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ARTICLE INFO ABSTRACT
Keywords: The increasing frequency of urban flood disasters presents a significant obstacle to urban sus-
Urban drainage pressure tainability. Urban flood management aims to reduce the flood occurrences, currently addressed

Urban flooding

through urban drainage systems. Previous studies have demonstrated future precipitation ex-
Climate change

tremes will pose larger pressure on urban drainage network, but when and where the pressure

SWMM model . . . . . .

CMIP6 will reach a dangerous level have never been assessed in any city of China. This study establishes

SSP-RCP the initial framework for identifying critical decades and hot spots of urban drainage pressure
changes due to future climate change, through a case study conducted in southern China (Haining
city). Urban drainage pressure was assessed by a combination of the urban drainage model known
as the Storm Water Management Model (SWMM) and pipe statistics. Using climate projections
from the latest phase of Coupled Model Intercomparison Project (CMIP6) under four typical SSP-
RCP (shared socioeconomic pathway-representative concentration pathway) scenarios, we proj-
ect the changes in urban drainage pressure by 21st century, and identify the key decades and high
risk areas with the occurrence of dangerous pressure levels. The results indicate an overall up-
ward trend in urban drainage pressure for Haining city, with over 97% of the flooding nodes
projected to firstly reach the dangerous level by the 2030 s. Comparisons of the patterns under
different SSP-RCP scenarios, suggest that a higher forcing pathway would expedite the deterio-
ration of urban drainage pressure, particularly in urban areas with lower DEM and high building
intensity. This has broad implications for better informing disaster management and policy-
making in similar cities, especially those with inadequate drainage capacities.

1. Introduction

Urban flooding has posed devastating impacts on society and city infrastructure (Bloschl et al., 2019; Depietri and McPhearson,
2018; Liu et al., 2023; Tellman et al., 2021). During 2011-2014, approximately 62% of surveyed Chinese cities experienced
flood-related damages, resulting in direct economic losses amounting to around USD 100 billion (China Statistical Yearbook, 2015;
Zhou et al., 2018). With the rapid urbanization urban flooding occurred more frequently over recent decades (Li et al., 2022; Luo and
Zhang, 2022; Tang et al., 2024). Global-scale climate change would affect precipitation pattern in most of China, resulted in more
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precipitation extremes in the upcoming period (Dawkins et al., 2022; Moustakis et al., 2021; Zhai et al., 2020). That poses a major
challenge to execute urban flood management strategies in most cities. Typically, these strategies involve the utilization of the
drainage system including the pipes and manholes (Gimenez-Maranges et al., 2020; Li and Bortolot, 2022). Hence, assessing the
changes of urban drainage pressure is of significant importance for proactive policymaking and offering long-term insights into urban
disaster management.

In the previous studies, numerous models have been developed to simulate the hydrologic processes during storm events (Farina
et al., 2023; Lou et al., 2024). These include Storm Water Management Model (SWMM), InfoWorks, Hydrologic Simulation Program
Fortran, and MIKE FLOOD. These models have been used to simulate the impacts of extreme precipitation events on the overflow
volume or flood inundation condition (Son et al., 2023; Yang et al., 2021). It was found that urban flood risk would significantly
increase under future climate change (Kim et al., 2017; Wasko et al., 2021). Generally, the design of drainage systems relies heavily on
historical precipitation statistics for a specific time period, disregarding the potential variations in extreme precipitation events. Given
these facts, it becomes crucial to assess the impact of future climate on urban flood pressure caused by precipitation extremes.
However, there is currently a gap in simulations addressing urban drainage pressure under future climate change, especially in the
cities struggling with substantial drainage capacity constraints.

Currently, coordinated climate model intercomparison which enabled by the Coupled Model Intercomparison Project (CMIP), was
used to derive global precipitation projections (Chen et al., 2020; NCC-Editorial, 2019; Xu et al., 2022). Based on the outputs from the
CMIP models, future changes of precipitation extremes throughout China have been assessed (Tian et al., 2021; Xu et al., 2022). Given
the uncertainties in social development and emission scenarios during the future period (Heinze et al., 2019; NCC-Editorial, 2019), the
improved climate projections recently published by CMIP6 (CMIP is in its sixth phase) could help obtain more robust estimations (Cos
etal., 2022; Eyring et al., 2016). Under the SSP-RCP (shared socioeconomic pathway-representative concentration pathway) scenarios
of 2-4.5 and 5-8.5, substantial increases in maximum 5-day precipitation and the occurrence of very heavy precipitation days are
predicted across China in the coming decades (Xu et al., 2022). Considering the drainage system’s capacity, Lu et al. (2018) and Wang
et al. (2023) revealed the changes in urban drainage pressure under future climate change. They found that more than 90% of China’s
major cities would see larger pressure in this century. Some typical cities have been chosen to illustrate the increases of urban flood
volume and inundation area during the future period (Sun et al., 2021; Zhou et al., 2018, 2019).

