokyo. In this manner, we estimated CSO
in relation to rainfall intensity and the response of CSO to the change in UGS proportion.
The presented method enables us to estimate CSO flux and its relation to UGS using only
public data, making it applicable for the first time to metropolitan areas.

2. Materials and Methods
2.1. Study Area

The target area of this study was the Tokyo metropolitan area, which comprises
23 wards (622 km?, Figure 1). In this area, frequent heavy rainfall events generate CSO and,
thus, affect the urban environment. Thus, we prioritized and chose the TMA as the study
area. The sewerage system in this area (Figure 1a) consists of combined sewer systems (82%)
and separated systems (18%) [34]. The area is divided into 10 sewersheds, each of which
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holds a different areal proportion of UGS and is equipped with a terminal treatment plant.
The proportion of UGS in those sewersheds during 2018-2020 ranges from 4.2% (Ochiai)
to 11.4% (Nakagawa) (Figure 1), according to a high-resolution land cover classification
map with a resolution of 10 m [35] (Figure 1b). Tokyo has three types of surface soil: sand,
a mixture of sand and gravel, and Kanto loam (Figure 1c) [36]. The overall topography in
the Tokyo Metropolitan area is flat, and the variation of elevation is relatively small, as it
locates in the lowland area with some hilly terrain. Overall, the western part of the district
has relatively high elevation, and the eastern part has low elevation facing the Tokyo Bay.
To be specific, the average elevation in the Tokyo Metropolitan area is about 30 m above
sea level with the highest elevation of approximately 56.7 m above sea level in the Nerima
ward, which is covered by the Shingashi sewershed.
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Figure 1. Distribution of (a) sewerage collection type with areal proportions of the sewersheds,
(b) land use and the weather station, and (c) soil type (hydrologic soil group) in the Tokyo metropoli-
tan area.

2.2. Methods
2.2.1. Overview of Capacity Assessment of UGS
To set up rainfall scenarios, rainfall events in Tokyo were extracted from the hourly rain-

fall record collected by the weather station of Japan Meteorological Agency (Figure 1b) [37].
Assuming typical rainfall events, the spatial distribution of surface runoff was estimated
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using the Soil Conservation Service Curve Number (SCS-CN) method developed by the
United States Department of Agriculture. The surface runoff causes inland flooding when
the inflow to a combined sewer system exceeds its capacity (Figure 2). The combined sewer
systems in Tokyo were constructed to handle a rainfall intensity of 50 mm/h [38], and the
maximum rainfall intensity during the study period was less than 50 mm/h. Thus, the
surface runoff was assumed to completely flow into the combined sewer systems in Tokyo.
Next, the flow time (i.e., travel time) from all locations in a given sewershed to the termi-
nal treatment plant in the combined sewer network was estimated using sewer network
analysis, which allowed us to determine the temporal change in inflow to the terminal
treatment plant. The difference between the hydrograph and the capacity of each sewer
system was calculated as the estimated CSO flux. Finally, the whole procedure was applied
to a response analysis in order to determine how the areal proportion of UGS in each
sewershed influences the CSO flux. The spatial coverage of the target area (i.e., 622 km?)
and the distributed characteristics of CSO do not allow us such common procedure of
model application, at least with our current technical capacity. For instance, each sewershed
is equipped with more than 100 outlets of CSO in Tokyo. Thus, the proposed method uses
only the public data (Table S1) for estimating the parameters. The details are described in
the following section.

Rainfall (P) @& & &

- .
Water use (Q) v 9  Urban Green Space
Surface runoff (Q) } } } } } } Evapotranspiration
- v Response Analysi.
S . DDy andflood e agion s
b 4
Sewage Drain ditch Combined Sewer System

.
Pumping station - Treatment plant

Treated water

.* Combined Sewer Overflow

The difference between hydrograph
. and the capacity of the sewer system

Water environment

Figure 2. Schematic diagram of the rainwater flow into the combined sewer systems. The analytical
methods for the estimation of CSO discharge are underlined.

2.2.2. Surface Runoff Model

In this study, we used Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST https:/ /naturalcapitalproject.stanford.edu/software/invest (accessed on 30 July
2021)) [39] modeling to simulate surface runoff and infiltration of rainwater based on the
SCS-CN method with the Urban Flood Risk Mitigation model tool. This suite of models


https://naturalcapitalproject.stanford.edu/software/invest

Land 2023, 12, 993 50f 16

maps and evaluates goods and services from nature that sustain and fulfill human life.
According to the SCS-CN method, the surface runoff (Q) is estimated as follows.

