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Abstract

Enhancing the resistance of urban agglomeration against rainstorm-induced disasters
has become a more urgent mission for the construction of the Guangdong-Hong Kong—
Macao Greater Bay Area (GBA). But, few studies have focused on the rainstorm disaster
chains at the scale of urban agglomeration. In view of this, in this study, we investigate
the classification, mechanism, probability, variation and risk of rainstorm disaster chains
in the GBA by using the meteorological observation, physical geography, land-use, socio-
economic and disaster loss data during 1990-2018. The results show that the rainstorms
can lead to many disaster chains in the GBA, such as flash flood, riverine flood, debris
flow/landslide, urban waterlogging and agricultural waterlogging. Among them, the urban
waterlogging disaster chain has the highest probability to occur. Furthermore, these disas-
ter chains are influenced and exacerbated by each other, leading to cascading effects. Since
the twenty-first century, the frequency of urban waterlogging has increased and becomes
the most prominent rainstorm-induced disaster, while flash flood, riverine flood and debris
flow/landslide decreased. The rainstorm disaster loss index in the GBA shows a significant
increasing trend (p <0.05) during 1990-2018. By jointly considering the rainstorm hazard,
the exposure of disaster-bearing bodies and the sensitivity of disaster-pregnant environ-
ment, Shenzhen, Zhaoqing and Huizhou rank the top three in the frequency of rainstorm
disaster chains, and Zhaoqing ranks the first in disaster loss index. In addition, the areas
with high rainstorm disaster risk level increase with the augmentation of return period.
Guangzhou, Zhaoqing and Shenzhen are at high-risk level for the rainstorm disasters with
10-year and 20-year return periods. We hope that this study can provide a scientific refer-
ence for the rainstorm disaster risk management in the GBA.
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1 Introduction

Climate change has led to frequent extreme rainstorms and has brought great impacts on
social-economic development in coastal cities in recent years (Canters et al. 2014; Silva
et al. 2017; Zhou et al. 2017; Kang et al. 2018; Lyu et al. 2018; Islam and Raja 2021; Liu
et al. 2022a). According to the atlas of mortality and economic losses from weather, cli-
mate and water extremes from 1970 to 2012 provided by the World Meteorological Organi-
zation, the frequency of rainstorm disasters accounted for 79% of all natural disasters, and
the casualties and direct economic losses caused by rainstorm disasters accounted for 55%
and 86% of the total, respectively (Golnaraghi et al. 2014). With global warming and eco-
nomic development, the total global economic losses caused by rainstorm disasters will
increase by 17% in the next 20 years in the absence of large-scale production structure
adaptation (Willner et al. 2018). Rainstorm disasters are one of the most frequent natural
disasters, often leading to chain reactions of multi-disasters (Kappes et al. 2012; Helbing
2013), and can bring substantial regional or global impacts (Hallegatte 2014; Levermann
2014; Samphantharak 2014). The rainstorm disaster chain is a process in which rainstorm
causes losses and influences the disaster-bearing bodies (refer to the subjects of human
society directly affected and damaged by disasters, such as life, property and infrastruc-
ture) under certain disaster-pregnant environment (refers to the comprehensive earth sur-
face environment, including topographic conditions, river systems and underlying surface
attributes). The rainstorm disaster chain usually triggers other derivative disasters and
causes more complex influence on disaster-bearing bodies (Liu et al. 2021b). It has com-
plex formation mechanisms and is featured by time continuity and spatial expansibility.
The rainstorm disaster chain is triggered by multi-disasters that occur simultaneously or
sequentially, so it is difficult to be forecasted. Therefore, it has attracted much attention
from scholars.

However, the studies on the rainstorm disaster chain are few at present. Most of the
related studies focused on the rainstorm variation characteristics, the formation mecha-
nisms of rainstorm risk, the risk assessment methods and risk zoning (Qin et al. 2015;
Metin et al. 2018; Sun et al. 2020). The studies on the rainstorm disaster chain mainly
focused on individual cases (Wang et al. 2011; Ye et al. 2018; Wan et al. 2018) or a single
disaster. For example, Du and Gu (2016) used a Bayesian network to build a flood disaster
chain model and analyzed the chain effect of flood disaster. Wang et al. (2014) established
a comprehensive evaluation model of urban flood risk based on a normal cloud model. Shi
et al. (2017) evaluated the flood risk in typical years in Ankang City using a cloud model-
based method. Wen et al. (2018) constructed a vulnerability curve model for the rainstorm
and flood disasters in Hubei Province.

The Guangdong—Hong Kong—Macao Greater Bay Area (GBA) is one of the most eco-
nomically developed and densely populated regions in China. Affected by the low-latitude
sea—land interaction and the South China Sea monsoon, there are many types of frequent
co-occurring meteorological disasters. Under the background of global climate change,
rapid urbanization and economic development, the precipitation intensity (Zhang et al.
2012; Zhao et al. 2014; Liu et al. 2016), the exposure to rainstorm disasters (Chen et al.
2019; Wang et al. 2022), the impervious urban area (Yang et al. 2017; Feng and Fan 2018)
and the influence of rainstorm and flood disasters (Chen et al. 2017; Zhou et al. 2019; Qin
et al. 2021) have all increased in the Pearl River Basin, where the GBA is located. Wang
et al. (2021) showed that the frequency of rainstorm disasters in the GBA in 2005-2018
increased by two times than that in 1990-2004. Furthermore, the extreme precipitation
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indexes will increase, and the area proportion of the two highest flood risk levels will be
as high as 60% in the mid-21st (Wang et al. 2021). The construction of GBA is a major
national strategy, so it is of great significance to investigate the evolution characteristics of
rainstorm disaster chains in the GBA.