Based on these findings, several studies have further discussed the effects of local adaptation by modifying drainage systems to cope
with the increasing risk of urban flooding (Sun et al., 2021; Wang et al., 2023; Zhou et al., 2018). For instance, SWMM was applied to
assess the impact of pipe enlargement and low impact development on urban flood volumes by Zhou et al. (2018) in Hohhot city. Sun
et al. (2021) employed InfoWorks Integrated Catchment Modeling (ICM) to model the effects of local adaptation measures on flood
volume and inundation area in central Shanghai. These researchers stressed that the drainage system adaptation measures can effi-
ciently mitigate flooding in the 21st century. However, the implementation of such measures is often difficult, expensive, and
time-consuming for city governments. Therefore, it is crucial to identify when and where the pressure will reach a dangerous level
within the drainage network of a given city. This information has the potential to provide valuable guidance to local governments in
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Fig. 1. Study area.
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the planning of new urban drainage systems and the redesign of existing ones.

Haining city, a typical southeast coastal city in Zhejiang Province, China, is struggling with substantial drainage capacity con-
straints (Wang et al., 2022). Given its flat topography and rapid urbanization, Haining City relies heavily on its drainage system to
manage storm rainfall. However, the current drainage system was established several decades ago and may not be equipped to handle
the challenges posed by future climate change. Solving its problem could provide crucial insights for numerous cities with limited
drainage capacity in China. Among the hydrologic models, SWMM introduced by the United States Environmental Protection Agency
in 1971, stands out due to its numerous advantages. These include its open-source code, facilitating convenient modeling, and
providing reliable calculation of pipeline discharge. These features contributed to its extensive utilization in engineering applications
and academic research worldwide. For example, Zhou et al. (2018) utilized SWMM to simulate urban flood volumes and access the
adaption methods; Farina et al. (2023) employed SWMM to simulate the hydrological process of urban drainage systems; and Zhuang
et al. (2023) used SWMM to evaluate runoff control of low impact development.

Therefore, in this study, Haining City was taken as an example to assess the impact of future climate change on urban drainage
pressure. We proposed an evaluation framework for identifying critical decades and hot spots experiencing significant changes in
urban drainage pressure, utilizing shared socioeconomic pathways and CMIP6 models. Based on the simulations from the SWMM
model, we aimed to: (1) assess the impacts of future climate change on urban drainage pressure throughout the 21st century; (2)
identify the key time points and areas with significant change in urban drainage pressure; (3) compare the spatio-temporal patterns of
urban drainage pressure under different SSP-RCP scenarios. This study has the potential to provide valuable insights into urban flood
management strategies for similar cities, particularly where the drainage capacities are inadequate.

2. Materials and methodology
2.1. Study area and datasets

Haining (30°30’N, 120°40’E) is a typical southeast coastal city, located in Zhejiang Province, China (Fig. 1). It is a highly urbanized
area with the relatively low terrain and density impervious area, which makes it easy to be influenced by frequent urban flooding
disasters during rainy season. Urban flooding has become a critical issue according to China’s first general survey of natural disasters.
Therefore, the drainage system of Haining city is under high pressure with the dramatic climate change. The central region of Haining
was selected as study area, given its pivotal significance in Haining. This area is 5.9 km? with dimensions of 2.7 km long and 2.2 km
wide. The total length of the pipelines in the system is 58.4 km. The drainage system in the area is outdated, having been constructed
five decades ago, and is now inadequate for the current drainage needs (Li et al., 2019). Given that Haining is a highly urbanized city in
southeastern China, studying the changes in urban drainage pressure under climate change holds significant practical importance. For
the urban drainage pressure simulations and climate change assessments, we collected Digital Elevation Model (DEM) (Fig. 2a), remote
sensing image, land use (Fig. 2b), urban drainage network (Fig. 2¢), and meteorological data. The data sources and related information
can be found in Table 1.

