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ABSTRACT

In recent years, with the gradual acceleration of global warming, the water cycle has intensified,
leading to frequent extreme weather events such as rainstorms and high-temperature heatwaves.
Among them, the occurrence of extreme precipitation events has caused huge losses to human life,
property, and socio-economic development. This paper reviews the definitions of extreme
precipitation events and exposure, studies on extreme precipitation events at different regional
scales at home and abroad, studies on exposure, and the research status at home and abroad on
the threshold of extreme precipitation events, the selection of extreme precipitation indicators and
exposure indicators. It is found that there are still deficiencies in the selection and division of
spatiotemporal scale indicators for extreme precipitation events and in the comprehensive research
on exposure. On this basis, the spatiotemporal distribution law of extreme precipitation events and
the research prospects of exposure are prospected.
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1. INTRODUCTION

Over the past century, with the continuous improvement of industrial levels, the global temperature
has shown a continuous upward trend. The risks brought by climate change have gradually become a
major challenge affecting global security and development [1]. The Fifth Assessment Report of the
IPCC points out that the global average surface temperature increased by 0.85<C from 1880 to 2012.
Due to global warming, the water cycle has intensified, leading to frequent extreme weather and
climate events such as high-temperature heatwaves, severe droughts, and heavy precipitation.
Precipitation-related extreme events are one of the most influential consequences of climate warming.
Extreme precipitation has been reported as the main disaster related to extreme weather globally. The
frequency of regional extreme precipitation has significantly increased, and the intensity has
significantly enhanced, leading to the occurrence of some unprecedented extreme events, which have
caused huge losses to human life, property, and socio-economic development, especially having
adverse effects on agriculture, livelihoods, drainage systems, transportation services, and human
deaths [2-6]. How to deal with global climate change and its adverse effects is a major challenge
faced by the international community today [4]. At the global and regional scales, the frequency and
intensity of extreme precipitation will further increase [5]. Therefore, studying the spatiotemporal
variation characteristics of extreme precipitation is of great significance for coping with global
climate change.
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China has a complex terrain, and the huge land-sea difference makes the region extremely sensitive

to climate change, resulting in frequent natural disasters. The China Climate Change Blue Book (2023)
shows that from 1961 to 2022, the frequency of extreme heavy precipitation events in China showed

an increasing trend [7]. Studies have shown that since the early 1950s, the area affected by floods has

shown an upward trend; since 1961, extreme precipitation events in China have significantly
increased, and the extreme precipitation amount and extreme precipitation days in most areas have

shown an increasing trend [8]. The change characteristics of extreme precipitation in China are

basically consistent with the global overall trend, but the regional characteristics are obvious. In most
parts of China, the frequency and intensity of heavy precipitation and extreme heavy precipitation

events can be observed to increase, and the characteristics of decreasing light rain and increasing

heavy rain are shown. The overall performance of extreme precipitation in China is that the number

of heavy precipitation events in Northeast and North China shows a decreasing trend, while that in

the west of Northwest China, the middle and lower reaches of the Yangtze River, South China, and

the Qinghai-Tibet Plateau shows an increasing trend. Especially in the Northwest, the middle and

lower reaches of the Yangtze River, the southeast coast and other regions, the increasing trend of
extreme precipitation frequency and precipitation intensity is more significant [3,9]. Under the

background of climate change characterized by global warming, the frequent and severe occurrence

of extreme climate events in China has seriously affected the sustainable development of the economy
and society, especially after the superposition of extreme climate events and the socio-economic
system, it is extremely easy to cause huge socio-economic risks [10]. The economic losses caused by
rainstorms and floods each year account for 37.2% of the total economic losses caused by
meteorological disasters, and the number of deaths accounts for 11.7% of the total number of disasters
[1]. From July 21 to 22, 2012, the extreme rainstorm process in Beijing caused 79 deaths and

economic losses of 11.64x<10"8 yuan, and threatened more than 1.90x<10"4 residents [9]. Henan,

China, also encountered unprecedented historical extreme precipitation, and the resulting extreme

flood disaster caused a total of 14.786 million people to be affected, 398 deaths, and direct economic

losses of more than 120 billion [2].