2
Q= % forP > I, 1)
0 otherwise
254
S = %130 — 254 ()
I, =AS 3)

Here, Q is the surface runoff depth (mm); P is the rainfall intensity depth (mm) at a
given time (one hour in this study); S is the potential maximum water storage in soil (mm);
the curve number (CN) is a key empirical parameter ranging from 0 to 100 that is used in
hydrology for predicting direct runoff or infiltration from rainfall excess and is determined
by combining land use and surface soil type, which is also called hydrologic soil group
(Table S2); I, is the initial abstraction of rainfall (i.e., the initial loss of rainfall by infiltration)
and represents the process by which water is retained on the soil surface before surface
runoff begins. Thus, it determines the amount of rainfall needed to generate runoff. In the
SCS-CN method, the initial abstraction is defined as a fraction of the maximum potential
retention, which depends on the land use and soil type. In our study, it was subtracted
from the rainfall to determine the effective rainfall, which was then used to calculate the
surface runoff. Lastly, A is the initial abstraction coefficient, which is 0.2 [40].

To apply the SCS-CN method, three types of datasets were required: distribution
of land use (Figure 1b), distribution of hydrologic soil groups (Figure 1c), and a specific
rainfall event. Rainfall events in Tokyo from 2016 to 2020 are summarized in Table 1 [37].
Consistent with the criteria of the Japan Meteorological Agency, rainfall with an intensity
of 10 mm/h or higher was considered heavy rainfall. As shown in Table 1, most rainfall
intensities were below 10 mm /h; there were only 62 heavy rainfall events, which accounted
for 8.5% of the total. CSO may occur when heavy rainfall occurs in a short period. Based
on the record, this study investigated 50 rainfall events in total, which were five different
rainfall intensities of 1.77 mm/h, 10 mm/h, 16.75 mm/h, 27.5 mm/h, and 40 mm /h in each
of the 10 sewersheds. All rainfall intensities in our model analyses were assumed to be less
than 50 mm/h, and thus inland flooding would not happen according to reference [38]. In
the model analyses, the rainfall intensity was assumed to continue for one hour with a fixed
intensity over time to describe the relation of UGS and CSO. Based on this assumption,
the discharge in a sewer system was estimated to be a mixture of a given rainfall and
sewage in each sewershed. Therefore, the discharge of CSO was estimated by the difference
between the discharge in a sewer system and the capacity of the corresponding terminal
treatment plan.

Table 1. Characteristics of rainfall events in Tokyo during 2016-2020.

. Average Rainfall Maximum Rainfall
Type of Rainfall Event No. of Events Intensity (mm/h) Intensity (mm/h)
All events 642 1.77 40.0
More than 10 mm/h 60 14.15 40.0
More than 10 mm/h
and lasting less than 3 h 10 16.75 275

2.2.3. Sewer Network Analysis

The sewer pipes in Tokyo are installed beneath roads and streets, and the size of sewer
pipes is proportional to the size of road. Thus, the analysis of the sewer network in Tokyo
was based on the road network compiled by Geofabrik, which was extracted from Open
Street Map data [41]. We utilized the road network to determine the sewer network by



Land 2023, 12,993

6 of 16

focusing on the types of roads: primary (main roads managed by the local government),
secondary (roads supplemental to the primary roads managed by the local government),
tertiary (two-lane roads), residential (roads that cars use to pass through in residential
areas), living streets (roads on which pedestrians are given a higher priority than cars), and
unclassified (roads not belonging to any of the other categories).

To draw a hydrograph of influent water to the terminal treatment plant for each rainfall
intensity, it is necessary to know the distribution of surface runoff and flow time from each
point to the terminal treatment plant. The discharge of surface runoff in each sewershed was
estimated using the SCS-CN method described in the previous section. To determine the
flow time from each point to the terminal treatment plant, we used the Generating Service
Areas and OD Cost Matrix tools of Network Analyst [42,43], which extend the functions of
ArcGIS; the Generating Service Areas tool was applied to create service areas based on the
locations of the pumping station and the terminal treatment plant. The OD Cost Matrix tool
was then used to calculate the shortest travel time between the service areas, allowing us to
identify the critical route, which concentrates the most wastewater to flow through the sewer
system. The flow velocity was determined using Manning’s formula. The most popular
material for sewer pipes in Tokyo is reinforced concrete, and thus the Manning roughness
coefficient of reinforced concrete was set at 0.014 for the calculation of flow velocity. The
national regulation of Japan specifies 1/100 as the minimum slope of sewer pipes, and
thus the slope of all the pipes in this analysis was assumed to be 1/100. The pipeline was
assumed to be filled with sewer water because CSO occurs under heavy rainfall.