2.2. Future precipitation calculation

2.2.1. CMIP6 dataset

The observed data of daily precipitation were obtained by interpolating data from 2472 meteorological stations (http://data.cma.
cn/site/index.html) across China between 2000 and 2014. The future precipitation projections were sourced from five CMIP6 models
known for their robust performance in simulating extreme precipitation events within the Chinese region (Table 2). The projections
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Fig. 2. Overview of the datasets: (a) DEM, (b) land cover, and (c) urban drainage network.
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Table 1
List of datasets used in this study.
Data Format Resolution Source
DEM Raster 2m Zhejiang Administration of Surveying Mapping and Geoinformation
Unmanned aerial Raster 0.5m
vehicle (UAV) image
Land cover survey data Shapefile Polygon Haining Natural Resources
Bureau
Urban drainage Shapefile Line/Point Haining Drainage Management Bureau
network
Meteorological Text min Haining precipitation station
records
Measured flow data Text min Field survey

from these five models have been widely used in many research areas across China, as evidenced by studies such as Lou et al. (2024),
Tian et al. (2021) and Xu et al. (2022). The assessment results have been validated as effective in depicting the interannual variability
of precipitation extremes in most area of China. We only used data from the initial run of the "r1ilp1f1" model simulations.

The novel SSP-based scenarios present alternative routes to achieve varying levels of radiative forcing through diverse socioeco-
nomic development pathways (Hou et al., 2022). Specifically, the present studies focused on analyzing four tier-1 scenarios, namely
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5. The SSP1-2.6 scenario corresponds to the lower bound of future scenarios in terms of
radiative forcing. According to model simulations, this scenario is expected to result in a global mean temperature increase of less than
2.0 °C by the year 2100. Therefore, this scenario has the potential to align with the target of limiting global warming to 2.0 °C as
proposed in various studies (O’ Neill et al., 2016; Tebaldi et al., 2020). The SSP2-4.5 scenario is categorized as a moderate stabilization
scenario, whereas the SSP3-7.0 scenario represents a pathway with moderate-to-high levels of radiative forcing. And the SSP5-8.5
scenario is a high radiative forcing pathway in which radiative forcing is stabilized at 8.5 Wm-2 in 2100 (Tebaldi et al., 2020).

2.2.2. Precipitation index calculation

We have analyzed the historical trend of extreme precipitation in Haining city and found a significant increase in the intensity of
extreme precipitation since 1990. In order to reflect urban drainage pressure caused by heavier flooding, we selected a relatively severe
period (1990-2014) and chose the maximum daily precipitation for each year. Considering that the CMIP6 model takes 2014 as the
end point for simulating historical periods, we calculated the index during 1990-2014 as the historical level. Utilizing precipitation
data from 1990 to 2014, we implemented the Equidistant Cumulative Distribution Functions (EDCDF) method to correct the bias in the
unadjusted outputs from the CMIP6 models (Guo et al., 2020; Piao et al., 2022; Wang and Chen, 2013). In general, the precipitation
simulation results for China during the historical period showed a strong agreement with the observed precipitation data, in accor-
dance with the findings presented in the study conducted by Tian et al. (2021). Therefore, we performed bias correction on all CMIP6
model data hereafter presented in this study. Annual maximum precipitation during a given period was averaged as the extreme
precipitation index, which serves as a useful indicator of extreme precipitation events that a city may experience. Considering the
significant inter-annual variation in precipitation extremes, the extreme index was calculated for each decade in the future period.
Multi-model ensemble estimates were used to address the inter-model variability in future precipitation projections.

2.2.3. Precipitation event determination

The Chicago Design Storm (CDS) formula, as a well-established approach for temporal downscaling of daily precipitation data to
finer time scales, has been widely employed in numerous studies related to flood simulation and urban storm drainage design (Bibi,
2022; Li et al., 2020; Wetterhall et al., 2006). The Engineering Construction Standards of Zhejiang Province: Urban Flood Prevention
Planning Standard Profile from the Housing and Urban-Rural Development Department of Zhejiang Province (https://jst.zj.gov.cn/)
provided us with the CDS distribution pattern. This pattern was derived from 44 years of recorded rainfall data from 1963 to 2006,
where the calculation of the annual maximum value and year-to-sample method was carried out using the Gumbel-type function curve
method for compilation. The CDS distribution of future precipitation events will serve as the rainfall inputs for the following urban
drainage model, with a duration of 120 minutes, a step of 5 minutes, and a rain peak coefficient of 0.4.