China's Northwest Region is located in the heartland of Eurasia, north of the Qinghai-Tibet Plateau.
Geographically, it has the topographic features of gobi, desert, mountains, etc. The region has a
temperate continental climate, and the natural environment is characterized by drought and semi-
drought. Limited by geographical conditions, it is dry and less rainy all year round. The annual
precipitation in desert areas such as the southern Xinjiang Basin and western Inner Mongolia is
generally less than 50 mm, forming China's extremely arid region. There are relatively rainy areas
along the Tianshan Mountains, Qilian Mountains and other high mountains, and the annual
precipitation in individual mountainous areas exceeds 500 mm. This unique geographical and climatic
condition makes the Northwest Region have the characteristics of water shortage, severe drought,
wide distribution of ecologically fragile areas, and strong dependence of the ecological environment
on precipitation [11]. Xinjiang is located in the Northwest Region and is in the arid and semi-arid
zones. Due to not being directly affected by the monsoon system, it has obvious climatic differences
from the eastern part of China. Xinjiang's special terrain of "three mountains enclosing two basins”
has many deserts and gobi. Affected by the terrain, the precipitation is extremely uneven, and the
climate difference between southern and northern Xinjiang is very large, making the precipitation in
Xinjiang show the characteristics of more in northern Xinjiang and less in southern Xinjiang. As a
sensitive area to global climate change, Xinjiang is also the core area of the Silk Road Economic Belt
in the "Belt and Road" initiative. Regional precipitation has a significant impact on its ecological
environment and economic development [12]. Therefore, studying the change characteristics and
future trends of extreme precipitation is of great practical significance for scientifically understanding
the spatiotemporal changes of flood and drought disasters, carrying out the prediction and simulation
of urban rainstorm and flood disasters, further formulating disaster mitigation strategies, and reducing
disaster losses [2, 9].
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2. RESEARCH PROGRESS AT HOME AND ABROAD

2.1. Extreme Precipitation Events

Scholars have given definitions of extreme precipitation events from different perspectives. Katz et
al. [13] believed from the perspective of the relative sensitivity of extreme precipitation events that
precipitation exceeds a certain threshold within a certain period, and this change exceeds the average
sensitivity of climate change. Moreover, the more extreme the precipitation event, the greater this
sensitivity. Beniston et al. [14] believed that extreme precipitation events should meet the conditions
of relatively low occurrence frequency, reaching a certain intensity value, and causing serious
economic losses. Hu Yichang et al. [15] studied and believed that if the average state of a precipitation
event is more extreme than that of ordinary precipitation events for a long period of time, this situation
can also be considered an extreme precipitation event. Liu Fengxia [16] believed that extreme
precipitation events refer to events where the precipitation state seriously deviates from its average
state and are not easy to occur in a statistical sense, and they have the characteristics of suddenness
and strong destructiveness compared with the average precipitation. She defined regional extreme
precipitation events as precipitation events that reach the threshold on a given duration scale and
continuous area. Mo Jianfei [17] also regarded the precipitation at a certain observation station in a
certain period exceeding the threshold of the station as an extreme precipitation event.

In recent years, many scholars have carried out studies on extreme precipitation at different spatial
scales. The IPCC [18] once pointed out that with the increase of global temperature, the total amount,
frequency, and intensity of extreme precipitation have significantly increased, and this conclusion has
been verified in many regions around the world. Alexander [19, 20] and others analyzed the spatio-
temporal distribution pattern characteristics of global extreme precipitation by using the daily
precipitation data of nearly 600 stations worldwide and pointed out that although the extreme values
of extreme precipitation in different regions lack spatial consistency, overall, extreme precipitation
shows an increasing trend globally. Frich [21] and others analyzed and found that under the condition
of global warming, the water cycle is intensified, the probability of extreme precipitation events in
the mid-high latitudes of the Northern Hemisphere increases, and the range of extreme precipitation
is gradually expanding. Kong Feng et al. [22] reviewed the precipitation events in the past century
and found that the global average precipitation did not change significantly, but the change trend of
extreme precipitation was obvious, especially in the mid-high latitudes, the extreme precipitation
events significantly increased, and the areas where extreme precipitation events significantly
increased were more than those where they significantly decreased, with obvious regional distribution.
In two-thirds of the land areas in the Northern Hemisphere, the probability of extreme precipitation
events increased, and the intensity was also gradually increasing.

