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Based on the Yearbook of Meteorological Disasters in China, we analyzed the
spatiotemporal variations in major meteorological disaster (MD) losses at the provincial
scale during 2001–2020 to determine the spatiotemporal variations in MDs and
vulnerability in China. Our results suggest that the impacts of MDs, including floods,
droughts, hail and strong winds (HSs), low temperature and frosts (LTFs), and typhoons,
have been substantial in China. MDs in China affect an average of 316.3 million people and
34.3 million hectares of crops each year, causing 1,739 deaths and costing 372.3 billion
yuan in direct economic losses (DELs). Floods and droughts affected more of the
population in China than the other MDs. Fatalities and DELs were mainly caused by
floods, and the affected crop area was mainly impacted by drought. The national average
MD losses decreased significantly, except for DELs. The trends in the affected population
and crop area were mainly caused by droughts, and the trends in fatalities and DELs were
dominated by floods. Floods and typhoons showed increasing influence in the last two
decades relative to other disasters. The annual mean and long-term trends in MD losses
exhibited regional heterogeneity and were subject to different dominant hazards in different
regions. The disaster losses and their trends in southeastern China were mainly attributed
to typhoons. The affected population, crop area, and DELs were all significantly and
positively correlated with exposure. The vulnerability of the population, crops, and
economy tended to decrease. Economic development reduced the vulnerability of the
population and economy but showed no significant influence on the vulnerability of crops.
Our findings suggest that more focus should be placed on the impacts of floods and
typhoons and that socioeconomic development has an important influence on the
vulnerability of the population and economy. These results provide a foundation for
designing effective disaster prevention and mitigation measures.
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1 INTRODUCTION

China is one of the most vulnerable countries to natural disasters
(NDs) in Asia, suffering half of its economic losses from weather,
climate, and hydrological events in the region during 1970–2019
(WMO, 2021). Research based on the Emergency Event Database
(EM-DAT, http://www.emdat.be/) from the Centre for Research
on the Epidemiology of Disasters (CRED) showed that mainland
China experiences 19 major NDs per year on average, affecting 92
million people and causing 4,840 deaths (Zhou et al., 2013).
Furthermore, floods, storms, and droughts are the primary causes
of death and economic loss in China (Wu et al., 2014; Wang et al.,
2021). The occurrence of integrated NDs, including floods,
landslides, and storms, has shown an increasing trend in
China, while annual deaths have shown a decreasing trend
(Han et al., 2016). However, the EM-DAT data have certain
limitations as they focus on moderate or severe disaster events
and tend to underreport minor ones, particularly in developing
countries (Jonkman, 2005; Wang et al., 2021).

Due to its complex geographical environment and monsoon
climate, China’s meteorological disasters (MDs) exhibit uneven
spatial distribution, resulting in various influences that differ
regionally. In recent years, China has conducted county-scale
disaster information surveys, and numerous research studies have
been based on these high-resolution data (Shi et al., 2020; Xu and
Tang, 2021). However, the short length and inevitable missing
information in some areas may limit MD characterization.
Provincial-level MD loss information collected by the Chinese
Ministry of Civil Affairs and the Administration of Meteorology
has been widely used to study the characteristics of MD losses in
China (Zhao et al., 2017; Wu et al., 2018). The spatial distribution
of MD influence disparity should be considered in China.
Drought is the leading MD in Southwest China, Inner
Mongolia, and Heilongjiang Province. Floods severely impact
the Yangtze River basin, and typhoons induce heavy losses in
southeastern China (Zhao et al., 2017).