To generate the hydrograph for each specific rainfall pattern in a given sewershed,
we utilized the zonal statistics tool available in ArcGIS. We assumed a constant rainfall
intensity for a duration of one hour and used the tool to calculate the total amount of
rainfall runoff from each sub-catchment area in the sewershed. This tool calculates the
total area of each watershed that was covered by a specific rainfall intensity for one hour.
The total rainfall depth was then divided by the total area of the watershed to obtain the
average rainfall intensity. We used the resulting average rainfall intensity values to generate
the hydrographs for each watershed by using the SCS-CN method to estimate the surface
runoff. For this step, we assumed that the rainfall intensity is constant over time for one
hour. The generated hydrographs were then used to calculate the inflow to the terminal
treatment plant and the CSO flux.

2.2.4. Estimation of Treatment Capacity of Each Terminal Treatment Plant

The capacity of each terminal treatment plant for receiving rainfall was estimated
based on information from the Japan Meteorological Agency [37] as well as the average
amount of treatment sewerage published by the Tokyo Metropolitan Government [44]. The
terminal treatment plants and sewer systems have the capacity to treat water (mixture of
sewerage and rainwater) up to three times higher than the flux of sewage water during
dry weather condition [44]. Therefore, when it rains, the terminal treatment plant can
additionally accept the flux of rainwater up to double the sewage flux during normal
weather condition, and the maximum amount of treated rainwater can be calculated
as follows.

Lx + Adt
QAve = fo <x dlt_ ) (4)
[ Qp Qp <2x
A= {fo) othperwise ©®)

Here, Q 4, is the average record of the amount of sewage influent; ¢ is the analysis
period (here, five years from 2016 to 2020); Qy is the rainwater flow in each sewershed
(m3/h); and x is the flow rate of sewerage (without rainwater). Qp was calculated by
multiplying the rainfall intensity by the area of the sewershed. If x is assumed to be
constant over time, the maximum capacity for rainwater discharge in a sewer system is



Land 2023, 12,993

7 of 16

double that amount. Thus, the amount of CSO (Qcso) was estimated as the difference
between the hydrograph and the rainwater treatment capacity in each sewershed.

2.2.5. Response Analysis for the Relation between UGS and CSO

Referring to the classification of land use, each land use type was classified as either
UGS or impervious surface [45]. UGS land uses are rice paddy, crops, grassland, deciduous
broad-leaf forest, deciduous needle-leaf forest, evergreen needle-leaf forest, evergreen
needle-leaf forest, and bamboo.

Regarding the reconstruction of UGS, the proportion of UGS was modified from
the actual land use and the change of CSO was analyzed accordingly. The sequence of
operations was determined by combining ArcGIS geoprocessing tools. A response analysis
was performed to clarify the relationship between the mitigation of CSO and the existence
of UGS. The proportion of CSO for the total amount of rainwater was calculated using the
following equation.

Qcso ©)
Qcso + Qtreated + Qinfiltrated

Pcso =

Here, Pcgo is the proportion of CSO for the total amount of rainwater; Qcsp is the
amount of CSO discharged into water bodies, calculated as described in the previous
section; Qyreqteq 1S the amount of rainwater treated at the terminal treatment plant; and
Qinfiltrated 1S the amount of rainwater that has infiltrated the soil, which is calculated as the
difference between rainfall intensity and surface runoff (Q). Finally, the UGS proportion
was changed from 5% to 10%, 10% to 15%, and 15% to 20% for each sewershed in order to
check the rate of CSO changes.