Zhai et al. [23] studied 124 stations in China and found that the number of extreme precipitation days
from 1951 to 2000 showed a decreasing trend, but the intensity of extreme precipitation showed an
increasing trend. Yang Jinhu et al. [24] studied and showed that the periodic oscillations of annual
extreme precipitation time in different regions of China are not completely consistent, and there is a
good correlation between extreme precipitation events and annual extreme precipitation. Zhai
Panmao et al. [25] analyzed the changes of extreme precipitation events in China under the
background of climate change and pointed out that the number of precipitation days in most regions
showed a decreasing trend, but the average intensity and frequency showed an increasing trend, and
the range of regions affected by extreme precipitation in China is constantly expanding. Liu Xuehua
et al. and ZHAI et al. [26, 27] analyzed the trends of extreme precipitation total and precipitation
extreme values in China and found that the national extreme precipitation index and annual
precipitation showed an overall linear increasing trend. The trend of extremely strong average
precipitation intensity in the central and eastern regions was more significant, the increasing trend of
extreme precipitation in the Northwest Region was obvious, but it showed a decreasing trend from
the eastern part of Northeast China to most of North China.
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In recent years, a large number of studies on the regional climate of Xinjiang, especially precipitation
changes, under the background of global warming have been carried out. Many research results show
that under the background of global warming, the climate of Xinjiang has experienced a change
mainly characterized by a humidification trend and shows a trend of transformation from warm-dry
to warm-wet; regional precipitation has obviously shown an increasing trend, extreme precipitation
events have increased, and the annual precipitation recorded by most stations underwent a relatively
obvious mutation in the mid-1980s [28]. Li Jianfeng et al. [29] studied and showed that the possibility
of simultaneous occurrence of extreme strong and weak precipitation in central Xinjiang, western
southern Xinjiang, eastern northern Xinjiang, and northern Xinjiang decreases. Zhao Yong et al. [30]
used the daily precipitation data of 32 stations in the Tianshan area from 1961 to 2007 to study the
summer extreme precipitation in the Tianshan area and found that the extreme precipitation events in
the Tianshan area showed an increasing trend. Yang Lianmei [31] pointed out that the extreme
precipitation amount and frequency in the northern foot of the Tianshan Mountains and the Aksu area
increased significantly, and the change of extreme precipitation amount led to the change of annual
precipitation amount. Shi Yafeng et al. [32] pointed out that the climate of Northwest China, mainly
Xinjiang, underwent a transformation from warm-dry to warm-wet in 1987.

2.2. Population and Economic Exposure Caused by Extreme Precipitation Events

Exposure refers to various resources such as personnel, livelihoods, environmental services,
infrastructure, as well as economic, social, or cultural assets, etc., which are in a position likely to be
adversely affected [17, 33]. In recent years, many scholars have made certain progress in the study of
population exposure and socio-economic exposure. Population exposure is usually expressed by
indicators such as the number of affected people or population density in the study area [34]. Lin
Wenging [35] pointed out that population exposure refers to the product of the number of extreme
events in the grid and the population. Population exposure refers to that personnel are in a position
where they may be adversely affected, and it is dynamic. It refers to the average number of people
affected by each extreme precipitation event, that is, the affected population in previous events, which
is mainly affected by the population situation in the grid covered by the event [16, 36]. Mo Jianfei
[17] pointed out that socio-economic exposure refers to the total socio-economic amount exposed to
the influence range of extreme precipitation events.

The IPCC [37] Special Report on Managing the Risks of Extreme Events and Disasters to Advance
Climate Change Adaptation (SREX) points out that disaster risk is a combination of extreme events,
exposure, and vulnerability. It can be seen that exposure is one of the key factors of extreme event
risk and its impact, and analyzing exposure is an important part of disaster risk assessment and
management. At present, many scholars have made certain progress in this field, and their methods
are mainly based on the collected historical disaster data and socio-economic statistical data to study
the exposure of disasters [17]. Jing Cheng et al. [1] took the population and GDP exposed to the
extreme precipitation events as the exposure indicators of population economy and carried out the
study on the exposure of China's population economy to regional extreme precipitation events. Wang
Yuyan et al. [33, 38] used the rainstorm and flood disaster investigation data and socio-economic loss
data of Jiangsu Province from 1984 to 2011 to analyze the exposure evolution characteristics of
rainstorm and flood events in Jiangsu Province during the observation period from the aspects of the
exposure range of heavy precipitation events, the population and crops exposed to heavy precipitation
events. Wang Yanjun et al. [38-40] used the disaster investigation and socio-economic loss data of
China's rainstorm and flood disasters from 1984 to 2012 to analyze the exposure of rainstorm and
flood disasters from the aspects of the influence range of rainstorms, the number of people exposed
to rainstorm events, the economy and crops exposed to rainstorm events. Liu Lanfang et al. [41]
selected 8 elements such as population density as the evaluation indicators of drought exposure and
carried out the risk assessment of agricultural drought in the southern region of China in 2013. Zhai
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et al. [42], based on the use of the intensity-area-duration (IAD) method, studied the extreme high
temperature and population exposure in China under different future warming targets.