Therefore, based on the comprehensive evaluation of the 990 cases of rainstorm-
induced disasters from 1990 to 2018 in the GBA, this study investigates the classification
and mechanism of rainstorm disaster chains, analyzes the spatiotemporal distribution and
variation characteristics, establishes a quantitative function between disaster losses and
three variables (hazard severity, geographical environment and exposure) by on the statis-
tics correlation analysis and conducts rainstorm disaster risk assessment. We hope that this
study can deepen the understanding of rainstorm disaster chains in the GBA and provide a
scientific reference for the risk management of rainstorm disasters in the GBA.

2 Data and methods
2.1 Study area

Located in the southern coast of China, the GBA is composed of Hong Kong, Macau
and nine cities of Guangdong Province, namely, Guangzhou, Foshan, Zhaoqing, Shen-
zhen, Dongguan, Huizhou, Zhuhai, Zhongshan and Jiangmen (Fig. 1). The total area
of GBA is 56,000 square kilometers, which covers the lower reaches of the Pearl River
Basin and part of the coastal regions of Guangdong Province. The water system in the
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Fig. 1 Terrain and meteorological stations (red dots) in the GBA
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GBA is complex, with dense and intertwined river networks. The soil is mainly granite-
weathered red soil, and the underground is primarily a shallow covered karst area.

The GBA is located in the subtropical monsoon climate zone, with an aver-
age annual precipitation of 1886 mm, but the precipitation is unevenly distributed
among different seasons, with less precipitation in winter and more precipitation in
summer. The precipitation is the most in June (363 mm) and the least in December
(38 mm), with a difference of nearly 10 times between them. The number of rain-
storm day is also the highest in June (1.8 days) and the lowest in February, with less
0.1 days (Fig. 2). The rainy season in this region is long, and heavy rainstorm occurs
frequently, causing serious disasters that affect widespread areas (Zhou et al. 2019).

2.2 Data

The daily observation data from 29 meteorological stations in the GBA from 1990 to
2018 (Fig. 1) are used in this study, which is from the Dataset of Daily Climate Data
from Chinese Surface Stations for Global Exchange (V3.0) and has undergone strict
quality control (Ren et al. 2012).

The river data and the elevation model of disaster-pregnant environment used in
this study come from the 1:250,000 scale topographic database of National Basic
Geographic Information Center (Wang et al. 2001). The 1-km resolution land-use
data are from the Institute of Geography Sciences and Natural Resources, Chinese
Academy of Sciences (Xu et al. 2018). The vegetation coverage data are calculated
based on the 1-km normalized difference vegetation index products of the moderate
resolution imaging spectroradiometer. Population and gross domestic product (GDP)
data are from the Guangdong Statistical Yearbook.

According to the classification of meteorological disasters by the China Meteoro-
logical Administration (CMA 2020), the disasters caused by typhoon-induced rain-
storms are categorized as typhoon disasters. Therefore, the rainstorm disaster chains
investigated in this study are those caused by non-typhoon-related rainstorms. The
disaster loss data caused by rainstorms are from the meteorological disaster database
of the National Climate Center of China Meteorological Administration, including
direct economic loss, disaster-affected population and casualties (Li and Zhao 2022).
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Fig.2 Monthly precipitation and rainstorm days averaged from 1990 to 2018 in the GBA
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2.3 Methods
2.3.1 Normalization

In order to make the scales of different indicators comparable, the normalization is conducted
for all the elements in this study. The equation is as follows (Eq. (1)) (Wang et al. 2022):

_ Xi - Xmin
XD;=05+05X 0—-—F— (1)
Xmax - Xmin

where XD; denotes the normalized value of the ith element, X; is the ith element value, X ;,
is the minimum of the element and X ,, is the maximum of the element.

2.3.2 Hazard index

The rainstorm-induced disasters investigated in this study are those caused by
non-typhoon-related rainstorms. According to the grade of precipitation (GB/T
28592-2012), a day with daily precipitation greater than or equal to 50 mm is defined
as a rainstorm day. If one at least meteorological station in the monitoring area has a
rainstorm, the 1st day of the rainstorm process will be judged as the beginning date.
After the rainstorm process starts, if there is no rainstorm in the monitoring area on
a single day, and the day before it is the rainstorm process end date. Referring to the
previous quantitative evaluation methods for the comprehensive intensity of rainstorm
process (Ye et al. 2019; Wu et al. 2019), three factors of rainstorm such as intensity,
duration and coverage range are selected to evaluate the rainstorm dangerousness in
this study.