Table 2

List of five CMIP6 models used in this paper and their spatial resolution.
Model Country Resolution (Lon x Lat) Leap year
BCC-CSM2-MR China 1.125° x 1.1° NO
CanESM5 Canada ~2.8° x ~2.8° NO
IPSL-CM6A-LR France 2.5° x ~1.3° YES
MRI-ESM2-0 Japan 1.125°x ~1.1° YES
MIROC6 Japan ~1.4° x 1.4° YES
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2.3. Urban drainage modelling

2.3.1. Model construction

The Storm Water Management Model (SWMM) known as a dynamic rainfall-runoff model, was developed by the United States
Environmental Protection Agency (USEPA) in 1971. This model was often used to simulate the quantity and quality of runoff from
primarily urban areas, both for single events and long-term simulations (Zhu et al., 2023). One of the model’s notable features is its
ability to estimate the volume of floodwater in the drainage system, which shows advantages for urban runoff simulation (Zhou et al.,
2018). Its versatility and accuracy have made it widely adopted for planning, analysis and design related to drainage systems in urban
areas (Li et al., 2019). When the surface runoff volume exceeds the sewer pipe’s capacity, overflow may occur, and the flood volume
over the manhole can indicate the urban drainage pressure. This can place a significant hydraulic burden on the urban drainage
system.

For hydrological process, the study area was divided into 1368 sub-catchments and the physical characteristics of sub-catchments,
such as areas, overland flow path widths, and impervious rate were calculated as the input based on DEM and land use map. The
Infiltration module are based on Soil Conservation Service curve number (SCS-CN) method. The governing equation (Rossman, 2015)
equals:

ad ws?
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where d is water depth (m), t is time (s), i is the rate of rainfall (ms_l), e is the rate of evaporation (ms_l), f is the rate of infiltration
(ms™1), W is width of the sub-catchment (m), n is surface roughness coefficient, S is average slope of the sub-catchment, A; is surface
area of the sub-catchment (mz), d, is depression storage depth (m).

During the hydraulic process, the parameters for conduits, junctions and manholes, including shape, length, diameter, and spatial
position can be obtained from the pipe dataset. The kinematic wave and the Saint-Venant equations were utilized for hydraulic
simulations in this study to get the flow routing results (Rossman and Huber, 2016). The hydraulic flow is obtained by the St. Venant
equation (Rossman, 2015):
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where Q is flow rate (m3s'1), t is time (s), g is gravity (ms'z), A is flow cross-sectional area (mz), H is hydraulic head of water in the
conduit (m), x is distance (m), S; is friction slope, and v is flow velocity (ms™).

2.3.2. Model calibration and validation

To ensure the model better reflect the real-world scenarios, two historical rainfalls (29 May 2020 and 2 July 2020) were used to
calibrate the model and another rainfall event (21 July 2021) were used for model validation. Nash-Sutcliffe efficiency coefficient
(NSE) was employed to assess model performance (Bal et al., 2021). The NSE equation is as follows:

n
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where O; is the observed value at the ith timestep; S;  is the model simulated value at the ith timestep; Oqy;  is the average of the
observed values. The NSE ranges from -co to 1, with values closer to 1 indicating better performance. Generally, NSE values exceeding
0.5 are considered to meet the accuracy evaluation criteria for hydrological models (Lisenbee et al., 2022; Zhang and Li, 2015; Zhuang
et al., 2023).