Extreme weather and climate events that interact with exposed
and vulnerable human and natural systems can cause disasters.
Trends in vulnerability and exposure are major drivers of changes
in disaster risk. Vulnerability refers to the propensity or tendency
of human populations to be adversely affected by various
influences and is an important component of disaster risk
(IPCC, 2012). Vulnerability can be defined as the degree to
which a system or unit is likely to experience harm due to
exposure to perturbations or stress (Turner et al., 2003). At
the national level, especially in developing countries, economic
vulnerability to disasters decreases as income increases
(Kellenberg and Mobarak, 2008; Geiger et al., 2016; Hallegatte,
2017). In China, economic vulnerability has shown an overall
decreasing trend from 1990 to 2015, and economic vulnerability
to climate-related hazards has a close relationship with the level of
economic development, and the vulnerability decreases with
increasing per capita income (Wu et al., 2018). Most of the
research either considers all MDs as a whole or only considers a
single MD, while the relative influence of different MDs is seldom
studied. Given the diversity and inhomogeneity of the impact of
MDs in China, it is necessary to conduct specific studies to

distinguish the influence of subtype MDs from the total
influence at the subnational level.

Climate change can cause the occurrence of climate extremes
by affecting their frequency, intensity, spatial extent, and duration
(IPCC, 2021; Qin, 2015). Extreme and non-extreme weather and
climate events and their exposures have changed with global
warming and urbanization, which enhances their risks (Ge et al.,
2021). To reduce disaster risks, China has increased its
investment in disaster prevention and mitigation capacity
building, which has had a significant effect (Jiao et al., 2017;
Wu et al., 2019). These strategies have also affected the
population’s vulnerability to extreme events by modifying the
resilience, coping mechanisms, and adaptive capacities of
communities, societies, and socio-ecological systems (IPCC,
2012). Effective adaptation to rising risks requires further
understanding of the physical and socioeconomic drivers of
risk (Jongman et al., 2015). In the context of global climate
change, it is essential to determine the MD impacts and the
vulnerability of different disaster-bearing bodies to subtype MDs
in order to form effective disaster prevention and mitigation
policies (Cutter and Finch, 2008; Zhang et al., 2009).

In light of previous studies, this study investigates the spatial
and temporal variability of subtype MD losses in China over the
past 20 years and explores the development–vulnerability
relationship for each hazard type. The remainder of this study
is organized as follows: Data and Methods briefly introduces MD
loss data and the method of vulnerability calculation; Results
shows the analysis results of the spatiotemporal characteristics
and trends of MD losses in China, as well as the population, crop,
and economic vulnerability characteristics at the provincial scale
and their relationships with economic development; and
Conclusion and Discussion summarizes the main results and
conclusions of the present study with a brief discussion.

2 DATA AND METHODS

2.1 Data
This study focuses on five major and typical meteorological
hazards in China: drought, flood, hail and strong winds (HSs),
typhoons, and low temperature and frosts (LTFs). According to
the definition of MDs in the Yearbook of the Meteorological
Disasters in China (China Meteorological Administration, 2020),
HSs include hailstorms, thunderstorms, and strong winds
induced by local strong convection; and LTF includes
snowstorms, low temperatures, and frost. The provincial-level
MD loss data in China during 2001–2020 derived from the
Yearbook of the Meteorological Disasters in China were used
in this study and have been widely applied in MD research in
China (Zhao et al., 2017; Xu et al., 2021). This disaster loss dataset
includes the affected population, fatality, affected crop area, and
direct economic losses (DELs) (Xu et al., 2021). Notably, the
disaster losses induced by floods do not include those caused by
typhoon precipitation. Social and economic data, including sown
area, resident population, gross domestic product (GDP) at a
constant price, and GDP at the variable price in each provincial
unit, were taken from the National Bureau of Statistics of China
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(http://data.stats.gov.cn). Due to incomplete data from Taiwan,
Hong Kong, and Macao, only 31 provinces (autonomous regions
and municipalities) in mainland China were studied.

2.2 Methods
To compare the value of disaster-related losses year by year, both
DELs and GDP were calculated to their 2019 values based on
China’s GDP deflators. Vulnerability assessment methods can be
grouped into three categories: disaster loss data, vulnerability
index system, and vulnerability curve (Huang et al., 2012). Owing
to the complexity of vulnerability to MDs, vulnerability was
represented as the ratio of MD losses to the total exposure in
this study. This method has been widely used in research on
natural disaster vulnerability (Wang et al., 2014; Jongman et al.,
2015; Tanoue et al., 2016; Wu et al., 2018). The exposure of
people, crop, and economies are denoted by the resident
population, sown area, and GDP, respectively (Peduzzi et al.,
2009; Wang et al., 2014). Thus, the vulnerability of the
population, crops, and economy is defined as the proportion
of the affected population, affected crop area, and DELs to
exposure, respectively. The per capita GDP data were used to
reflect the economic development level in each provincial-scale
region.

