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ARTICLE INFO ABSTRACT

Handling Editor: Jason Michael Evans The growing incidence of urban flood disasters poses a major challenge to urban sustainability in China. Previous

studies have reported that climate change and urbanization exacerbate urban flood risk in some major cities of

Keywords: China. However, few assessments have quantified the contributions of these two factors to urban flood changes in
Chtr)“ate change recent decades at the nationwide scale. Here, surface runoff caused by precipitation extremes was used as the
Urbanization

I urban flood hazard to evaluate the impacts of climate change and urbanization in China’s 293 major cities. This
Surface runoff study assessed the contributions of these drivers to urban flood hazard changes and identified the hotspot cities
China with increased trends under both factors during the past four decades (1980-2019). The results showed that
approximately 70% of the cities analyzed have seen an increase of urban flood hazard in the latest decade.
Urbanization made a positive contribution to increased urban flood hazards in more than 90% of the cities. The
contribution direction of climate change showed significant variations across China. Overall, the absolute
contribution rate of climate change far outweighed that of urbanization. In half of the cities (mainly distributed
in eastern China), both climate change and urbanization led to increased urban flood hazard over the past
decade. Among them, 33 cities have suffered a consecutive increase in urban flood hazard driven by both factors.

1. Introduction

Urban flood disaster is globally recognized as one of the most haz-
ardous and frequent disasters, causing extensive damage to city infra-
structure and society (Bloschl et al., 2019; Tellman et al., 2021). For
example, the flood event in Shenzhen on April 11, 2019 led to 11 fa-
talities in Chegongmiao metro station (Lyu et al., 2020). The devastating
flood event in Zhengzhou on July 20, 2021 caused approximately 380
deaths and missing cases, along with a staggering direct economic loss of
over $5.7 billion (Disaster Investigation Team of State Council, 2022).
Due to the dense population and extensive urban infrastructure, urban
flood disasters are increasingly posing a challenge to the sustainable
development of China (Liu et al., 2022; Yang et al., 2023). Therefore,
understanding the spatio-temporal patterns of urban flood change and
identifying the hotspot cities in China’s major cities over the past de-
cades, can provide perspectives for nationwide policymakers for the
effective management of urban flooding risks in a changing
environment.

Based on the disaster records from China Yearbook (2001-2020), Li
and Zhao (2022) found that direct economic losses caused by floods
have increased across China. Based on the disaster census data of
rainstorm-induced flood in 637 counties in East China, the study of Shi
et al. (2020) indicated that the number of records of flood disaster
increased at a rate of 77.4 times per decade from 1984 to 2010.
Particularly, in eight Chinese megacities (Beijing, Guangzhou, Nanjing,
Shanghai, Shenzhen, Tianjin, Wuhan and Xian), Li et al. (2022) used the
urban flood records from 2015 to 2020 and analyzed the distribution of
urban flood points in different cities. This study indicated that the
occurrence of urban flood events showed quite different patterns across
China. However, owing to data limitations in the long time series of
urban flood records, the temporal trend was not examined in previous
work. Previous studies typically utilized urban precipitation as an in-
dicator to examine the temporal trend of urban flood hazards. For
example, Liang et al. (2019) studied urban precipitation characteristics
in 2264 Chinese cities, and revealed that the majority of cities have
experienced an upward trend in extreme precipitation. However, the
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surface runoff caused by precipitation extremes should better describe
the hazard rather than the intensity of extreme precipitation alone
(Beshir and Song, 2021; Wang et al., 2023). Using this indicator should
help improve the understanding of the spatio-temporal patterns of
urban flood changes across China.

Furthermore, understanding the drivers behind changing flood risks
is essential to identify urban flooding hotspots and indicate adaptation
measures. Precipitation extremes have changed under continued global
climate changes. In Liang et al.’s study (2019), extreme precipitation in
most cities has upward trends. This could increase stormwater runoff,
urban drainage and finally led to more urban flood events (Sun et al.,
2021; Zhou et al., 2018, 2019). Projections for 2030 suggest that a
growing proportion of the population will face increased exposure to
floods due to climate change (Tellman et al., 2021). Since China’s 1978
“Reform and Opening-up”, most cities in China have experienced
accelerated urbanization. When the intensity of rainfall surpasses the
infiltration capacity, cities with larger areas of impervious surfaces are
more prone to flooding, even under the same amount of precipitation.
Based on high-resolution annual data, the study of Rentschler et al.
(2023) illustrated that human settlements worldwide have continuously
and rapidly encroached upon current food zones since 1985. Overall,
climate change and urbanization are two of the most influential drivers
that pose challenges to current and future urban flood management
strategies (Chen et al., 2021; Jiang et al., 2023; Wang et al., 2023).