2.4. Analysis

The flooding nodes and volume caused by a given precipitation extreme can be simulated by the SWMM. Urban drainage pressure
will be reflected from two aspects: the total number of flooding nodes (TFN) and the total flooding volume (TFV) in study area. The
mean value of TFV during 2000-2014 was computed as the TFV baseline level. Meanwhile, we proposed the urban drainage pressure
index (UDPI) to access the urban drainage pressure:

FV

UDPI = o= (€]

where FV (m®) is flood volume, PC (m?) is the pipe cross-sectional area. We evaluated the urban drainage pressure during each
decade (2020 s, 2030 s, 2040 s, 2050 s, 2060 s, 2070 s, 2080 s, and 2090 s) under four SSP-RCP scenarios (SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5).To assess the temporal trends of the entire study area under future climate change in the 21st century, the
linear regression method was employed to analysis the changing trends of TFV. Subsequently, we compared the UDPI of each node
under different SSP-RCP scenarios with the baseline. If the UDPI of a node increased by over 30% of the baseline, we considered it to
have reached dangerous pressure levels. The occurrence and duration of these dangerous pressure levels were then analyzed to identify
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the critical decade and high risk area of the urban drainage pressure changes. This can provide suggestions for flooding mitigation
management. The overall workflow is shown in Fig. 3.

3. Results
3.1. Temporal changes of precipitation extremes under different SSP-RCP scenarios

Future precipitation calculation indicated that different SSP-RCP scenarios would result in varying trends in precipitation extremes
(Fig. 4). SSP1-2.6 predictions would show no significant trend in precipitation extremes between the 2020 s and 2050 s, followed by a
decreasing trend from the 2060 s onwards. For SSP2-4.5, precipitation extremes were expected to increase from the 2020 s to 2050 s,
reach a peak in the 2070 s, and then gradually decrease. In contrast, SSP3-7.0 would foresee a positive trend in precipitation extremes
since the 2040 s. Under SSP5-8.5, the increase in precipitation extremes would be highly significant. The maximum precipitation
would range from 70 mm to 90 mm.

3.2. Performance of SWMM

Following the calibration process, the parameter settings for SWMM are as follows: N-Imperv is set as 0.031, N-Perv is set as 0.59,
Destore-Imperv is set as 6.5, Destore-Perv is set as 5, Zero-Imperv is set as 38, Maxrate is set as 56, Minrate is set as 2.09, and Decay is set as
28. These values were determined through the and have improved the model’s performance and accuracy. In this study, the NSE
reached 0.76 during validation, indicating a good agreement between the model predictions and the observed data.

3.3. Urban drainage pressure changes under different SSP-RCP scenarios

3.3.1. Temporal Changes of total flood volume
The impacts of precipitation extremes on urban drainage pressure in the 21st century are highlighted in Fig. 5, examining four
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Fig. 3. Overall workflow of this study.
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different SSP-RCP scenarios based on the current drainage system. Considering the TFV under four SSP-RCP scenarios, urban drainage
pressure is observed to fluctuate over time (Fig. 5a), but with an overall upward trend (Fig. 5b). Among all the changes, SSP5-8.5
scenario has emerged as the fastest-growing trend, and the maximum TFV (210343 m®) would appear in the 2090s under the SSP5-8.5
scenario.

3.3.2. Changes of urban flood pressure relative to baseline level

Under four SSP-RCP scenarios, as shown in Fig. 6, the UDPI would increase significantly throughout the study area compared with
the baseline at the end of the 21st century (2090s). Spatially, the urban drainage pressure will mainly affect the road and avenues.
Under SSP1-2.6 scenario, the most severe drainage pressure would show in the Xishan road, and the UPDI was expected to increase by
a factor of 11 compared to the baseline level (Fig. 6a). As shown in Fig. 6b, the severe flooding volume would gradually show in
Haining First Avenue, Wenzong road and Wenyuan road. There has been a dramatic increase of UPDI compared with baseline. At the
end of the century, in 2090s, the northern part of Xishan road would be the most severe area. The maximum flooding volume would
overflow in the north part of Yujiagiao street. Other severe points would occur on the Youquan road and Xishan road. As shown in
Fig. 6d, the UPDI under scenario SSP5-8.5 in 2090s is almost twice as large as baseline.

Although some changes were observed for TFN, they were not statistically significant, and the total number of flooding points
remained relatively stable. Considering the TFN exceeding dangerous levels (TFN-D) in Fig. 7, under the SSP1-2.6 scenario, the TFN-D
would stay in a fluctuating state, where the highest peak would happen in the 2060s, which is approximately 25% of the total node
numbers in Haining. Under the SSP2-4.5 scenario, the TFN-D would dramatically increase from 2070s and the maximum value would
appear in 2070s. Under the SSP3-7.0 scenario, the TFN-D would significantly increase since the 2060s. Under SSP5-8.5 scenario, there
is a peak in the 2030s and about 25% nodes would in dangerous level during the second half of this century.