The rainstorm hazard index (H) reflects the degree of rainstorm hazard. It is calculated by
the average rainfall intensity (Z, unit: mm), average coverage range (C, unit: station) and dura-
tion (D, unit: day) of a rainstorm process as follows:

H=1/cVD )

where I denotes the average precipitation of all the rainstorm stations during the rainstorm
process; C is the daily average number of stations with rainstorm during the rainstorm
process and D is the number of days from the start date to the end date of the rainstorm
process. H is normalized to get the standardized value of rainstorm hazard index, and the
annual rainstorm hazard index is the accumulation of all the standardized values of the
rainstorm hazard index in that year.

2.3.3 Exposure index

The previous research suggested to use the population density or per unit of GDP as the expo-
sure indicator (Li et al. 2021). In this study, both indicators of per unit of population and GDP
at 1-km grid spacing in the GBA are used to establish the exposure index (EX). According to
Wang et al. (2021), EX is calculated as follows:

EX = 0.5 x POPy + 0.5 X GDP,, 3)
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where POP,, denotes the normalized data of the population per square kilometer, and
GDP,, is the normalized data of the GDP per square kilometer. The entire region and each
city of the GBA are calculated according to their own POP,, and GDPy,.

2.3.4 Disaster-pregnant environment index

The previous research suggested that terrain, land cover/land use, river network den-
sity, infrastructure and drainage pipeline density are the environment factors that relate
to rainstorm disasters (Sun et al. 2020; Islam and Raja 2021; Li et al. 2021). Here,
we adopt the method of Wang et al. (2021) to calculate disaster-pregnant environment
index (EN).

EN =04 xT +03xRI-0.3x VC )

where T, RI and VC are normalized terrain index, river network density index and vegeta-
tion coverage, respectively. The values of the entire region and each city of the GBA are
obtained by calculating the average over the grid points within their respective administra-
tive areas.

2.3.5 Disaster loss index

In order to evaluate the comprehensive disaster losses of rainstorm disasters, the con-
cept of disaster loss index is introduced in this study. Based on the disaster loss data
such as disaster-affected population, casualties and direct economic loss, the disaster
loss index of each disaster-causing rainstorm is calculated by the method of Zhou et al.
(2017), as shown in Eq. (5).

DL = log,, (P + 1) + 10&% + 107 )

where DL represents the disaster loss index, P is the number of casualties, L is the direct
economic loss, GDP is the gross domestic product, AP is the disaster-affected population
and POP is the total population. The annual disaster loss index of rainstorm is the accumu-
lation of all disaster loss indexes of rainstorm within the year.

2.3.6 Risk assessment

The disaster risk factors mainly include hazard intensity, exposure of disaster-bearing
body and sensitivity of disaster-pregnant environment (Cardona et al. 2012). The risk
assessment of rainstorm disaster loss is constructed based on hazard index, exposure
index and disaster-pregnant environment index (Shi 2005), as shown in Eq. (6):

DL = f(H,EX,EN) (6)

We use the regression method to establish a loss function of the relationship
between disaster loss index and hazard index. Based on the normal distribution func-
tion of hazard index, the thresholds for the return periods of 5, 10 and 20 years are cal-
culated in the study. Combined with multi-year averaged exposure index and disaster-
pregnant environment index, the DL for different return periods is estimated according
to the loss function.
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3 Results
3.1 Rainstorm disaster chains
3.1.1 The structure of rainstorm disaster chains

The disaster chain is a complex system, which consists of disaster-inducing factor, disaster-
pregnant environment and disaster-bearing body. The disaster losses are affected by the
joint effect of the hazard severity of disaster-inducing factor, the sensitivity of disaster-
pregnant environment and the exposure of disaster-bearing body (Shi 2005). Due to the
complex geographical environment, the rainstorm disasters in the GBA are very complex,
often presenting a chain effect. When the rainstorm intensity reaches the disaster threshold,
different rainstorm disaster chains are triggered in different disaster-pregnant environment.
According to the historical records of rainstorm-induced disasters in the GBA, the rain-
storm disaster chains mainly include flash flood, riverine flood, debris flow or landslide,
urban waterlogging and agricultural waterlogging (Fig. 3). Moreover, they are influenced
and exacerbated by each other, leading to cascading effects in different disaster-bearing
bodies. For example, flash flood could trigger debris flow/landslide, riverine flood, urban
waterlogging and farmland waterlogging. Riverine flood can aggravate urban and farmland
waterlogging. The rainstorm disaster chains can lead to the breaking of embankments, the
destroy of bridges and culverts, the collapse of houses, flooding of farmland, damage to
infrastructures (such as power, communication, water conservancy and roads) and water-
logging in urban streets and farmland. Ultimately, they cause casualties, agricultural reduc-
tion, industrial shutdown, interruptions in transportation, power and communications and
economic and property losses.

Taking the heavy rainstorm on May 5-7, 2010, in the GBA as an example, it triggered
all rainstorm disaster chains which were exacerbated by each other. The 3-h and 6-h rain-
fall intensities exceeded 50-year return period in some meteorological stations of Guang-
zhou, Huizhou and Dongguan. The rainstorm resulted in the outbreak of mountain flash
flood in Huizhou, triggered debris flows/landslides and aggravated serious riverine flood in
the North River tributary. The heavy rainstorm and the riverine flood led to severe urban
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waterlogging in Guangzhou, Shenzhen and Dongguan. In Guangzhou, the rainstorm disas-
ter chains resulted in six deaths, 13,000 vehicles soaked, 17,120 ha farmland flooded and
544 million yuan of direct economic losses.