Several studies have been conducted to evaluate the impacts of
climate change or urbanization. In terms of climate change impact,
previous studies have generally kept land use data and other inputs
fixed, while only modifying rainfall intensities between two periods
(Hou et al., 2022; Wang et al., 2023; Zhou et al., 2018). For example, in
the study of Hou et al. (2022), they used a hydrodynamic inundation
model to evaluate the impact of future climate change on flooding
duration and maximum inundation area in the Future Science City Park
in Beijing, China. This study utilized the latest available land use data,
and examined rainfall intensities during three time periods: the baseline
(1976-2005), near-future (2020-2049), and long-term-future
(2060-2089) periods. It was found that the total flooding volume is
projected to increase by 171%-716% under 20-year rainfall events in
the two future periods, compared to the baseline level. Regarding the
impact of urbanization, previous studies generally maintained fixed
precipitation data and other inputs while only modifying the land use
data (Beshir and Song, 2021; Luo and Zhang, 2022; Zhou et al., 2019).
For instance, in the study of Luo and Zhang (2022), they used the Soil
and Water Assessment Tool to evaluate the impact of land use/cover
change (LUCC) caused by urbanization on urban flood regulation service
in China’s major cities. In this study, the same rainfall scenario was
applied, and land-use data from both 1977 and 2018 were utilized. It
was revealed that LUCC has caused a 13.39% decline in China’s urban
flood regulation service from 1977 to 2018. In summary, the prevailing
approach of isolating the impacts of climate change or urbanization
involves recalculating urban flood changes while holding one factor
constant. However, previous studies have often focused solely on a
single type of impact (either climate change or urbanization). Since
different indices and study periods were used in these studies, it is
difficult to make direct comparisons between the impacts of these two
factors in major cities across China. Therefore, conducting comprehen-
sive nationwide quantitative assessments using a consistent framework
is critical to determining how climate change and urbanization have
affected changes in urban flood hazards over recent decades. This will
significantly contribute to the development of effective adaptation
strategies and greatly enhance the resilience of cities across China.

To fill the gap in large-scale analysis, this study used the soil con-
servation service curve number (SCS-CN) model to calculate surface
runoff and assess urban flood hazards. The present study utilized the
precipitation data from 2472 meteorological observation stations in
addition to land use, soil, and digital elevation model (DEM) data during
the past four decades (1980-2019). The hazard analysis was further
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decomposed to evaluate the contributions of urbanization and climate
drivers to urban flood hazard changes. Accordingly, this study identified
the hotspot cities with a consecutive increase under the impacts of both
two factors across China’s 293 major cities. These findings are crucial to
inform future mitigation and adaptation strategies under non-stationary
conditions.

2. Materials and methods
2.1. Study area and data sources

Based on the latest version of the administrative divisions published
by the Ministry of Civil Affairs of the People’s Republic of China, there
are 293 prefecture-level cities in China (Fig. 1). The study area does not
include Hong Kong, Macau, or Taiwan Province. It is divided into eight
regions based on the terrain and economic conditions. The specific
names of all the cities included are presented in Fig. S1 and Table S1.
The vector boundaries and maps published by the Information Centre of
the Ministry of Natural Resources of China were obtained, and an urban
polygon map was used to display the administrative divisions of all
cities. In this study, the main (or core) urban area was used to represent
the urban scope of each city. In eastern China, the urban scope is
generally small. Using a polygon map could not clearly show the values
of these cities. Following the approach in Peng et al.’s study (2022), the
polygon map is also provided in the Supplementary Material (Fig. S1),
while the other spatial maps are point maps.