2.3. Research Methods on Extreme Precipitation Events and Their Population and
Economic Exposure

Previous studies usually used extreme precipitation thresholds and various extreme precipitation-
related indices to analyze the spatio-temporal distribution characteristics of extreme precipitation
events. The early selection of extreme precipitation thresholds mainly adopted the absolute threshold
method. For example, Groisman [43] used 25.4 and 50.8 mm as the extreme precipitation thresholds;
the China Meteorological Administration stipulates that 50-100 mm/d is a rainstorm, and not less
than 100 mm/d is a heavy rainstorm, etc. However, the extreme precipitation defined in this way will
have a large area of no-rainstorm areas in the upper reaches of some basins. At the same time, whether
extreme precipitation events cause disaster losses depends not only on the characteristics of the events
themselves but also on many other factors (such as geographical environment, facility quality, and
disaster prevention awareness, etc.). In arid and semi-arid areas, a small precipitation event may
trigger disasters such as floods, landslides, and debris flows [44], and the absolute threshold can no
longer adapt to explaining the extreme situation of precipitation events. Therefore, some scholars
have adopted the methods of extreme value sequence or percentile to determine extreme precipitation
(such as the maximum precipitation sequence, 95th percentile value) to enhance the comparability of
extreme precipitation change trends in rainy and less rainy areas and better analyze the characteristics
of extreme precipitation events. For example, Plummer et al. [45] proposed to use the 99th percentile
of daily precipitation as the threshold of heavy precipitation, Zhai Panmao et al. [46] used the multi-
year average value of the 99th percentile of the precipitation sequence as the threshold of extreme
precipitation events, and Pan Aoda et al. [47] used the multi-year average value of the 95th percentile
of the annual wet day (daily precipitation not less than 0.1 mm) precipitation sequence as the threshold
of extreme precipitation, etc. Huang Yan et al., Yuan Wende et al., He Shugiao et al. [48-50] used
the percentile threshold method to define extreme precipitation events, and used the Mann-Kendall
rank correlation method, inverse distance weighted interpolation method, wavelet analysis method,
etc. to carry out the spatio-temporal change analysis of extreme precipitation events in China. Li Yong
et al. [11] used the daily precipitation data of 364 national meteorological information centers in the
five provinces (regions) of Northwest China from 1961 to 2020, and used linear interpolation,
percentile threshold, linear regression, least square method, etc. to analyze the spatio-temporal
distribution characteristics and change trend characteristics of summer precipitation in Northwest
China. Zhang Qiang et al. [51] defined 8 extreme precipitation indices based on the daily precipitation
data of 53 rain gauge stations from 1957 to 2009, used the K-S method to determine the most
appropriate probability distribution function of precipitation indices, systematically analyzed the
univariate extreme values of extreme precipitation and the two-dimensional joint probability
distribution characteristics of precipitation extremes, and studied the spatial evolution characteristics
of the probability changes of precipitation extremes in Xinjiang. Seyoum et al. [52] analyzed the
change trends of single-event or multi-event extreme precipitation indices (single-day maximum
precipitation (RX1day), 5-day maximum precipitation (RX5day), and heavy rain days (R20)) in
summer in North America from 1979 to 2013. Wang et al. [53] According to four extreme
precipitation indices, including total extreme precipitation, total heavy precipitation, maximum 5-day
precipitation, and the number of heavy rain days, studied extreme precipitation events in Siberian
permafrost and non-permafrost regions.

In recent years, domestic scholars have conducted relevant research on the exposure and vulnerability
of rainstorm and flood disasters. Most studies on exposure evaluate it by constructing an indicator
system and determining weights using the internal relationships between different indicators. This
evaluation method is simple and practical, requiring no complex calculations or simulations, and can
reflect the comprehensive disaster exposure under the action of multiple influencing factors, so it is
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widely used [54]. In the selection of population exposure indicators, researchers mostly use
population density, the number of affected people, or the product of disaster days and the
corresponding population as population exposure indicators, thus giving different population
exposure characteristics. The research results all show that the population exposure to extreme
climate events generally shows a significant increasing trend [16]. Yin Zhan'e et al. [55] analyzed the
vulnerability of rainstorm waterlogging disasters in Pudong District of Shanghai using GIS
technology. Wang Ying et al. [56] evaluated the rainstorm and flood disasters in agriculture in
southern China from the aspects of hazard-bearing body exposure. Mo Jianfei et al. [17] determined
the extreme precipitation threshold based on many years of disaster-causing heavy precipitation
processes, combined with geographic information, constructed a spatial model of extreme
precipitation events in Guangxi in different periods, constructed a social and economic spatial model
of Guangxi based on multi-source data such as night-time light remote sensing data, remote sensing
background information, and social and economic statistics, effectively coupled the two, constructed
a social and economic exposure model of flood in Guangxi basin under extreme precipitation events,
and analyzed the spatio-temporal variation characteristics of social and economic exposure of flood
in Guangxi basin. Wang Yuyan et al. [33] adopted a mathematical statistics method based on
historical disaster data, collected and sorted out the disaster data and social and economic data of
rainstorm and flood disasters in Jiangsu Province from 1984 to 2011, and analyzed the exposure and
vulnerability of disasters from the perspective of time and space. Gao Chao et al. [57] constructed a
sea-level rise risk exposure assessment model based on global tide and surge reanalysis data,
combined with three major indicators of population, economy, and land use data, evaluated the
population and economic exposure of China's coastal areas under sea-level rise risk, and showed that
the population and economic exposure will be the highest in 2025 in the future.