3.1.2 Rainstorm disaster loss

The meteorological disaster database provided by the National Climate Center of China
Meteorological Administration has been statistically analyzed in this study. The results
show that in the GBA from 1990 to 2018, the rainstorm disaster chains caused an aver-
age of 326,000 people affected, 14 people died and a direct economic loss of 1.35 billion
yuan (calculated at 2018 constant prices) each year (Fig. 4). The direct economic loss was
the largest in 1994, reaching 7.82 billion yuan, followed by 7.29 billion yuan in 2008. The
affected population was the largest in 2008 (2.57 million people), followed by 1994 (1.12
million people). In terms of the death toll from rainstorm disasters, the number was the
largest in 1998 (88), followed by 1997 (80). From 1990 to 2018, the rainstorm disaster
loss index in the GBA shows a significant increasing trend (p <0.05), and the inter-annual
fluctuation is large. In 2005, 2006, 2014 and 2008, the rainstorm disaster index is relatively
large, exceeding 40. However, in 1991, 1990, 1995 and 1999, it is relatively small, less
than 10 (Fig. 4d).

From the multi-year average comprehensive disaster loss index of each city during
1990-2018 (Table 1), it can be seen that Zhaoqing has the largest index (5.22), followed
by Foshan (3.99) and Huizhou (3.49), while the index in Zhuhai, Zhongshan and Dong-
guan is relatively small (less than 2). This is because the multi-year average proportion of
economic losses to GDP (0.37%) and the multi-year average proportion of affected popula-
tion to total population (21.9%) caused by rainstorm disasters are the highest in Zhaoqing,
while they are relatively low in Zhongshan (0.11% and 3.4%, respectively) and Dongguan
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Fig.4 The annual a disaster-affected population, b death toll, ¢ direct economic loss and d comprehensive
disaster loss index in the rainstorm processes in the GBA from 1990 to 2018
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Table 1 Multi-year averages of -
H EX EN DL
the rainstorm hazard index (H), City
the exposure index of hazard-
bearing bodies (EX), the disaster- Dongguan 341 0.61 0.45 173
pregnant environment index (EN) ~ Foshan 5.84 0.57 0.54 3.99
and the disaster loss index (DL) Guangzhou 8.69 0.55 0.34 3.22
for each City of the GBA during Huizhou 6.70 0.51 0.22 3.49
1990-2018 Shenzhen 8.23 0.72 0.27 247
Jiangmen 2.95 0.51 0.30 2.62
Zhaoqing 7.71 0.50 0.13 5.22
Zhongshan 3.06 0.56 0.52 1.58
Zhuhai 5.39 0.54 0.37 0.98

(0.14% and 11.0%, respectively). Moreover, the rainstorm hazard is relatively high in Zhao-
qing and low in Zhongshan and Dongguan. The reasons are discussed in detail in Sect. 3.2.

3.1.3 The probability of rainstorm disaster chains

From 1990 to 2018, there are 990 rainstorm disasters in the GBA. Among them, the occur-
rence frequency of flash flood, riverine flood, debris flow/landslide, urban waterlogging
and agricultural waterlogging is 25, 145, 193, 629 and 463, respectively (Table 2). It can be
seen that the probability of urban waterlogging disaster is the highest, accounting for 63.5%
of the total rainstorm disasters, which is related to the rapid expansion of urban impervious
surface in the GBA (Feng and Fan 2018). The second is the agricultural waterlogging dis-
aster (46.8%). The occurrence probability of debris flow/landslide ranks the third (19.5%),
which is due to the fact that there are more than 70 hidden danger points of geological
disasters in the GBA, accounting for about 80% of all hidden danger points in Guangdong
(Department of Natural Resources of Guangdong Province 2018). The occurrence prob-
ability of riverine flood disasters accounts for 14.6%, while that of flash flood disaster is
relatively small (only 2.5%), mainly concentrated in the Zhaoging mountainous area.

Table 2 Frequency of rainstorm disaster chains in the GBA during 1990-2018

City Disaster Flash flood Riverine flood Urban Agricultural Debris
frequency waterlog- waterlogging  flow/land-
ging slide
Dongguan 25 0 2 16 18 1
Foshan 134 1 30 48 62 48
Guangzhou 113 4 15 87 54 14
Huizhou 142 1 18 117 69 9
Shenzhen 264 5 10 233 9 70
Jiangmen 89 2 12 32 79 8
Zhaoqing 185 10 53 69 141 39
Zhongshan 24 2 5 18 20 4
Zhuhai 14 0 0 9 11 0
GBA 990 25 145 629 463 193
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Fig.5 The frequency of rainstorm disaster chains in the GBA cities from 1990 to 2018

As shown from Fig. 5, the frequency of rainstorm disasters in Shenzhen is the highest,
reaching 264 and accounting for 26.7% of the total rainstorm disasters in the GBA. Among
them, the frequency of urban waterlogging is the highest, accounting for 88%. This is con-
sistent with the conclusion of Zhou et al. (2017), mainly due to the increase in rainstorm
hazard. Debris flow/landslide ranks the second in Shenzhen (26.5%). Shenzhen is located
in the coastal low-mountain and hilly area, with large undulating terrain and complex geo-
logical structure. Its eastern area is distributed with soluble rock, while the western area
(Bao’an District and Nanshan District) is covered by soft soil. Therefore, heavy rainfall is
prone to cause landslide disasters in Shenzhen (Tang 2016).