3. Results
3.1. Estimated CSO in Relation to Rainfall Intensity

The estimated hydrographs at the terminal treatment plants revealed that the discharge
in the sewer system became higher as the rainfall intensity increased (Figure 3). The
shape of each hydrograph was different among the sewersheds, reflecting the flow time
of each sewer network even though the assumed rainfall intensity was the same for all
sewersheds. The highest and smallest discharges of rainwater were observed in Shibaura
(10,640 m*/min) and Nakagawa (1100 m3/min), respectively. The discharge peaks were
confirmed before 60 min in the Kosuge, Ochiai, Odai, and Sunamachi sewersheds and at
and after 60 min in Kasai, Mikawajima, Morigasaki, Nakagawa, Shibaura, and Shingashi.
Most of the sewersheds showed quick recovery, and the rainwater discharge returned to
normal levels within 120 min. Morigasaki and Shingashi were affected for a relatively long
time, producing CSO until 165 min and 152 min, respectively.

As the result of the estimation of the overflow, CSO did not occur in all sewersheds
in the cases with rainfall intensity of 1.77 mm/h or 10 mm/h (Figures 3 and 4). A rainfall
intensity of 16.75 mm/h did not cause CSO in the sewersheds of Kosuge, Morigasaki,
Nakagawa, Ochiai, and Shingashi, while it did cause CSO in the sewersheds of Shibaura,
Kasai, Mikawajima, Odai, and Sunamachi. When the rainfall intensity was higher than
16.75 mm/h, the results showed the occurrence of CSO in all the sewersheds. The Shibaura
sewershed showed the highest flow rate of CSO among the sewersheds, and Mikawajima
showed the highest CSO volume, whereas Nakagawa showed the lowest in both CSO flow
rate and volume. When the rainfall intensity increased from 27.5 mm/h to 40 mm/h, the
response of CSO flow rates to rainfall intensity in Morigasaki and Shingashi was found to be
1.95 times and 1.71 times higher than the average response in all the areas, respectively. The
terminal treatment plants in Morigasaki, Shibaura, and Shingashi showed relatively high
rainwater receiving capacities of 1321 m>/min, 722 m3/min, and 729 m3/min, respectively,
while the rest showed intermediate capacities (Figure 3).
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Figure 3. Hydrograph at the terminal treatment plant in each sewer district under the different
rainfall conditions. The horizontal arrows show the period of the simulated rainfall. The blue lines
show the rainwater discharge reaching each terminal treatment plant under each rainfall intensity.
The grey dotted lines and numbers indicate the capacity of each terminal treatment plant for receiving
rainwater discharge. Thus, the difference between the rainwater discharge and the capacity for
receiving rainwater indicates the estimated discharge of CSO in each sewershed.

3.2. Response of CSO to the Change in UGS Proportion

The result shows that the higher the percentage of UGS is in all regions, the lower the
percentage of CSO is (Figure 5). This is because the amount of rainwater that infiltrates the
ground increases as the proportion of UGS and the rainwater infiltration capacity increase.
For example, the proportion of CSO for the total amount of rainwater decreased when UGS
increased from 5% to 20% in each sewershed, and the rainfall intensity decreased (Figure 5).
Because CSO did not occur when the rainfall intensity was less than or equal to 10 mm/h
(Figure 3), only rainfall intensities higher than 10 mm /h were analyzed. As a result of using
ArcGIS geoprocessing tools, the proportion of UGS deviated slightly from 5%, 10%, 15%,
and 20% due to the conversion of raster data (i.e., the actual land use data) to polygon data.
The reduction of CSO in all sewersheds in response to UGS weakened from 55.4% to 18.0%
as the rainfall intensity increased from 16.75 mm/h to 40 mm/h, indicating the higher
efficiency of UGS to control CSO in the event of low-intensity rainfall. At a rainfall intensity
of 16.75 mm/h, the proportions of CSO for the total amount of rainwater in Shibaura,
Mikawajima, and Sunamachi were significantly higher than in the other six sewersheds
(Figure 5a). The proportion of CSO for the total amount of rainwater was the lowest in
Morigasaki at all rainfall intensities.
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Figure 4. Amount of CSO at various rainfall intensities in each sewershed. (a) Total volume of CSO
including all areas. (b) Amount of CSO per area in each sewershed. The black dotted lines indicate
the proportion of CSO for the total amount of rainwater at one rainfall event.