Based on the above, this study uses the daily precipitation data of Xinjiang Uygur Autonomous
Region from 1961 to 2021, and defines the precipitation events that reach the threshold on the given
duration scale and continuous area as extreme precipitation events. Taking the extreme degree of
precipitation events as the relative intensity, using the Intensity-Area-Duration (IAD) analysis method,
the relative intensity, impact area, and strongest center of extreme precipitation events in Xinjiang
Uygur Autonomous Region from 1961 to 2021 were studied, and based on the impact area of previous
events, the population and GDP exposed to the extreme precipitation events were used as the exposure
indicators of population economy, and the exposure of population economy in Xinjiang Uygur
Autonomous Region to extreme precipitation events was preliminarily carried out.

3. RESEARCH REVIEW AND PROSPECT
3.1. Research Review

3.1.1. Based on Bibliometric Analysis

The number of publications on extreme precipitation events has decreased since 2020, but due to the
frequent occurrence of extreme weather events, especially rainstorm and flood disasters in recent
years, it still maintains a certain level of publication. On the contrary, the number of publications
related to exposure has generally been on the rise, which indicates that the study of exposure is still
a hot topic in a short period of time. In addition, from the perspective of theme distribution and
keyword clustering, the themes related to extreme precipitation events are mainly linked to
themselves, their spatio-temporal variation characteristics, and their attribution analysis, while the
themes of exposure are mainly linked to vulnerability, risk assessment, population livelihood, etc.
This indicates that scholars have less research on economic exposure, and there are relatively few
literatures that combine extreme precipitation events with exposure. From the perspective of the
disciplinary distribution of the literatures published by scholars, it can be clearly seen that the
literatures related to extreme precipitation events and exposure are mainly distributed in meteorology,
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water conservancy and hydropower engineering, environmental science and resource utilization,
geophysics and other disciplines, while the number of literatures purely belonging to geography is
extremely small. Moreover, most of these disciplines are biased towards natural science research, and
pay less attention to the impact of human factors on extreme climate and the impact of extreme
climate on humans. The research of geography, compared with other disciplines, can better reflect
the coupling of human-land relationship and can better emphasize the element of human in the
research of natural science. Compared with meteorology, which mainly focuses on the impact of
natural forcing on extreme climate, geography can better reflect the role of human forcing in extreme
climate and the role of extreme climate on humans. Therefore, it can be considered to combine
extreme precipitation events with population economic exposure to analyze the impact of extreme
precipitation on human beings and social economy, so as to provide a scientific basis for the
formulation of disaster emergency management departments and national relevant strategies.

3.1.2. Based on Literature Content Analysis

In terms of extreme precipitation event research, due to the limitation of observation data, the past
research on extreme precipitation in Xinjiang was mainly concentrated on climate analysis such as
decadal, annual, and monthly scales, or case analysis of single heavy precipitation weather, and there
were few studies on smaller scales such as daily scale. Although there are many studies on the spatio-
temporal distribution of extreme precipitation in Xinjiang, the division of many study areas is not
detailed enough. This is due to the topographic restriction of "three mountains enclosing two basins"
in Xinjiang, and the spatio-temporal distribution of extreme precipitation in different regions is
different. Most of the existing studies are aimed at the change amount and spatio-temporal change
trend of regional extreme precipitation. Due to the great regional differences in extreme precipitation
events, the definition of events has not yet reached an international consensus, resulting in the lack
of research on the characteristics and change laws of extreme precipitation events. The IAD method
can accurately find the time and range of regional extreme events, but there may still be certain errors.

In terms of exposure research, however, due to the difficulty in collecting disaster data, socio-
economic statistical data are mostly based on administrative units such as provinces, cities, and
counties, which makes the exposure research lack accurate and refined evaluation. Most studies only
analyze a single element such as population exposure, and few studies further combine extreme
precipitation events with elements such as the economy and cultivated land in the study area, nor do
they explore the vulnerability of the study area under the influence of extreme precipitation events.
The size of the disaster risk of extreme precipitation events depends not only on the characteristics of
the disaster-causing factors such as frequency, intensity, and duration, but also to a large extent on
the exposure level of the disaster-bearing body. The current research on extreme precipitation mainly
focuses on the determination of thresholds, the evolution characteristics of extreme precipitation
frequency and intensity, or the analysis of extreme precipitation characteristics based on extreme
indices, while the research on population and socio-economic exposure caused by extreme
precipitation events is still relatively weak.