There are 185 rainstorm disasters in Zhaoqing from 1990 to 2018, accounting for 18.9%
of the total frequency in the GBA and ranking the second. Among them, the frequency of
agricultural waterlogging disaster is the highest (76.2%), followed by urban waterlogging
(37.3%) and riverine flood (28.6%) and. The frequency of rainstorm disasters in Huizhou
ranks the third in the GBA, accounting for 14.3%. Among them, urban waterlogging and
agricultural waterlogging disasters account for 82.4% and 48.6%, respectively. Foshan has
experienced a total of 134 rainstorm disasters in the past 30 years, of which agricultural
waterlogging disasters account for 46.3%, urban waterlogging and debris flow/landslide
account for 35.8%, respectively. Since 1990, there have been 114 and 89 rainstorm disas-
ters in Guangzhou and Jiangmen, respectively, mainly urban waterlogging and agricultural
waterlogging disasters. The frequencies of rainstorm disasters in Dongguan, Zhongshan
and Zhuhai are all less than 30, mainly agricultural waterlogging disasters and urban water-
logging disasters.

The frequency of urban waterlogging disasters in GBA cities is the highest in Shenzhen,
accounting for 37.0% of the total frequency of urban waterlogging disasters in the GBA,
followed by Huizhou (18.6%). The frequency of agricultural waterlogging disasters is high-
est in Zhaoqing, accounting for 30.5%, followed by Jiangmen (17.1%). The most frequent
geological disasters, such as landslides and debris flows, are also in Shenzhen, accounting
for 36.3%, followed by Foshan (24.9%). The frequency of riverine flood disasters is the
highest in Zhaoqing, accounting for 36.6%, followed by Foshan (20.7%). Flash flood disas-
ters occur most in Zhaoqing, accounting for 40.0%, followed by Shenzhen (20.0%).
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Table 3 Frequency of compound

rainstorm disaster chains in the City 1chain  2chains  3chains 4chains  Total

GBA from 1990 to 2018 Dongguan 14 10 0 25
Foshan 85 43 6 0 134
Guangzhou 63 41 7 2 113
Huizhou 86 40 16 0 142
Shenzhen 208 49 0 264
Jiangmen 57 22 8 2 89
Zhaoqing 85 73 27 0 185
Zhongshan 5 13 6 0 24
Zhuhai 8 6 0 0 14
GBA 611 297 78 4 990

3.1.4 Compound rainstorm disaster chain

As mentioned in Sect. 3.1.1, the different rainstorm disaster chains in the GBA can be trig-
gered by each other. According to historical records, the rainstorm disasters often appear as
compound rainstorm disaster chain. Table 3 shows that among the rainstorm-induced dis-
asters during 1990-2018, the frequency of 2, 3 and 4 disaster chains in simultaneity is 297,
78 and 4, accounting for 30%, 7.9% and 0.4% of the total frequency in the GBA, respec-
tively. The city with the most frequent occurrence of two or more disaster chains is Zhao-
qing, accounting for 54.1% of its total rainstorm disasters. Although the total frequency is
not high in Zhongshan, the proportion of compound disaster chains is the highest, reaching
79.2%. The concurrence of four disaster chains only appears in Guangzhou and Jiangmen.

3.1.5 The variations of rainstorm disaster chains

Figure 6 shows the interdecadal variations of the frequency of rainstorm disaster chains
in the GBA. As can be seen, the frequency in the 1990s, 2000s and 2010s is 211, 343
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Fig.6 The interdecadal variations of rainstorm disaster chains in the GBA
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and 436 with an increasing trend. In the 1990s, 2000s and 2010s, the frequency of urban
waterlogging disasters is 122, 178 and 329, respectively, and the frequency of agricultural
waterlogging disasters is 106, 163 and 194, respectively. It can be seen that the frequency
of urban waterlogging and agricultural waterlogging disasters shows an increasing trend,
while the frequency of flash flood, riverine floods and debris flow/landslide is the highest
in the 2000s and decreases in the 2010s. This may be related to the enhanced capacity of
flood defense for small- and medium-sized rivers and of prevention to flash flood, debris
flow/landslide in recent years (Yu and Li 2010; Zhao et al. 2022).