The reduction rates of CSO at different rainfall intensities and proportions of UGS for
each sewerage are shown in Figure 6. At a rainfall intensity of 16.75 mm/h, the reduction
rates of CSO when the proportion of UGS changed from 5% to 10% were higher than those
resulting from the other proportional changes of UGS, particularly in Kasai, Odai, Shibaura,
and Sunamachi sewersheds (Figure 6a). Meanwhile, the reduction rates of CSO in Kosuge,
Morigasaki, Nakagawa, Ochiai, and Shingashi were close to zero (Figure 6a). At rainfall
intensities of 27.5 mm/h and 40 mm/h, the reduction rates of CSO for all proportions of
UGS that were changed in each sewershed were similar, except in the Kasai, Nakagawa, and
Shignashi sewersheds (Figure 6b,c). As a result, the case of the shift of the areal proportion
of UGS from 5% to 10% showed the higher rate of reduction of CSO than other cases of
UGS increase at all rainfall intensities in most sewersheds.
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Figure 5. Proportion of CSO in each rainwater event lasting 1 h with a rainfall intensity of
(a) 16.75 mm/h, (b) 27.5 mm/h, and (c¢) 40 mm/h for each modified land use in terms of UGS
proportion. The number in each graph shows the average change rate in CSO proportion based on

5% to 19% of each of the 10 sewersheds.
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Figure 6. Reduction rate of CSO per 1% change in UGS areal proportion when the UGS proportion is
increased by 5% from 5%, 10%, and 15%, respectively. The results correspond to rainfall lasting 1 h
with a rainfall intensity of (a) 16.75 mm/h, (b) 27.5 mm/h, and (c) 40 mm/h for each modification of
UGS areal proportion. In addition, the y-axis on the right indicates the actual UGS proportion in each
sewer district. Some of the sewersheds have no bar in (a) because no CSO was detected.

4. Discussion
4.1. Proposed Method for Assessing CSO in Urban Areas

In this study, CSO flux was estimated using a relatively simple method. This method
does not require the actual CSO records in the target area, unlike methods reported in pre-
vious studies [31,32], which are based on actual flow in sewer pipes and thus require data
on local rainfall as well as CSO records and the calibration of the model parameters such as
plot size and percent imperviousness. Instead, the method proposed in this study allows
for the estimation of potential CSO flux at the sewershed scale under a given rainfall condi-
tion based on the semi-process-based model that quantitatively describes the relationship
between UGS and CSO. We compared the final CSO production and production conditions
with past studies in Quebec and Tokyo [3,46], and in agreement with previous findings,
CSO was more likely to be produced under intense rainfall condition (i.e., >15 mm/h).
The bottom line for the development of the presented method was the applicability to
a whole urban area only with public data (Table S1). Thus, the proposed method is ap-
plicable to other urban areas. To be specific, this method requires (1) topographic data
and land use/cover data (e.g., Figure 1b), (2) the distribution of hydrological soil groups
(e.g., Figure 1c), (3) road network data, and (4) the rainfall characteristics. The model out-
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puts indicate that inland flooding would not occur at any of the assumed rainfall intensities
and the land use distribution in the Tokyo metropolitan area. In fact, the combined sewer
systems in the Tokyo metropolitan area were designed with the target rainfall intensity set
as 50 mm/h [38], which is consistent with the results of the present study.

In addition, the proposed method can be applied to investigate the potential con-
tribution of increased UGS area for mitigating CSO and the consequent pollution of the
aquatic environment. Previous studies have investigated the role of green infrastructure
at a much smaller scale (<10 km?) than in this study and have also focused on expanding
green infrastructure with the aim of reducing the incidence of CSO or designing green
infrastructure with more efficient drainages [31,33,47]. Nevertheless, owing to the rela-
tively simple structure of the present model, the demonstrated approach does not allow
us to identify the locations where CSO would occur. This is because in the sewer network
analysis, the occurrence of CSO was estimated by comparing the hydrograph with the
capacity of a terminal treatment plant. The estimation of CSO distribution requires more
detailed information about the sewer network, such as pipe diameter and slope, although
the topography of the target area is gentle, and thus we assumed the uniform slope for
sewer pipes in our analysis.

4.2. Estimated CSO in Current Land Use

The hydrographs of sewer flow resulted in different shapes among the sewersheds
(Figure 3). The hydrographs for Morigasaki, Shibaura, and Shingashi were convex. The
areas of these sewersheds are larger than those of the other sewersheds. In large sewersheds,
surface runoff reaches the terminal treatment plant from various points across a large area,
and thus the arrival time at the treatment plant ranges widely, resulting in a wide range of
hydrographs. In such sewersheds, the flow rate increases rapidly in a short time in the area
nearest the terminal treatment plant, suggesting that CSO likely occurs frequently in the
vicinity of treatment plants.