3.2. Prospect

In the future, the research on extreme precipitation events still needs to be further refined in the
division of time and space scales. For example, the spatio-temporal distribution law of extreme
precipitation events in a certain place can be studied by studying the daily scale extreme precipitation
amount in time and dividing different regions according to the terrain in space. And the accuracy of
the research results can be strengthened by comparing and verifying with the specific event records
in the historical data. For the research on exposure, it is necessary to strengthen the research on
exposure and vulnerability caused by extreme precipitation events, and enhance the comprehensive
research on exposure, such as combining population exposure with socio-economic exposure or
cultivated land exposure, so as to more comprehensively consider the impact of extreme precipitation
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events on all aspects of human life and production, and provide scientific reference for further
carrying out disaster prevention and mitigation research and formulating national emergency
management strategies.

REFERENCES

[1] Jing Cheng, Jiang Tong, Wang Yanjun, et al. Study on Regional Extreme Precipitation Events and Population-
Economic Exposure in China [J]. Acta Meteorologica Sinica, 2016, 74(04): 572-582.

[2] Zhou Xiang. Historical Characteristics and Future Trends of Extreme Rainfall Events in Fujian Province from 1960
to 2100 [J/OL]. Journal of Xihua Normal University (Natural Science Edition), 1-10.

[3] Han Furong, Lu Xiang, Dong Meiying, et al. Variation Characteristics of Extreme Precipitation in Jinhua Area from
1971 to 2020 [J]. Meteorology and Disaster Reduction Research, 2023, 46(01): 18-27.

[4] Zhao Jianting. Study on Extreme Precipitation Events and Population Exposure in the Indus River Basin under
Different Warming Targets [D]. Nanjing University of Information Science and Technology, 2020.

[5] Zhao J, Su B, Sanjit M K, et al. Population exposure to precipitation extremes in the Indus River Basin at 1.5<C,
2<C and 3<C warming levels [J]. Advances in Climate Change Research, 2021, 12(2).

[6] Xu K, Xu B, Ju J, et al. Projection and uncertainty of precipitation extremes in the CMIP5 multimodel ensembles
over nine major basins in China [J]. Atmospheric Research, 2019, 226: 122-137.

[7]1 Feng Anlan, Zhang Qiang, Song Jinbo, et al. Analysis of Spatiotemporal Characteristics of Extreme Precipitation in
the Yellow River Basin Based on CMIP6 [J/OL]. Journal of Beijing Normal University (Natural Science Edition),
1-22 [2024-04-27].

[8] Gao Shuyuan, Li Awei, Huang Jinlong, et al. Change Characteristics of Extreme Precipitation in Core Areas of
Rural Revitalization in China under Global Warming Scenarios of 1.5<C and 2.0<C [J]. Climatic and Environmental
Research, 2022, 27(01): 123-133.

[9]1 Zzhang Hongfang, Pan Liujie, Lu Shan, et al. Variation Characteristics of Extreme Precipitation in Qinling Mountains
and Surrounding Areas in Recent 40 Years [J]. Arid Land Geography, 2024, 47(03): 380-390.

[10] zhang Xingdong, Yu Lei, Su Ye, et al. Spatiotemporal Variation Characteristics of Extreme Precipitation in Beijing-
Tianjin-Hebei Region—Analysis Based on CMIP6 Climate Model [J]. Green Science and Technology, 2023, 25(18):
103-110.

[11] Li Yong, Mei Shuangli, Zhou Ningfang. Trend Variation Characteristics of Summer Precipitation in Northwest
China from 1961 to 2020 [J]. Desert and Oasis Meteorology, 2024, 18(01): 74-80.

[12] Aike Dai Shalamu, He Qing, Alimu Abasi, et al. Spatiotemporal Distribution Characteristics of Hourly Extreme
Precipitation in Warm Season in Kizilsu Kirgiz Autonomous Prefecture, Xinjiang [J]. Desert and Oasis Meteorology,
2024, 18(02): 20-26.

[13] Katz R W, Brown B G. Extreme events in a changing climate: variability is more important than averages [J].
Climatic Change, 1992, 21(3): 289-302.

[14] Beniston M, Stephenson D B, Christensen O B, et al. Future extreme events in European climate: an exploration of
regional climate model projections [J]. Climatic Change, 2007, 81(S1): 71-95.

[15] Hu Yichang, Dong Wenjie, He Yong. Research Progress on Extreme Weather and Climate Events in the Early 21st
Century [J]. Advances in Earth Science, 2007, 22(10): 1066-1075.

[16] Liu Fengxia. Study on Extreme Precipitation Events and Population Exposure in the Yangtze River Basin under
Different Warming Scenarios [D]. Nanjing University of Information Science and Technology, 2018.

[17] Mo Jianfei, Zhong Shiquan, Chen Yanli, et al. Analysis of Socio-Economic Exposure to Floods in Guangxi Basin
under Extreme Precipitation Events [J]. Journal of Catastrophology, 2018, 33(02): 83-88.