3.2 The variations of rainstorm hazard

Affected by the monsoon climate, the monthly variation of rainstorms in the GBA is obvi-
ous (Fig. 7). Seen from the multi-year average of 1990-2018, the frequency of rainstorm
processes is the most in May (4.6 times), followed by June (4.3 times) (Fig. 7a). This is
related to the frontal precipitation during the pre-flood season in South China and the
onset of the South China Sea monsoon (Zhou et al. 2019). Besides, the largest number
of monthly duration of rainstorm process days appears in June (12.1 days), followed by
May (9.3 days) (Fig. 7b). The average intensity of rainstorm processes in May is the larg-
est (76.3 mm), followed by June (75.6 mm) (Fig. 7c). The largest average impact range of
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rainstorm processes is in April and May, both about 3.8 stations (Fig. 7d). According to
Eq. (2), the hazard index of all rainstorm processes in the GBA from 1990 to 2018 is cal-
culated, normalized and averaged by month, and then, the multi-year average hazard index
of each month is calculated (Fig. 7e). The results show that the maximum value is in June,
reaching 0.62, which is related to the intensity and long duration of the rainstorm processes
in June. The second largest index appears in May (0.60), which is related to the frequent
and wide-ranging rainstorms in May.

From 1990 to 2018, annual coverage stations of rainstorm processes tend to increase
with a rate of 7.6 stations 10a~' (Fig. 8a), and the annual days of rainstorm processes in
the GBA also show a slightly increasing trend with an increase rate of 1 day 10a~!. The
rainstorm hazard index in the GBA also shows a similar slightly increasing trend (Fig. 8b)
and has close relationship with the above-mentioned indexes. The highest value appears
in 1997 (24.0) and the lowest value in 2018 (10.7). The increased rainstorm hazard in the
GBA is also related to the slight increase in precipitation intensity in the central and east-
ern Pearl River Basin since the 1990s (Zhang et al. 2012; Zhao et al. 2014).

From 1990 to 2018, the rainstorm hazard index in Dongguan, Foshan, Zhongshan,
Guangzhou, Zhaoqing and Huizhou shows an increasing trend. The hazard index in Dong-
guan and Foshan increases significantly which has passed the significance test at 0.05 level,
while the hazard index in Jiangmen, Shenzhen and Zhuhai shows a slight decreasing trend
(Fig. 9). As shown from Table 1, the multi-year averaged annual rainstorm hazard index in
1990-2018 is the largest in Guangzhou, followed by Shenzhen and Zhaoqing, while that in
Jiangmen and Zhongshan is relatively small.

3.3 The variations of exposure index

The population density in the GBA increased significantly from 1990 (425 persons km~2)
to 2018 (1057 persons km™2) at a rate of 228 persons km~2 per 10 years (Fig. 10a), which
has passed the significance test at 0.01 level. The city with the highest population den-
sity (4000 persons km~2 on average) and the fastest growing speed is Shenzhen (1925 per-
sons km™2 per 10 years), followed by Dongguan City (1022 persons km™2 per 10 years)
(Fig. 10b). In the past 30 years, the GDP per square kilometer in the GBA has also
increased significantly with an increase rate of 51.38 million yuan per 10 years, which has
passed the significance test at 0.01 level. The GDP has increased from 1.3 million Yuan
km™2 in 1990 to 148.72 million Yuan km~2 in 2018, which means an increase of more
than 100 times (Fig. 10c). Among them, Shenzhen has the fastest growth, with the increase
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in average GDP per unit area being 400 million per 10 years. Zhaoqing, Jiangmen and
Huizhou have relatively small GDP, which is 14.78 million, 30.97 million and 36.25 mil-
lion Yuan km~2 in 2018, respectively (Fig. 10d), and the growth rate is also small, all less
than 10 million Yuan km~2 per 10 years.
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Equation (1) is used to normalize the GDP per unit area and population density in each
city in the GBA, and then, the exposure index of the GBA and each city in 1990-2018
is calculated according to Eq. (3). It can be seen that the exposure index in the GBA has
increased almost linearly from 1990 to 2018, with a tendency rate of 0.04 per 10 years
(Fig. 10e). Among them, the tendency rate of exposure index in Shenzhen reaches 0.16
per 10 years, and the increase is the fastest among the nine cities. Meanwhile, the multi-
year average of exposure index reaches 0.72 and is also the highest (Table 1), followed
by Dongguan (0.61) and Foshan (0.57). Zhaoqing has the lowest average exposure index
(0.50), with little change in the past 30 years (Fig. 10f).

3.4 The variations of disaster-pregnant environment

Since there are only vegetation coverage data in 1990, 1995, 2000, 2005, 2010, 2015
and 2018, when Eq. (5) is used to calculate the disaster-pregnant environment index in
the GBA, and in each city, the calculation results represent the periods of 1990-1992,
1993-1997, 1998-2002, 2003-2007, 2008-2012, 2013-2016 and 2017-2018. Figure 11
shows that during these seven periods, the vegetation coverage area of the GBA shows
a significant decreasing trend, and the decreasing rate is 7932 km? 10a~! (»p <0.01). The
vegetation coverage area of the GBA in 2018 (43,313 km?) is 9.4% less than that in 1990
(48,031 km?) (Fig. 11a). The vegetation coverage in GBA cities also shows a decreasing
trend. Compared with 1990, the vegetation coverage area has decreased by 48.2% in Dong-
guan and by 37.7% in Shenzhen (Fig. 11b). For the average vegetation coverage area of the
seven periods, Zhaoging has the largest area, reaching 13,976 km?, followed by Huizhou
(10,358 kmz), while Zhongshan, Zhuhai and Shenzhen have only about 1000 km?.