The estimated CSO flux showed increases in CSO over rainfall intensity, and the
response appeared similar to the exponential curve (Figure 4). Low rainfall intensities such
as 1.77 mm/h and 10 mm/h did not cause CSO, whereas intensities higher than 27.5 mm/h
did. This indicates that the threshold for the occurrence of CSO is within the range from
15 mm/h to 25 mm/h. Similar studies in Quebec and Tokyo have shown that rainfall events
with an intensity above 15 mm/h and lasting longer than 60 min resulted in CSO, although
such extreme rainfall events are rare [3,46]. Due to the fixed capacity of terminal treatment
plants, CSO could theoretically increase without a limitation corresponding to the rainfall
intensity when it exceeds the threshold. At a rainfall intensity of 40 mm/h, more than 20%
of rainwater in the Mikawajima, Shibaura, and Sunamachi sewersheds was estimated to be
CSO only. This high proportion is due to land use characteristics because those sewersheds
are mainly commercial, business, and industrial areas. In contrast, the CSO proportions
in other sewersheds are generally less than 20% because they are located on the edges of
Tokyo, where there are higher areal proportions of residential land.

4.3. Capacity of UGS in Mitigating CSO

The results demonstrated that the percentage of CSO decreases as the percentage
of regional UGS increases from 5% to 19% (Figure 5). As the rainfall intensity increased,
the impact of the areal proportion of USG on CSO flux became less significant. In other
words, the lower the rainfall intensity within the range of 16.75 mm/h to 40 mm/h was, the
more effective the increase in UGS was in mitigating the CSO. At a low rainfall intensity;,
the rainwater treatment capacity of the terminal treatment plant is relatively large. Thus,
under such rainfall conditions, the reduction in rainwater flow through infiltration effect
of rainwater by UGS is directly reflected in the mitigation of CSO flux (Figure 5a). In
contrast, at high rainfall intensities (i.e., >16.75 mm/h), the rainfall input was much higher
than the rainwater treatment capacity of the terminal treatment plant (Figure 4). Thus, the
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mitigation effect of UGS for reducing CSO was not as clear as that under weaker rainfall
intensity conditions.

Furthermore, the higher the rainfall intensity is, the smaller the difference in the
proportion of CSO among the sewersheds is (Figure 5). At a rainfall intensity of 16.75 mm/h,
the difference between the maximum and minimum values of the CSO proportion was
3 times larger than that at a rainfall intensity of 40 mm/h. Under low rainfall intensity
conditions, UGS plays a significant role in determining the proportion of rainfall infiltration,
and thus sewershed properties such as UGS, geography, and area contribute to disparities
in the CSO proportion among sewersheds. The slopes of the graphs at each rainfall intensity
(Figure 5) suggest that the response of the CSO proportion to the UGS proportion depends
on both the rainfall intensity and sewershed characteristics.

In addition, a relatively weak rainfall intensity of 16.75 mm /h showed a larger CSO
reduction rate for increasing the proportion of UGS compared with heavy rainfall intensities
(i.e., 40 mm/h; Figure 6). This result is consistent with previous research [31]. Because of the
limited capacity of potential maximum water storage (S) in the soil, the ability to increase
rainwater infiltration by increasing UGS is relatively constant even when the amount of
rainfall increases, and thus the calculated reduction rate is lower when converted to a
percentage. In addition, one of the remarkable findings of this study is the change in the
slope of the reduction rate along the intervals of UGS proportion. The reduction rate of
the CSO proportion was relatively higher when the UGS proportion changed from 5% to
10%. However, it should be noted that the present results were not applied to any specific
spatial planning in terms of UGS distribution. As a next step, it is important to link a
specific spatial plan (i.e., the distribution of UGS) with the mitigation of CSO in the Tokyo
metropolitan area [32], which should enable us to verify the results. The presented model
analyses did not deal with stochasticity or probability distribution, although we do have
some uncertainty in the model structure and parameters, which is possibly revealed by the
actual record of CSO in the future. In addition, it would be possible to further integrate the
stochasticity of rainfall patterns with the presented method.