3 RESULTS

3.1 Spatiotemporal Variations in MD Losses
3.1.1 Temporal Variations
According to a climatology mean statistics in the last two decades,
major MDs in China have affected 316.3 million people and 34.3
million hectares of crops per year, caused 1,739 deaths, and costed
372.3 billion yuan in DELs. Different degrees of damage to diverse
disaster-bearing bodies have been caused by various MDs. Floods
and droughts were the main MDs causing damage to the
population, accounting for 35 and 33% of the total affected
population, respectively. In contrast, the proportions of the
affected population caused by HSs, typhoons, and LTFs were
all approximately 10% (Figure 1). Floods were the leading
meteorological hazard causing fatalities, accounting for
approximately 63% of the total fatalities, followed by HSs at

25%. Crops were mainly affected by droughts, accounting for 48%
of the total affected crop area, followed by floods at 25%. DELs
were mainly induced by floods (accounting for 44%), followed by
droughts (21%) and typhoons (17%).

In the last two decades, all losses caused by major MDs in
China showed a significant decreasing trend, except for DELs
(Table 1). The population affected by each MD showed a
significant reduction. Drought had the greatest impact on the
reduction of the affected population, followed by floods. The
population killed by each meteorological hazard also showed a
decreasing trend. HSs and floods had a significant impact on the
decreasing trend of fatalities. Except for typhoons, the crop area
affected by each meteorological hazard showed a decreasing
trend, and prominently caused by droughts. The DELs caused
by floods and typhoons showed an increasing trend. In contrast,
the DELs caused by drought, HSs, and LTFs showed a
decreasing trend.

Regarding the contribution of various MDs to the total losses,
the impact of floods on DELs increased significantly (Table 2).
The percentage of losses caused by typhoons increased, except for
fatalities, and the affected crop area percentage increased
significantly. HSs showed a decreasing impact on all losses,
except for the affected crop area, and the percentage of DELs
decreased significantly. The impact of drought and LTFs
decreased, and the percentage of DELs caused by drought
reduced significantly.

On the national scale, floods were the leading MDs causing the
most severe losses in China, followed by droughts. Droughts and
floods were also important factors determining the long-term
trends in MD losses. Floods and typhoons showed positive
contributions to the trend in MD losses, whereas droughts,
LTFs, and HSs showed negative contributions.

3.1.2 Spatial variations
The populations affected by MDs were concentrated in central
China. The annual mean affected population in Sichuan, Hunan,
Hubei, Anhui, and Henan exceeded 18 million, among which the
largest affected population in Sichuan exceeded 24 million
(Figure 2A). In Yunnan, Guizhou, and most parts of northern
China, except Xinjiang, populations were mainly affected by
drought. In terms of the affected population, flooding was the
primaryMD inmost of the Yangtze River basin and Guangxi, and
the impact of typhoons dominated in southeastern China.

The fatalities were distributed over a large meridional gradient,
with higher values in the south and lower values in the north. The
annual mean fatalities in Yunnan, Sichuan, Guizhou, Gansu,
Hunan, Hubei, Guangxi, Guangdong, and Fujian exceeded 80,
with the maximum in Yunnan exceeding 200 (Figure 2B).
Fatalities in most parts of China were mainly caused by
floods. However, the fatalities in Zhejiang, Fujian, and
Guangdong were mainly induced by typhoons, and those in
Shandong, Jiangsu, Shanghai, Anhui, Jiangxi, Hainan, and
Tianjin were mainly attributed to HSs.