China’s reform and opening-up policy began in 1978, and since then,
the number of cities has undergone a rapid development stage (Cao and
Zhang, 2022; Zhang and Li, 2021): From 1978 to 2003, the total number
of prefecture-level cities in China increased from 98 to 282; And a total
of 267 adjustments were made to China’s prefecture-level administra-
tive divisions; Since 2003, the number of cities has remained relatively
stable, with minor adjustments still occurring in zoning. Considering
this situation, it is difficult to track the changes in the administrative
divisions of the 293 prefecture-level cities examined in this study.
Therefore, we used the latest vector of administrative division in 2019 to
encompass the widest range of urban areas from 1980 to 2019. By
keeping this vector fixed, it is possible to eliminate the impact of city
boundary changes caused by policy factors. This approach has also be
used in the previous studies (e.g., Luo and Zhang, 2022; Peng et al.,
2022). Urban flood disasters often occur in the core areas of cities. As a
result, our research focused solely on urban growth within the core areas
of each city, without considering the expansion of city boundaries. We
calculated urban growth by examining changes in the proportion of
urban built-up area in the core areas of each city. The urbanization index
is reflected comprehensively in the changes of land use type, primarily
through the transformation from non-built-up areas to urban built-up
areas.

In this study, datasets of China’s DEM, soil type, and land-use type
with a resolution of 1 km x 1 km were obtained from the Resource and
Environment Science and Data Center (RESDC) of the Chinese Academy
of Sciences. As described by the RESDC, the land-use type data were
obtained by manual visual interpretation based on Landsat images. This
nationwide land-use database produced by using high-resolution satel-
lite remote-sensing images, has been extensively validated for its accu-
racy throughout China (Liu et al., 2014). Moreover, it has been widely
utilized in numerous studies (e.g., Chen et al., 2021; Wang et al., 2019;
Zhang et al., 2020), which validates its suitability for our research.
Because there was little change in soil type and DEM data during the
historical period, only one map of soil type/DEM could be obtained from
the RESDC. The observed records of daily precipitation (1980-2020)
were collected from the China Meteorological Administration. In total,
2472 meteorological stations were used in this study, which could fully
cover the study area.
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Fig. 1. Locations and average annual precipitation (mm) of 293 prefecture-level cities in China. Region I-Northeast China (including 1 Heilongjiang, 2 Jilin, and 3
Liaoning); Region II-the North China Plain (including 4 Hebei, 5 Beijing, 6 Tianjin, 7 Shandong, and 8 Henan); Region IlI-the mid-lower reaches of the Yangtze River
(including 9 Jiangsu, 10 Anhui, 11 Hubei, 12 Hunan, 13 Jiangxi, 14 Zhejiang and 15 Shanghai); Region IV-South China (including 16 Fujian, 17 Guangdong, 18
Guangxi, and 19 Hainan); Region V-the Yunnan-Guizhou Plateau (including 20 Guizhou and 21 Yunnan); Region VI-the Sichuan Basin (including 22 Chongqing and
23 Sichuan); Region VII-the Loess Plateau (including 24 Inner Mongolia, 25 Shanxi, 26 Shaanxi, 27 Ningxia and 28 Gansu); Region VIII-West China (including 29

Qinghai, 30 Xinjiang and 31 Tibet).
2.2. Assessment of urban flood hazard

In accordance with previous studies (Beshir and Song, 2021; Hu
et al., 2020), the surface runoff caused by extreme precipitation events
was used to quantify urban flood hazards. The SCS-CN method is a
popular technique for calculating surface runoff (Mishra and Singh,
2003; Verma et al., 2021; Yin et al., 2017). It has been confirmed to be
highly effective in capturing the temporal trend of urban runoff in some
major cities (Li et al., 2018; Mahmoud and Gan, 2018; Wang et al.,
2023). The calculation of surface runoff can be described in brief as
follows.

In the SCS-CN method, the runoff volume is determined by the pre-
cipitation extreme, initial abstraction, and hydrologic storage using Eq.
(1). The major equations used are as follows:

(P—2eS)
ABZhed)  piies
R={Pr(nes = ~** o))
0 P<leS

where R indicates the surface runoff (mm) caused by the precipitation
event; P is the intensity of the precipitation extreme (mm, P > R); S
indicates the potential maximum retention (mm); and 4 is the initial
abstraction ratio (dimensionless).

In this study, the average daily precipitation >99th quantile (P99)
was used to represent the average level of extreme precipitation events
that occurred in a city. The P99 value index is often used to depict
critical precipitation (Xu et al., 2022). Generally, precipitation extremes
can show large inter-annual variation. In this study, the P99 index in
each decade was calculated, and the inter-decadal trend was assessed.
This study divided 1980-2019 into four decades: the 1980s, 1990s,
2000s, and 2010s. In each decade, the P99 value was calculated based

on the data from meteorological stations. These values were then
interpreted for each 1 km x 1 km grid based on nearest-neighbor
interpolation. The nearest-neighbor interpolation approach has proven
to be useful and effective when data are evenly spaced in China (Chen
etal., 2021; Peng et al., 2019; Wang et al., 2023). As there are more than
2400 stations relatively evenly distributed across the study area, the
nearest-neighbor interpolation method was used in this study.