In addjition, the reduction rate of CSO by UGS was distinct among the sewersheds
(Figure 6). The reduction rate was relatively low as the UGS proportion increased. This
pattern can be roughly divided into two types: one is a reduction in the reduction rate,
which was the trend described above, and the other is the reduction rate independent
of the UGS proportion. Therefore, when introducing UGS as a mitigation measure for
CS0, it is important to identify the potential response of CSO flux to the areal proportion
of UGS as well as the current UGS proportion in order to determine which sewersheds
should be prioritized in the actual implementation. For instance, the results indicate that
the introduction of UGS to the Shingashi sewershed, where the UGS proportion is presently
less than 10%, is the most efficient when the rainfall intensity is 40 mm/h.

The Tokyo Metropolitan Government has been working to prevent CSO by taking
countermeasures such as installing rainwater storage equipment at pumping stations,
which is referred to as gray infrastructure. Based on our results, it might also be necessary
to enhance the capacity of sewerage systems with such facility measures. In contrast,
the addition and extension of UGS will make possible several services at a lower cost
compared with gray infrastructure. UGS offers not only water storage but also a variety of
functions that generate substantial economic value, including ecological and social services,
mitigation of air pollution, thermal regulation, and reduction of surface runoff [15,48-50].
The reduction of surface runoff alone may offset the cost of maintenance to some degree [22].
Gray infrastructure, however, requires significant capital and maintenance costs.

For instance, in the Tokyo metropolitan area, there is an ongoing gray infrastructure
project aimed at improving the Nomigawa River mainline, which involves the construction
of a 4 km-long underground space with a diameter of 3.25 m beneath the existing drainage
to collect and store rainwater when rainwater exceeds 50 mm/h in the Morigasaki sew-
ershed. This facility will have the capacity to store 33,000 m> of rainwater and it will cost
approximately 7.5 billion yen to construct. For comparison, if the proportion of UGS in
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the metropolitan area is raised by 5%, we can expect an approximate reduction in CSO of
310,000 m? (at 40 mm/h intensity), which is about 9.4 times the storage capacity of this gray
facility. However, in the domain of urban planning, efforts to increase the areal proportion
of UGS in sewersheds generally require negotiation and coordination on a time scale longer
than that for a gray infrastructure construction project. Therefore, determining the best com-
bination of gray and green infrastructure may be the approach for mitigating CSO. In fact,
combining grey and green infrastructure has been suggested to be effective for managing
urban rainwater [51], and the same may be true for mitigating CSO in urban areas.

5. Conclusions

This study investigated the effectiveness of using UGS to mitigate CSO in the Tokyo
metropolitan area based on our newly developed approach, which estimates the potential
contribution of UGS for mitigating CSO at an urban area scale, based on the InVEST model,
SCS-CN method, the road network, and the capacity of treatment plants. Thus, it does
not require detailed data or sewerage records (e.g., the capacity of the actual sewer pipe
network, the percent of imperviousness in roads, or historical CSO records). In addition, the
conventional methods for estimating CSO flux are applicable only to small scales such as
neighborhoods or districts, whereas the presented method can also be applied to municipal
scales including several sewersheds, in order to quantify the potential relationship between
UGS and CSO in sewersheds.

According to the results of the response analyses, the amount of CSO increases expo-
nentially with the intensity of rainfall due to the limitation of stormwater treatment capacity.
Of all the sewersheds in the Tokyo metropolitan area, the Mikawajima sewershed showed
the highest response to an increase in rainfall intensity in terms of CSO amount, followed
by the Shibaura and Sunamachi sewersheds, whereas the Odai and Shingashi sewersheds
showed relatively low responses. In addition, the increase in the UGS proportion would
be expected to mitigate CSO in all sewersheds, particularly when the UGS proportion
increases from 5% to 10%. For instance, the Morigasaki sewershed was expected to show a
higher CSO reduction rate compared with other sewersheds due to its lower actual UGS
proportion of approximately 5%.

It is difficult to quickly increase the UGS proportion in urban areas. Therefore, although
UGS has greater economic and social benefits compared with gray infrastructure, the results
of this study suggest that a combination of gray and green infrastructure may be a more
feasible approach for mitigating CSO. If we wish to introduce UGS as a CSO measure, the
proposed approach would prove beneficial by prioritizing sewersheds, considering the
ecosystem function of UGS. In this regard, our analyses identified three factors: (1) targeted
rainfall intensity, (2) the current UGS proportion in the sewershed, and (3) reduction rate of
CSO for a given increase in UGS.
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