3.4. Occurrence of dangerous pressure level under different SSP-RCP scenarios

3.4.1. Changes in the first occurrence of dangerous pressure

The simulation results indicated that Haining’s urban drainage pressure would first surpass the dangerous level during the 2040s
under the SSP1-2.6 scenario. Under the SSP2-4.5 and SSP3-7.0 scenarios, the first occurrence of dangerous levels would be expected
in 2050s and 2020s, respectively. Under the SSP5-8.5 scenario, the dangerous level would start since 2030s until the end of the
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Fig. 6. The increasing times of UPDI relative to baseline level in 2090 s under four SSP-RCP scenarios: (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, (d)
SSP5-8.5.

century, which would happen in five decades and continue 40 years from 2060s.

Fig. 8 illustrates the changes in the occurrence of dangerous pressure, with earlier occurrences indicating greater pressure levels.
Under SSP1-2.6 scenario, approximately 26% TFNs-D in Haining would first occur in 2020s with most flooding nodes concentrated on
the northern part of Xishan road, and the remainder primarily distributed on Haining first avenue and Lianhe road. Most TFNs-D (31%)
would first see dangerous level in 2060s. Under SSP2-4.5 scenario, much more places would experience the urban drainage pressure
earlier in 2050s. Under SSP3-7.0, more than half TFNs-D (65%) would first see dangerous level during 2020s. Under the most severe
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scenario, SSP5-8.5 in Fig. 8d, almost all the TFNs-D would first occur in earlier years during 2020s (41%) and 2030s (56%).

3.4.2. Changes in the duration of dangerous pressure

The percentage of duration of dangerous pressure under different SSP-RCP scenarios shows in Fig. 9. As emissions scenarios shift
from SSP1-2.6 to SSP5-8.5, the percentage of duration over dangerous pressure would increase significantly. Under SSP1-2.6 sce-
nario, the max percentage of duration over dangerous pressure would be one decade (26%). Three-decade duration over dangerous
pressure would be the majority (38%) under SSP2-4.5 scenario, while around 33% of nodes experiencing dangerous pressure would
last for seven decades. Under SSP5-8.5 scenario, the maximum percentage (40%) over dangerous pressure would be eight-decade
duration.

The percentage of eight-decade duration would first occur under SSP2-4.5 scenario (8%), which were predicted to mainly
distribute in the old resident area near Youquan road (Fig. 10b). Then, this percentage would increase to 9% under scenario SSP3-7.0
and 40% under SSP5-8.5 scenario, primarily scattered in Xishan road and Haining first avenue (Fig. 10c-d). In the case of SSP5-8.5
scenario, the dangerous duration of eight decades would occur in 60% nodes on Haining first avenue as shown in Fig. 10d. The
maximum increase of 56% would happen over the 2080s and 2090s under SSP5-8.5 scenario, which are mainly distributed on Xishan
roads.

4. Discussions
4.1. Explanations of urban drainage pressure changes under different SSP-RCP scenarios

Changes in precipitation extremes contribute much to the changes of urban drainage pressure. There would be more precipitation
under the SSP5-8.5 scenario than the SSP1-2.6 scenario after 2060 (Tian et al., 2021). In the coming three decades, the precipitation
would not change significantly relative to the baseline level. In the Yangtze River and Southeast River basins, the precipitation in the
2010s was lower than that during 1961-2010 (-6.53% to —0.06%) under different SPPs (Tian et al., 2021). The reason for this trend
can be attributed to the two-stage evolution of the monsoon circulation between 2010 and 2099, characterized by a significant increase
occurring after the 2040s. Across different SSP-RCP scenarios, urban flood volume would vary with precipitation levels. Generally,
based on the current drainage system, larger precipitation extremes would result in greater TFV, which is in agreement with previous
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Fig. 8. The occurrence of dangerous pressure in the 21st century under four SSP-RCP scenarios: (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, (d)
SSP5-8.5.

findings (Li et al., 2022, Tabari, 2020). But specifically, the percent of TFNs would not show significant changes with precipitation.
This could indicate that not all the areas would be sensitive to increase of precipitation extremes and the flood volume would be
concentrated in specific areas (Ho et al., 2022, Wasko al., 2021). Therefore, it is necessary to assess the drainage system in sensitive
area to upgrade or redesign the drainage infrastructure and ensure that it can meets the necessary standards.
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4.2. Indications on critical time points and high risk areas