In Eq. (1), 4 is originally set as 0.20, which is suited to zones with
slopes no more than 5.00%. In order to depict various the topographic
conditions across China, A should be adjusted with slope (Pang et al.,
2020; Wang et al., 2023). The slope adjustment factor for 4 is calculated
as follows.

f(SlOpé) _ e—(].()83-.\-lupe (2)

where the unit of slope is degree (°).

In Eq. (1), the potential maximum retention (S) is calculated by Eq.
3):

25400

CN depends on the antecedent soil moisture condition (AMC), soil
type and land cover type. Generally, AMC could be divided into three
classes: I (dry), II (average) and III (wet) (U. S. Soil Conservation Service,
1972). Inconsistent with Wang et al. (2023), we calculated average
annual precipitation (P,yg) during the study period to define AMC level:
Pavg < 400 mm for AMCI, 400 mm < P,yg < 800 mm for AMCIL, and Payg
> 800 mm for AMCIIL.

By using Egs. (4) and (5) (Neitsch et al., 2011), CN for AMCI and III
could be calculated.

20 o (100 — CN;)
(100 — CN, + exp[2.533 — 0.0636 » (100 — CN,)])

CN1 = CN2 - (4)
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CNj = CN, o exp[0.00673 o (100 — CN,))] 5)

where CN; CN, and CNj3 indicate CN for AMCI, II and III, respectively.

In this study, we calculated CN for AMCII based on Tables 1 and 2.
Besides, we used the slope adjusted method for CN proposed by Huang
et al. (2006). The calculation method is as follows.

(6)

CN, = CN o (15.63 o slope + 322.79)

slope +323.52

where the unit of slope is m m™.

In our previous study (Wang et al., 2023), the reliability of simulated
surface runoff has been verified by the comparison with the China
Natural Runoff Dataset version 1.0 (Miao et al., 2022; Gou et al., 2020,
2021). The absolute errors between the calculated levels of surface
runoff and actual measurements during 1995-2014, range from 40 mm
to 90 mm. And the relative errors are between 5% and 16%. This indi-
cated that these runoff simulations could well describe the actual mea-
surements in China.

2.3. Analysis

(1) Assessing the inter-decadal trend of urban flood hazard and its
driving factors

The level over the 1980s was used as the baseline level. The changes
over the 1990s, 2000s, and 2010s relative to the baseline level were
calculated. To fully depict the inter-decadal trends of urban flood hazard
and its driving factors, six types of temporal trend patterns were used
based on the levels over the 1990s, 2000s, and 2010s (Table 3). Spe-
cifically, the changes could be divided into two main types based on the
change over the past two decades. If an increase was found from the
2000s-2010s, the trend type was defined as Type L. Type I trends could
be divided into three subtypes, as shown in Table 3. Type 12 was the
pattern of a continuous increase during the 1990s-2010s. If a decrease
was found from the 2000s-2010s, the trend was considered Type D.
Type D2 trends exhibited a continuous decrease during the
1990s-2010s.

In this study, the index of urban growth rate calculated by examining
changes in the proportion of urban built-up area in the core region of
each city (shown in Fig. S1), is used to briefly reflect the urbanization
extent. The equation is as follows.

PUB, — PUB

UG = I % 100% 7
PUB, ¢ 2

where UG (%) indicates the urban growth rate; PUB,, and PUB;, are the
proportions of the number of urban built-up grids to the total number of
grids in the core region of each city in the t; and t; periods, respectively.
Here, urban built-up grids included the types of “high-density urban
land” and “low-density urban land” from the land-use database.

Table 1
CN values based on land use and soil type.

Land use Soil groups of hydrology
A B C D

High-density urban land 90 93 94 95
Low-density urban land 60 74 83 87
Cultivated land 67 78 85 89
Forest land 25 55 70 77
alvar 36 60 74 80
orchard 40 62 76 82
wetland 32 58 72 79
Bare land 72 82 88 90

water 98 98 98 98
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Table 2
Soil types and hydrological properties.
Soil Soil hydrological properties
type
A Thick sand, thick loess, granulated silty sand
B Thin layer loess, sandy loam
C Clay loam, thin sandy loam, soil with low organic matter content, soil
with high clay content
D Soil that expands significantly after absorbing water, plastic clay, certain

saline soils

Table 3
Six types of the trend patterns.