The multi-year average of the disaster-pregnant environment index in each city shows
(Table 1) that Foshan has the highest index (0.54), followed by Zhongshan (0.52), while
Zhaoqing has the lowest index (0.13). From the perspective of variations over the years,
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Fig. 11 The variations of a vegetation coverage area in the GBA, b vegetation coverage area in each city, ¢

the disaster-pregnant environment index in the GBA and d the disaster-pregnant environment index in each
city from 1990 to 2018
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the index of the disaster-pregnant environment in both the GBA and the cities of GBA has
shown an increasing trend, especially in Zhuhai and Zhongshan (Fig. 11c and d).

3.5 Risk assessment

According to Eq. (6), we construct the loss function. Through the statistical analysis of
the linear correlations of the disaster loss index to the hazard index, the exposure index
and the disaster-pregnant environment index, it is found that most of the correlation coef-
ficients present positive correlation in nine cities of the GBA. The correlation coefficient
between disaster loss index and hazard index is much higher than that of the other two
factors. Therefore, the following two equations are adopted to construct the disaster loss
assessment model based on all rainstorm-induced samples from 1990 to 2018 in nine cities
of the GBA.

DL =aq+a,H (7

DL = ay + a,H + a,H* ®)

where apa, and a, represent fitting parameters (ay = 0.5971,a, = 0.4853 in Eq. 7,
ay=0,a, =0.7847,a, = —0.0261 in Eq. (8)). The fitting correlation coefficients are 0.531
and 0.548, which have passed the 95% significance test.

On this basis, we estimate the rainstorm disaster losses caused by the hazards in differ-
ent return periods. First, we use the Kolmogorov—Smirnov method to check whether the
time series of hazard index follows a normal distribution. The results suggest that they pass
the significance test in all nine cities (p <0.05). Second, we calculate the hazard thresholds
of different return periods (5, 10 and 20 years). Then, we estimate the disaster loss index
(DL) based on Egs. (7) and (8). Last, the DL is divided into four levels in terms of the 50,
70 and 80 percentiles, namely, low risk (DL <2.5), medium risk (2.5 < DL <4), higher risk
(4 <DL <5.5) and high risk (DL >5.5).

As can be seen from the DL risk levels in different return periods (Fig. 12), the areas
of high risk in the GBA increase with the augmentation of return period. According to
Eq. (7), Guangzhou is at high-risk level for all three return periods. For the 20-year return
period, Huizhou, Shenzhen and Zhaoqing, except Guangzhou, are also at high-risk level.
Dongguan, Zhongshan and Jiangmen are always at medium-risk level, while Foshan and
Zhuhai are at higher risk level for different return periods. The assessment results based
on Eq. (8) are remarkably different from those of Eq. (7). The risk levels of each city
are medium or higher for 5-year return period. Only Guangdong is at high-risk level for
10-year return period. For 20-year return period, Guangdong, Shenzhen and Zhaoqing are
at high-risk level. Since the risk assessment is based on the DL, it is basically in line with
the actual loss situation.

4 Discussion
Many past studies evaluated the flood risk from the perspective of a single disaster such
as urban waterlogging or river flooding (Zhou et al. 2017; Sun et al.2020; Islam and

Raja 2021; Li et al. 2021; Liu et al. 2021a). Different from the past studies, in this study,
we assess the rainstorm-induced disasters on the basis of disaster chains. This study
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innovatively investigates the classification, probability and mechanisms of rainstorm dis-
aster chains, and assesses the variation and risk of rainstorm disaster chains at the scale of
urban agglomeration. The results of this study can help local government to conduct macro
decision-making on rainstorm disaster risk management.

The rainstorm-induced disaster is a complex issue and is affected by various factors
(Quan 2014; Islam and Raja 2021; Liu et al. 2021b). In this study, several factors are
selected from three aspects. However, these cannot fully reflect the influence factors of
rainstorm disaster chains. As for rainstorm hazard, it is not only related to daily precipita-
tion but also the precipitation intensity within a short period (Ye et al. 2018). As the mete-
orological observation data have limitations in spatial resolution, the hazard index should
be calculated at the grid scale on the basis of more rain gauges. In the assessment of disas-
ter-pregnant environment, the adopted factors such as terrain, river network and vegetation
coverage all belong to natural conditions, while the differences in urban adaptability such
as drainage condition are not considered (Islam and Raja 2021). In addition, this study
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mainly considers the consequences of rainstorm disaster chain risk and ignores the coping
capacities or resilience of social and economic dimensions.

The risk of rainstorm disaster is the result of the interactions among multiple influenc-
ing factors and compound rainstorm disaster chains, while some factors cannot be accu-
rately described by mathematical models (Fang et al. 2015). It is quite difficult to delve into
the specific interplay or interactions among these disaster chains. Furthermore, rainstorm
disasters in coastal regions are related to the extreme sea level including storm surges,
astronomical tides and waves (Fang et al. 2021; Hendry et al. 2019). Coastal rainstorm
disaster risk may be underestimated if only the individual flood is considered (Wahl et al.
2015; Liu et al. 2022b). Therefore, further exploring how these different disaster chains
influence and exacerbate each other would be valuable. In addition, the losses caused by
different rainstorm disaster chains need to be analyzed. Through the comparison of risk
assessment in Sect. 3.5, it can be seen that the construction of different disaster loss models
leads to the uncertainty of risk assessment results.