Given that urban drainage pressure would increase significantly, it is apparent that the capacity of the present-day drainage system
is insufficient to cope with the mounting urban drainage demands. Furthermore, the overarching urban drainage pressure trends in
Haining suggest a consistent upward trajectory across various SSP-RCP scenarios with time. The critical period, characterized by the
first reach of dangerous levels of urban drainage pressure, is projected to occur between the 2030s and 2050s, which aligns with the
findings reported by Zhou et al. (2018). It should be noted that in scenarios with lower emissions, the critical point in time is
anticipated to be delayed, occurring at a relatively later stage. This is due to more precipitation under the SSP5-8.5 scenario than the
other scenario, which is also supported by the findings by Tian et al. (2021). The high risk areas are mainly located in Haining First
Avenue, Xishan Road, and the old residential area in Fig. 1. The Haining first avenue would have high drainage pressure due to its low
terrain and high percentage impervious area. In the Xishan road with limited drainage capacity in several manhole and the old res-
idential part (e.g., the northern part of study area near Youquan road), the nodes would reach dangerous levels first and remain so for
the longest time. In these areas, drainage facilities are constructed about 50 years ago which cannot meet the current drainage
standards. Therefore, specific adaptations should be implemented, such as enlarging the pipes and conducting maintenance on the
older pipes (Li et al., 2019; Neupane et al., 2021).

4.3. Limitations and future perspectives

The uncertainties mainly arise from GCMs, climate downscaling approach, SWMM model structure and parameter inputs in this
study. Due to the unavailability of future sub-hourly climate projections, it was assumed that the regional storm intensity formula
would remain constant in the future. Although we used five climate models to capture a wide range of climate variability, the full range
may still not have been adequately represented (Du et al., 2022). Generally, the modelling outcomes indicate the potential primary
impacts of climate change on urban floods. To obtain more robust results, the attention should be given to representing dynamic
changes in rainfall patterns at hourly time level, while taking into account the non-stationary effects of climate change. Despite the
given limitations, this study distinguishes itself from previous assessment studies, related to the critical time and hot spots of urban
drainage pressure under various SSP-RCP scenarios using CMIP6 models. To provide a more comprehensive analysis, a
two-dimensional surface flooding approach will be used to assess flood damage and risk.

5. Conclusions

Based on a combination of the climate projections by CMIP6 models and simulations by the SWMM model, this study takes Haining
City as an example to assess the impact of future climate change on urban drainage pressure, determine critical periods, and identify
high-risk areas. The main findings are as follows.

3121) Under different SSP-RCP scenarios caused by human activities, precipitation extremes would significantly increase particularly
during the latter half of this century, with the SSP5-8.5 scenario representing the most severe case. Under SSP5-8.5 scenario,
the urban flood volume would increase over 37% from the 2020s to the 2090s., and more than 97% of the flooding nodes would
surpass the dangerous level by the 2030s.

3122) The critical time period for the initial occurrence of dangerous levels is projected to range from the 2030s to the 2050s. In
instances of lower emission scenarios, the critical time point is expected to occur at a relatively later stage. The higher forcing
pathway (SSP5-8.5) is expected to result in a notable increase in the proportion of nodes that initially exceed the critical
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Fig. 10. The duration of dangerous pressure in 21st century under four SSP-RCP scenarios: (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, (d) SSP5-8.5.

pressure level within the coming two decades, compared to the scenarios of SPP1-2.4, SPP2-4.5, and SPP3-7.0. Moreover, this
scenario would cause about 40% of the nodes with dangerous pressure lasting for eight decades.

3123) The high risk areas are identified in Haining First Avenue, Xishan Road, and the old residential area, characterized by lower
DEM and high intensity of building. Under the SSP5-8.5 scenario, it is projected that the duration of hazardous pressure
spanning eight decades would impact 60% of nodes on Haining First Avenue. Along Xishan Road, the urban drainage pressure is
expected to see a maximum increase of 56% during this century.

This study provides the first basis for identification of critical decades and high-risk areas of urban drainage pressure changes under
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future climate. This comprehensive analysis is expected to provide valuable insights for similar cities facing significant drainage ca-
pacity limitations. To provide a more comprehensive analysis, a two-dimensional surface flooding approach could be used to assess
flood damage.
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