Type Subtype 1 Subtype 2 Subtype 3

R
>

D
Decrease from the 2000s-2010s

I
Increase from the 2000s-2010s

oy
N\

Note: m 4 @ indicate the level over the 1990s, 2000s and 2010s, respectively.

(2) Comparing the relative contributions of climate change and
urbanization

Urbanization may have an indirect impact on the change in precip-
itation extremes. However, as global climate change is influenced by
various human activities (IPCC, 2022), it is challenging to isolate the
impacts of urbanization from those of climate change. In accordance
with previous studies (e.g., Jones et al., 2015; Mondal et al., 2022; Zhou
et al., 2019), this study made an assumption that the indirect impacts of
human activities on climate change were not taken into account. The
present study introduced the approach that isolated the impacts of ur-
banization and climate change by recalculating the urban flood hazard
change when one factor was held constant (Jones et al., 2015; Mondal
et al., 2022). The contribution rate of climate change or urbanization to
urban flood hazard changes is calculated as follows:

R, —R

Con= I % 100% (8)

n

where Con indicates the contribution rate (%) of a given factor (climate
change or urbanization) to urban flood hazard changes; R, and R,, is the
urban flood hazard calculated in the t; and t; periods, respectively. In
calculating the contribution of climate change, we maintained constant
land-use data and other inputs while altering only the climate data in-
puts. Specifically, the calculations for R;, and R,, were performed using
unchanging land-use data and other inputs from the t; period, but with
the climate data from their respective corresponding periods. Likewise,
to assess the contribution of urbanization, we kept the climate data and
other inputs stable, altering only the land-use data input from the t;
period to the t; period.

The land-use type data in 1980, 1995, 2005, and 2015 were used to
represent the land use over 1980-1989 (1980s), 1990-1999 (1990s),
2000-2009 (2000s), and 2010-2019 (2010s), respectively. Within the
land use dataset, for the decade of 1980-1989, only data from the year
1980 is available. This is primarily due to no significant changes being
found during this period. Additionally, as China’s reform and opening-
up policy commenced in 1978, previous studies often used data from
around that year as a baseline for urbanization studies (e.g., Luo and
Zhang, 2022; Tu et al., 2021). Given these cases, we used the 1980 data
to depict the initial land-use patterns in China’s major cities. The reason
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for using only one year in each decade is due to the methodology
described above. Given that averaging land use types over a ten-year
period is impractical, we chose to use the representative land use type
from the midpoint year of each decade.

(3) Identifying the hotspot cities of urban flood hazard changes over
the past decades

By conducting an analysis of the contribution rates of climate change
and urbanization in each decade relative to the 1980s level, the tem-
poral trend of their impacts could be determined. The comprehensive
depiction of these impacts is presented in Fig. 2. Overall, these impacts
can be classified into four types. Level I cities experienced increases in
the impacts of both climate change and urbanization. Level II cities
exhibited an increase in the climate change impact and a decrease in the
urbanization impact. Conversely, Level III cities showed an increase in
the urbanization impact and a decrease in the climate change impact.
Finally, Level IV cities exhibited decreasing trends in the impacts of both
factors. Accordingly, this study could assess the development patterns of
urban flood hazards in China’s major cities and identify the hotspot
cities under the impacts of climate change and urbanization over the
past decades.

3. Results
3.1. Changes in extreme precipitation and urban land area

As shown in Fig. 3a, from the 1980s-1990s, extreme precipitation
increased in about 65% of the cities examined. These cities were mainly
found in the south of Region I, the west of Region II, and most of Regions
IIT and IV. In Regions VII and VIII, there was a slight increase (<5 mm) in
most cities. These decreases were mainly found in the south of Region II
and most of Region VI. During the 2000s, the south of Region I and the
north of Region III exhibited decreases in the extreme precipitation
relative to the baseline level (Fig. 3b). There were more cities with an
increase in extreme precipitation in Region II. During the 2010s,
extreme precipitation increased in approximately 70% of cities relative
to the baseline level (Fig. 3c). Significant increases (>10 mm) were
found in Regions III and IV. There were more cities with an increase in
extreme precipitation in the south of Region VII. As shown in Fig. 3d,
during the 1980-2010s, approximately 65% of cities exhibited an

o
S DI
(>}
]
(=7
E m Level IV Level III
2 o
b
55 b3
=)
=
L
$E
E (>}
E‘ 2 Level I
(5]
z
E