[18] Pachauri R K, Reisinger A E. Climate change 2007. Synthesis Report [M]. Contribution of Working Groups I, 11
and 111 to The Fourth Assessment Report. Switzerland: IPCC, Geneva, 2008.

[19] Alexander L V, Zhang X, Peterson T C, et al. Global observed changes in daily climate extremes of temperature and
precipitation [J]. Journal of Geophysical Research: Atmospheres, 2006, 111(D5): 109.

[20] Alexander L V, Tapper N, Zhang X, et al. Climate extremes: progress and future directions [J]. International Journal
of Climatology, 2009, 29(3): 317-319.

[21] Frich P, Alexander L V, Della-Marta P, et al. Observed coherent changes in climatic extremes during the second
half of the twentieth century [J]. Climate research, 2002, 19(3): 193-212.

[22] Zha Xueting. Study on Spatiotemporal Evolution Characteristics and Return Period of Extreme Precipitation in
Huaihe River Basin [D]. Anhui University of Finance and Economics, 2022.

47



[23] Trends in Total Precipitation and Frequency of Daily Precipitation Extremes over China [J]. Journal of Climate,
2005, 18(7): 1096-1108.

[24] Yang Jinhu, Jiang Zhihong, Wang Pengxiang, et al. Spatiotemporal Distribution Characteristics of Annual Extreme
Precipitation Events in China [J]. Climatic and Environmental Research, 2008, 13(1): 75-83.

[25] Zhai Panmao, Wang Cuicui, Li Wei. Observational Study on Changes of Extreme Precipitation Events [J]. Advances
in Climate Change Research, 2007(03): 144-148.

[26] Liu Xuehua, Ji Zhijian, Wu Hongbao, et al. Distribution Characteristics and Decadal Differences of Extreme
Temperature and Precipitation in China in Recent 40 Years [J]. Journal of Tropical Meteorology, 2006, 22(6): 618-
624,

[27] ZHAI P M, ZHANG X B, WAN H, et al. Trends in total precipitation and frequency of daily precipitation extremes
over China [J]. J Climate, 2005, 18(7): 1096-1108.

[28] Jiang Fengqing, Zhang Yanwei, Hu Ruji, et al. Spatial Differences and Long-Term Evolution of Annual Precipitation
Irregularity in Xinjiang [J]. Arid Land Geography, 2010, 33(06): 853-860.

[29] Li Jianfeng, Zhang Qiang, Chen Xiaohong, et al. Spatiotemporal Evolution Law of Probability Distribution
Characteristics of Extreme Precipitation in Xinjiang [J]. Journal of Catastrophology, 2011, 26(2): 11-17.

[30] zZhao Yong, Deng Xueliang, Li Qin, et al. Characteristics of Summer Extreme Precipitation in Tianshan Area and
Climate Change [J]. Journal of Glaciology and Geocryology, 2010, 32(5): 927-934.

[31] Yang Lianmei. Climate Change of Extreme Precipitation in Xinjiang [J]. Acta Geographica Sinica, 2003, 58(4):
577-583.

[32] Shi Yafeng, Shen Yongping, Hu Ruji. Preliminary Discussion on the Signal, Impact and Prospect of Climate
Transformation from Warm-Dry to Warm-Wet in Northwest China [J]. Journal of Glaciology and Geocryology,
2002, 24(3): 219-226.

[33] Wang Yuyan, Wang Yanjun, Jiang Tong. Spatiotemporal Evolution Characteristics of Exposure and Vulnerability
to Rainstorm and Flood Disasters in Jiangsu Province [J]. Journal of Yangtze River Scientific Research Institute,
2016, 33(04): 27-32+45.

[34] Yaru Z, Rui Y, Zhizhou Z, et al. Spatiotemporal evolution of population exposure to multi-scenario rainstorms in
the Yangtze River Delta urban agglomeration [J]. Journal of Geographical Sciences, 2024, 34(4): 654-680.

[35] Lin Wenging, Chen Huopo, Xu Huiwen, et al. Increase of Extreme Precipitation in Southwest China in the Future
Will Lead to Intensified Population Exposure Risk [J]. Transactions of Atmospheric Sciences, 2023, 46(04): 499-
516.

[36] Zheng Fei, Sun Cheng, Li Jianping. Understanding Disaster Risk, Exposure, Vulnerability and Resilience from a
New Perspective of Climate Change [J]. Advances in Climate Change Research, 2012, 08(2): 79-83.

[37] IPCC. Climate Change 2014: impacts, adaptation, and vulnerability. IPCC working group 2 contribution to AR5.
Cambridge UK, New York, USA: Cambridge University Press, 2014c.