In general, traditional statistical analysis methods for disaster chains have limitations. At
present, there is a lack of research on the formation mechanism of rainstorm disaster chains
by constructing mathematical and physical models. The quantitative analysis and the high-
precision mathematical and physical models should be built to analyze rainstorm disaster
chains (Liu et al. 2021b). With the cross-integration of multi-disciplines and multi-fields,
as well as the improvement of data sharing ability across departments and industries, it is
necessary to conduct more in-depth and detailed research on the rainstorm disaster chains
in the GBA in the future. This study showed that the risk of rainstorm disasters in the GBA
is high, and the accompanied losses are large. Therefore, the following mitigation strate-
gies are proposed.

First, on the basis of disaster hazard, the exposure of disaster-bearing bodies and the
sensitivity of disaster-pregnant environment should be fully considered, and the risk
thresholds of rainstorm disasters and the critical values of rainstorm hazard in different cit-
ies need to be determined. Then, the early warning based on the risk of rainstorm disasters
needs to be carried out.

Second, to deal with the increased risk of rainstorm disaster chain under climate change
and urbanization, it is necessary to strengthen the construction of engineering measures to
prevent rainstorm disasters, and different cities should have their own priorities. (1) The
design standards of flood control and drainage systems should be improved. At present,
most of the flood control standards in the GBA cities are less than once in 20 years (Chen
et al. 2017). Under the situation of frequent extreme rainstorm events and frequent occur-
rence of excessive floods in the GBA (Qin et al. 2021), the flood prevention and waterlog-
ging drainage capacity of urban river channels are obviously insufficient. (2) Dangerous
reservoirs, dangerous dams of small- and medium-sized rivers, urban waterlogging points
and the hidden danger points prone to landslides, debris flows and other disasters should be
controlled in advance. (3) Geological disaster surveys in mountainous areas should be car-
ried out to improve the monitoring, forecasting and early warning capabilities of rainstorms
and related geological disasters.

Third, to deal with the risk of rainstorm disasters, non-engineering protection strategies
have got increasing attention. Among the various rainstorm disaster chains in the GBA,
rainstorm-induced urban waterlogging disaster chain is the most prominent. Accordingly,
different cities should speed up the construction of sponge cities according to their actual
conditions. Urban planning and layout should be scientific. We should rationally use urban
natural water systems and increase green infrastructures such as urban green space and
permeable surface. Urban rainstorm flood should be controlled through managing the
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hydrological processes, such as infiltration, storage, purification, reuse and diversion, to
alleviate the pressure of urban waterlogging (Wu et al. 2019; Chen et al. 2017).

5 Conclusions

In this study, we investigate the classification and mechanisms of rainstorm disaster
chains, and analyze its spatiotemporal distribution characteristics based on the recorded
rainstorm disasters during 1990-2018 in the GBA. Furthermore, we analyze the vari-
ations of rainstorm disaster risk factors such as hazard, disaster-pregnant environment
and hazard-bearing bodies. Then, we establish quantitative function between DL and
hazard index, and assess the risk level for different return periods. The main conclusions
are as follows:

1) Rainstorms in the GBA can lead to disaster chains such as urban waterlogging, agri-
cultural waterlogging, flash flood, riverine flood and debris flow/landslide. Among
them, the urban waterlogging disaster chain has the highest probability, followed by
the agricultural waterlogging, and the flash flood has the smallest probability. Since the
twenty-first century, the frequency of urban waterlogging has increased and becomes the
most prominent rainstorm disaster, while the frequency of flash flood, riverine flood and
debris flow/landslide disaster chains has decreased. By jointly considering the rainstorm
hazard, the exposure of disaster-bearing bodies and the sensitivity of disaster-pregnant
environment, Shenzhen, Zhaoqing and Huizhou rank the top three in the frequency of
rainstorm disaster chains.

2) The rainstorm disaster chains are influenced and exacerbated by each other, leading to
cascading effects in different disaster-bearing bodies. During 1990-2018, the frequency
of 2, 3 and 4 disaster chains accounts for 30%, 7.9% and 0.4% of the total rainstorm-
induced disasters in the GBA, respectively. The city with the most frequent compound
disaster chains is Zhaoqing, accounting for 54.1% of its total rainstorm disaster chains.
The concurrence of four disaster chains only appears in Guangzhou and Jiangmen in
recent 30 years.

3) From 1990 to 2018, the rainstorm disaster loss index in the GBA has shown a signifi-
cantly increasing trend (p <0.05), and the inter-annual fluctuation is large. As for the
multi-year averaged rainstorm disaster loss index, it is the highest in Zhaoqing and
the lowest in Zhuhai. The assessment of rainstorm disaster risk shows that the areas at
high-risk level increase with the augmentation of return period in the GBA. In general,
Guangzhou, Zhaoqing and Shenzhen are at high-risk level for 10-year and 20-year return
periods.
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