Dl D2 D3 11 2 B3

City classification urder the impact of
urbanization

Fig. 2. Trend patterns under the impacts of climate change and urbanization.
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increase in extreme precipitation in the latest decade. These cities were
mainly found in most of Regions I, III, VI, and VII. In particular, a trend
of continuous (12) increase during the past decades was found in the east
of Region III, most of Region VI, and the south of Region VII. In many
parts of Region II, precipitation extremes decreased over the latest de-
cades. The majority of changes fell within 5%, while a smaller propor-
tion exceeded 20%. The percentage of the increase in extreme
precipitation was highest in the 2010s (Fig. S2).

As shown in Fig. 4a, from the 1980s-1990s, the ratio of urban land
area increased in approximately 85% of cities across China. The cities
with larger increases in the urban land area were mainly distributed in a
small area of Region IV. There were some cities with a decrease in the
urban land area scattered in some portions of Region I. During the
2000s, the ratio of urban land area increased relative to the baseline
level in about 95% of cities (Fig. 4b). The increase in urban land area
was more than 10% in some areas of Regions II, III, and IV. During the
2010s, there were more cities with larger increases in the urban land
area relative to the baseline level (Fig. 4c). Significant increases were
found in most of Region II and the east of Region III. As shown in Fig. 4d,
during the 1980s-2010s, the urban land area continuously increased in
approximately 90% of cities across China. During the 1990s and 2000s,
the increase in the ratio of urban land area was generally less than 5%.
During the 2010s, the proportion of cities with an increase of greater
than 5% rose to about 40%. These cities were mainly distributed in
Region II. The proportion of cities with a decrease in the ratio of urban
land area declined greatly from the 1980s-2010s (Fig. S3).

3.2. Changes in urban flood hazard during 1980-2019

Changes in the urban flood hazard across China during the
1980s-2010s are presented in Fig. 5. Over the 1990s, the urban flood
hazard increased in about 65% of cities. These cities were mainly found
in the south of Region I, the east of Region II, and most of Regions IIl and
IV (Fig. 5a). The increase was slight in Regions VII and VIII. The decrease
was mainly found in most of Region VI and the south of Region VII.
During the 2000s, the south of Region I and the north of Region III
exhibited a decrease in urban flood hazard relative to the baseline level
(Fig. 5b). There were more cities with an increase in the urban flood
hazard in Region II. During the 2010s, the urban flood hazard increased
in approximately 75% of cities relative to the baseline level (Fig. 5c).
The cities with significant increases were mainly found in Region III
There were more cities with an increase in the urban flood hazard in the
south of Region VII.

As shown in Fig. 5d, from the 1980s-2010s, approximately 70% of
cities exhibited an increase in urban flood hazard in the latest decade.
These cities were mainly found in Regions I, III, VI, and VII. In particular,
in the east of Region III, most of Region VI, and the south of Region VII, a
trend of continuous increase (I2 type) during the past decades was
found. In the south of Region II, the urban flood hazard decreased over
the latest decade. Fig. 6 presents the proportion of cities with different
changes in urban flood hazard. The majority of changes fell within 5%,
while a smaller proportion exceeded 15%. The percentage of cities with
increased urban flood hazard levels was the highest in the 2010s.

3.3. Contributions of climate change and urbanization to urban flood
hazard changes

The contributions of climate change and urbanization to urban flood
hazard increases are shown in Fig. 7. In approximately 70% of cities
across China, the contribution of climate change to the urban flood
hazard increase was positive. Among these cities, the contribution of
climate change to increased urban flood hazard was more than 50% in
some cities located in Regions III and VII. The cities with negative
contributions of climate change to increased urban flood hazard were
mainly found in the south of Region II and most of Region VI. The
contribution of urbanization to increased urban flood hazard was
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Fig. 3. Changes in extreme precipitation (mm) over the 1990s (a), 2000s (b), and 2010s (c) relative to that over the 1980s; temporal trend patterns of extreme

precipitation from the 1980s-2010s (d).

positive in approximately 90% of cities across China. The majority of
contribution rates fell within 25%. As shown in Fig. 8, urbanization
typically contributes to an increase in urban flood hazards, while the
contribution of climate change is not consistently in the same direction.
In terms of absolute values, the impact of climate change far exceeded
the impact of urbanization.