[38] He Yan, Fang Jian, Shi Peijun. Study on Spatiotemporal Changes and Contribution Rate of Rainstorm Economic
Exposure in Hubei Province [J]. Journal of Natural Disasters, 2018, v.27(03): 112-120.

[39] Liao Chungui. Assessment of Drought Risk Exposure in Guangxi in 2015 Based on GIS and Weighted
Comprehensive Index Model [J]. Journal of Anhui Agricultural Sciences, v.45; No. 549(08): 69-73.

[40] Wang Yanjun, Gao Chao, Wang Angian, et al. Spatiotemporal Variation Characteristics of Exposure and
Vulnerability to Rainstorm and Flood Disasters in China [J]. Advances in Climate Change Research, 2014, 10(6):
391-398.

[41] Liu Lanfang, Xiao Zhicheng, Chen Tao, et al. Risk Assessment of Agricultural Drought in Southern China in 2013—
Taking Hengyang City, Hunan Province as an Example [J]. Bulletin of Soil and Water Conservation, 2015, 35(2):
274-278.

[42] Zhai J, Huang J, Jiang T, et al. Intensity—area—duration analysis of droughts in China 1960-2013 [J]. Climate
Dynamics, 2017, 48(1-2): 151-168.

[43] Groisman P Y. 1999. Changes in the probability of extreme precipitation: Important indicators of climatic change.
Climatic Change, 42(1): 243-283.

[44] Huang Jianping, Ran Jinjiang, Ji Mingxia. Preliminary Analysis of Flood Disasters in Arid and Semi-Arid Areas of
China in 2014. Acta Meteorologica Sinica, 72(6): 1096-1107.

[45] Plummer N, Salinger M J, Nicholls N, et al. 1999. Changes in climate extremes over the Australian region and New
Zealand during the Twentieth Century. Climate Change, 42(1): 183-202.

[46] Zhai Panmao, Pan Xiaohua. 2003. Changes of Temperature and Precipitation Extreme Events in Northern China in
Recent 50 Years. Acta Geographica Sinica, 58(Suppl.): 1-10.

[47] Pan Aoda, Fan Sudan, Chen Haishan. Change Characteristics of Extreme Climate in Jiangsu Province in Recent 45
Years. Journal of Meteorological Sciences, 30(1): 87-92.

48



[48] Huang Yan, Feng Guolin, Dong Wenjie. Spatiotemporal Variation Characteristics of Temperature and Precipitation
Extremes Zoning in China in Recent 50 Years [J]. Acta Meteorologica Sinica, 2011, 69(1): 125-136.

[49] Yuan Wende, Zheng Jiangkun, Dong Kui. Spatiotemporal Variation Characteristics of Extreme Precipitation Events
in Southwest China from 1962 to 2012 [J]. Resources Science, 2014, 36(4): 766-772.

[50] He Shugiao, Zheng Youfei, Yin Jifu. Analysis of Precipitation Characteristics in the Middle and Lower Reaches of
the Yangtze River in Recent 50 Years [J]. Ecology and Environmental Sciences, 2013, 22(7): 1187-1192.

[51] zZhang Qiang, Li Jianfeng, Chen Xiaohong, et al. Spatiotemporal Variation Characteristics of Extreme Precipitation
Probability in Xinjiang Based on Copula Function [J]. Acta Geographica Sinica, 2011, 66(01): 3-12.

[52] SEYOUM M G, YEW T G, Yang Y, et al. Changes to the 1979—2013 summer Convective Available Potential
Energy (C-APE) and extreme precipitation over North America [J]. Physics and Chemistry of the Earth, 2021, 123(3):
103047.

[53] WANG P, HUANG Q, TANG Q, et al. Increasing annual and extreme precipitation in permafrost-dominated Siberia
during 1959-2018 [J]. Journal of Hydrology, 2021, 603(PA): 126865.

[54] Feng Lijun. Study on Rainstorm Disaster Exposure under Different Future Socio-Economic Development Scenarios
[D]. Zhejiang Normal University, 2022,

[55] Yin Zhan'e, Bao Lijie, Yin Jie. Study on Vulnerability of Rainstorm Waterlogging Disasters in Pudong, Shanghai
Based on GIS [J]. Journal of Natural Disasters, 2011(2): 29-35.

[56] Wang Ying, Sha Sha, Wang Suping, et al. Risk Assessment of Rainstorm and Flood Disasters in Southern China [J].
Acta Prataculturae Sinica, 2015, 24(5): 12-24.

[57] Gao Chao, Wang Li, Chen Cai, Luo Gang, Sun Yanwei. Population and Economic Exposure of Mainland Coastal
Areas of China to Sea-Level Rise Risk [J]. Acta Geographica Sinica, 2019, 74(08): 1590-1604.

49