The affected crop area in Northeast China, North China, and
the lower reaches of the Yellow River basin was larger than that in
other regions. The yearly average affected crop area in Inner
Mongolia, Heilongjiang, Hebei, Shandong, Henan, Hubei, and

FIGURE 1 | Annual average percentage losses caused by floods,
droughts, HSs, typhoons, and LTFs to the total losses during 2001–2020.
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Hunan exceeded 1.6 million ha, with the maximum in
Heilongjiang exceeding 3 million ha (Figure 2C). The affected
crop area in most parts of China was predominantly caused by
drought. However, the crop areas in Jiangsu, Anhui, Hubei,
Hunan, and Jiangxi were mainly affected by floods, while
those in Shanghai, Zhejiang, Fujian, Guangdong, and Hainan
were mainly affected by typhoons. The affected crop area in
Xinjiang was mainly induced by HSs.

DELs caused by MDs were much more prominent in the
Yangtze River basin than those in other regions. The annual
mean DELs exceeded 20 billion yuan in Zhejiang, Hunan,
Guangdong, and Sichuan, with the highest DEL exceeding 26
billion yuan in Hunan (Figure 2D). Floods were the primary
disaster causing a significant amount of DELs in most parts of
China. The DELs in Inner Mongolia, Shanxi, Liaoning, Qinghai,
and Ningxia were mainly caused by drought, while those in
Shanghai, Zhejiang, Fujian, Guangdong, and Hainan were
mainly induced by typhoons. The DELs in Xinjiang were
mainly caused by HSs.

Except for Tibet and Liaoning, the affected populations in
most parts of China showed decreasing trends, which were
significant in most parts of central and eastern China. The
decreasing trends in Sichuan and Guangxi were more than 1
million people per year (Figure 3A). Drought was the main MD
influencing the affected population trends in most parts of China.
LTF contributed greatly to the affected population trend in
Xinjiang, Qinghai, and Hunan. The trends in affected
population in Jiangsu, Anhui, Guangxi, and Tibet were
primarily caused by floods, while those in southeastern China,
including Shanghai, Zhejiang, Fujian, Guangdong, and Hainan,
were mainly induced by typhoons.

Except for Beijing, most parts of China showed a decreasing
trend in fatalities. The decreasing trend was greater in southern

China than that in the north, with the decreasing trends in
Yunnan and Hunan exceeding ten people per year
(Figure 3B). On 21 July 2012, heavy rainfall and floods in
Beijing caused 79 deaths. If the deaths from this extreme event
are excluded, the fatalities in Beijing also showed a decreasing
trend. The trends in fatalities in most of China were due to floods.
The decreasing fatality trends in Jilin, Liaoning, Tianjin, Hebei,
Shandong, Jiangsu, Anhui, Shanghai, Jiangxi, and Hainan were
mainly affected by HSs. Typhoons mainly caused a decreasing
trend in fatalities in Zhejiang, Fujian, Guangdong, and Hunan.
Moreover, the trend in fatalities in Qinghai was mainly affected
by LTFs.

The affected crop area showed a decreasing trend in all
provinces, among which the affected crop area in
Heilongjiang, Hebei, Shandong, Henan, and Sichuan decreased
by more than 1 million hectares per year (Figure 3C). The
affected crop area was significantly reduced by drought in the
lower andmiddle reaches of the Yangtze River basin, Jilin, Shanxi,
and Qinghai. The reduction in crop-affected areas in Xinjiang was
mainly affected by HSs. The trends in affected crop areas in
Jiangsu and Yunnan were primarily influenced by floods, while
those in Shanghai were mainly affected by typhoons.

DELs showed increasing trends in Northeast China, Hebei,
Anhui, Hubei, Jiangxi, Guangdong, Guizhou, Yunnan, Sichuan,
Gansu, Xinjiang, and Tibet, as well as significant decreasing
trends in Henan and Guangxi (Figure 3D). Floods were the
dominant disaster causing prominent trends in DELs in most
parts of China. In Heilongjiang, Liaoning, Inner Mongolia,
Tianjin, Shanxi, Shaanxi, Ningxia, Qinghai, and Chongqing,
DEL trends were mainly affected by drought. The trend in
DELs in Xinjiang was mainly affected by HSs. Typhoons had
a dominant influence on the DEL trends in Shanghai, Zhejiang,
Fujian, Shandong, Guangdong, Guangxi, and Hainan.