3.4. Identification of the hotspots of urban flood hazard changes over
recent decades

As shown in Fig. 9, under the impact of climate change, the urban
flood hazard increased consistently in some cities located in the east of
Region III, most of Region VI, and the south of Region VII from the
1980s-2010s. In the latest decade, about 65% of cities exhibited an in-
crease in urban flood hazard driven by climate change. These cities were
mainly distributed in Regions I, III, IV, VI, and VII. The cities with a
decrease in the urban flood hazard driven by climate change were
mainly found in Region II and the south of Region IV. Under the impact
of urbanization, the urban flood hazard increased continuously from the
1980s-2010s in about 68% of cities across China. These cities were
mainly distributed in Regions II, III, IV, and V.

As shown in Fig. 10, half of the cities exhibited a Level I impact trend
pattern, indicating that both the impacts of climate change and

urbanization increased, particularly over the 2010s. These cities were
mainly located in Regions I, III, IV, and VI. In most cities located in
Region VII, the impact of climate change increased, whereas the impact
of urbanization decreased (Level II type). About 30% of cities showed an
increase in the impact of urbanization and a decrease in the impact of
climate change (Level III type). These cities were mainly distributed in
Region II. The 148 cities that exhibited the Level I impact trend pattern
should receive more attention (Table S2). Specifically, 33 cities exhibi-
ted continuous increases in the impacts of both climate change and ur-
banization, namely, Lincang, Yunfu, Baoshan, Liuan, Liupanshui,
Neijiang, Nantong, Hefei, Jilin, Taiyuan, Ningbo, Ankang, Guangyuan,
Guangan, Guangzhou, Xinzhou, Yangzhou, Zhuzhou, Yongzhou, Hai-
kou, Yancheng, Shizuishan, Mianyang, Zhaoqing, Zhoushan, Wuhu,
Ziyang, Chongqing, Yinchuan, Zhenjiang, Yangquan, Jixi, and Qiqgihar.

4. Discussion

4.1. Urban flood hazard changes under climate change and urbanization
In this research, we identified changes in precipitation extremes as

the principal factor driving the evolution of urban flood hazards,

corroborating the findings from previous studies (Hou et al., 2022; Sun
etal., 2021; Wang et al., 2023). Over the past few decades, the observed
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urban land area from the 1980s-2010s (d).

trend in urban flood hazards aligns closely with the changes in precip-
itation extremes documented in other researches (Shao et al., 2015;
Zhao et al., 2019). For instance, in the Beijing-Tianjin-Tangshan area in
northern Region II, Shao et al. (2015) reported a decreasing frequency of
extreme precipitation events from 1950 to 2010. Zhao et al. (2019)
observed a consistent decline in annual extreme precipitation days in the
Yellow River Basin (YRB) located in eastern Region II from 1961 to
2002, with a modest downward trend, except in central YRB, from 2003
to 2016. These trends of urban flood hazard could also be detected in
this study (Fig. 5). Furthermore, our study highlights the positive
contribution of urbanization to the increase of urban flood hazards, a
conclusion that finds support in the study of Luo and Zhang (2022). They
demonstrated a significant decline in the urban flood regulation service
capacity across most of the major cities from 1977 to 2018 due to land
use/cover changes. This evidence underscores the substantial increase in
urban flooding risk associated with urban land conversion, aligning with
the period of rapid urbanization in China since the mid-1980s extensive
economic reforms.

4.2. Indications for adaptation strategies

Mitigating climate change is not an easy task, necessitating extensive
global-scale efforts (IPCC, 2022). Substantial management measures

should be explored in the study on a global scale. In regional-scale
studies, urban flood risk management typically involves measures for
managing urban development and adapting to climate change (e.g., Sun
et al., 2021; Zhou et al., 2018). In the cities of Regions I, III, IV, and VI,
the impacts of both climate change and urbanization increased contin-
uously during recent decades. These cities should dedicate more atten-
tion to future urban flood risks. The magnitudes of precipitation
extremes have been projected to show upward variations in most areas
across China under future climate change (Tian et al., 2021; Xu et al.,
2022). Given that changes in precipitation serve as the major driver of
urban flood hazard changes, global-scale climate change mitigation
should achieve obvious effects. Anthropogenic drivers of climate
change, including greenhouse gases, aerosols, and land use, should be
developed optimally during the future period (O’Neill et al., 2016). The
18th National Congress of the Communist Party of China has put for-
ward a new type of urbanization development strategy that stresses the
full integration of improvements in ecology quality into urban devel-
opment (Yu, 2021). However, in some first-tier cities, the impacts of
rapid urbanization should continue to receive attention. For example,
the urbanization process still serves as the major factor in increasing the
flood risk of the Yangtze River Economic Belt (YREB) (Peng and Li,
2021). In these cities, local adaptation measures can be implemented to
cope with the increase in urban flood hazard caused by future climate
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change. Measures including pipe enlargement and low-impact devel-
opment (LID) have been demonstrated to be effective in some cities (e.g.,
Hohhot City and central Shanghai) (Sun et al., 2021; Zhou et al., 2018).
Specifically, LID measures generally include the use of green roofs,
infiltration trenches and permeable pavements (Abduljaleel and
Demissie, 2021; Azari and Tabesh, 2022; Ghodsi et al., 2020; Pour et al.,
2020). As indicated by previous studies (Kourtis and Tsihrintzis, 2021;

Wang et al., 2023), surface retention capacity enhancements and pipe
enlargement measures would substantially reduce the pressure of urban
drainage system in the cities of eastern China.

4.3. Limitations and future study

The results of this study are more suited to capturing the temporal
changes in urban flood hazard than being interpreted as the absolute
level in a given year/decade. At the grid scale, some factors (e.g., micro-
climate and micro-terrain) were not fully considered, which might affect
the calculation of urban flood hazards and lead to some uncertainties in
the results. Limitations exist in accurately isolating the impacts of ur-
banization from those of climate change. In practical applications, the
changes in the hydrological cycle induced by urbanization should be
considered as well. The existing literature suggests multiple methods for
defining extreme precipitation; in this analysis we work with only one
(P99). It may be useful to consider alternative and/or geographically
specific definitions of extreme precipitation, such as the maximum
precipitation or humidex over a specific number of consecutive days, to
better understand changes in exposure to climate extremes.
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5. Conclusions urbanization to increased urban flood hazard was positive in
more than 90% of cities. However, the contribution directions of
This study used surface runoff calculations as the urban flood hazard climate change to increased urban flood hazard were quite
and assessed the changes in precipitation extremes, urban land area, and different across China. In approximately 70% of cities, the
urban flood hazard in China’s 293 major cities from the 1980s-2010s. contribution of climate change to urban flood hazard increases
Based on the decomposition analysis, this study quantified the relative was positive.
contributions of climate change and urbanization to urban flood hazard (3) Cities that showed an increase in the impact of urbanization but a
changes and identified the hotspot cities with consecutive increases decrease in the impact of climate change were mainly distributed
under the impacts of both factors. The main conclusions are as follows. in Region II. The impacts of climate change and urbanization
increased over the latest decade in half of the cities, which were
(1) From the 1980s-2010s, cities mainly concentrated in the east of mainly distributed in northeastern and southeastern China. Spe-
Region III, most of Region VI, and the south of Region VII cifically, 33 cities (identified as the hotspots) exhibited consec-
exhibited consistent increases in precipitation extremes. In the utive increases under the impacts of both climate change and
latest decade, more than half of the cities investigated showed an urbanization, which should be tracked in the future.
increase in extreme precipitation. Over these three decades, the
urban land area increased continuously in most of China’s major Limitations exist in accurately isolating the impacts of urbanization
cities. Urban flood hazard has increased consistently mainly in from those of climate change. In practical applications, the changes in
the cities of Regions III and VI. the hydrological cycle induced by urbanization should be considered as
(2) In terms of the absolute rate, the contribution of climate change well. To better understand changes in climate extremes, it may be useful
far outweighed that of urbanization. The contribution of to consider alternative and/or geographically specific definitions of
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Fig. 10. Trend patterns of the impacts of climate change and urbanization in China’s major cities.

extreme precipitation, such as maximum precipitation or humidex over
a specific number of consecutive days. Despite these limitations, this
approach is expected to be effective in large-scale applications and areas
with limited data availability. And the findings of this study do provide
the first quantitative basis for examining the impacts of urbanization
and climate change across China’s major cities using a consistent
framework, and potentially provide valuable insights for the develop-
ment of national management strategies in the face of ongoing envi-
ronmental changes.
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