TABLE 1 | Trend in various losses caused by MDs in China during 2001–2020.

Affected people (million
people per year)

Fatalities
(people per year)

Affected crop area
(million ha per year)

Direct economic losses
(billion yuan per year)

Flood −4.1a −56.6a −0.31a 5.5
Drought −6.9a — −1.22a −3.4a

Hail and strong wind −2.0a −31.9a −0.16a −0.9
Typhoon −1.7a −20.1 0.03a 0.5
Low temperature and frost −1.8a −1.7 −0.21a −1.0
Total losses −16.5a −110.3a −1.87a 0.7

aDenotes a significance level of 0.05.

TABLE 2 | Trend in the percentage of losses caused by various MDs to the total losses during 2001–2020 (unit: %/year).

Affected people Fatalities Affected crop area Direct economic losses

Flood 0.72 0.88 0.51 1.44a

Drought −0.60 — −0.93 −1.02a

Hail and strong wind −0.03 −0.45 0.12 −0.33a

Typhoon 0.08 −0.40 0.52a 0.14
Low temperature and frost −0.17 −0.03 −0.21 −0.23

aDenotes a significance level of 0.05.
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Overall, the yearly average and long-term trends in MD losses
exhibited regional heterogeneity and were subject to different
dominant hazards in different regions. The trends in affected
population and crop area were greatly influenced by drought. The
fatalities and DELs were dominated by floods. In southeastern
China, disaster losses and their trends were mainly determined by
typhoons.

3.2 Spatiotemporal Variations in
Vulnerability
3.2.1 Spatial Patterns and Temporal Variations
The yearly average rate of the affected population to the total
population was greater in the central region than in the coastal
and western regions, with a rate exceeding 40% in Gansu and
Guizhou and less than 5% in Beijing, Tianjin, and Shanghai
(Figure 4A). Except for Liaoning, all provinces showed a
decreasing trend in the affected population rates, and most of
the provinces in central and eastern China showed a significant
downward trend. The population vulnerability per 5 years
showed a slight increase, followed by a significant decrease
(Figure 4B). The affected population fluctuated around 400

million from 2001 to 2011 and decreased sharply from 2012
to 2020. The decreasing trend of the affected population ratio was
mainly affected by the number of affected people. The yearly
average affected population in China was more than 300 million
before 2016, which decreased by ∼60% to only 148.5 million after
2016. Moreover, population exposure has experienced a relatively
steady and slow growth.

The rates of the affected crop area to the sown area in the north
were larger than those in the south and exceeded 30% in Shanxi,
Inner Mongolia, Gansu, Liaoning, Qinghai, and Ningxia
(Figure 4C). The rate in Shanghai was only 5.2%, which may
be attributed to its small sown area. The affected crop area rates of
most provinces in China showed significant decreasing trends,
except for Liaoning, Shanxi, Yunnan, Zhejiang, and Xinjiang. The
national average affected crop area rate showed a significant
decreasing trend over the past 20 years (Figure 4D). The
change in the sown area in China was not apparent in the
past 20 years. However, the average affected crop area per
5 years decreased significantly. The yearly mean affected crop
area in China was more than 40 million hectares before 2011,
which decreased by 46% to less than 30 million hectares
after 2011.

FIGURE 2 | Percentage of (A) affected population, (B) fatalities, (C) affected crop area, and (D) direct economic losses caused by MDs to the total in China during
2001–2020 (the area of the circles represents the value of losses).
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The rates of DELs to GDP were greater in the central region
than those in the coastal and western regions, with the rates
exceeding 2% in Gansu and less than 0.1% in Beijing, Tianjin, and
Shanghai (Figure 4E). All provincial DEL rates showed
decreasing trends, and most had a significance level of 0.05,
except for Heilongjiang, Jilin, Liaoning, Hebei, Tibet, and
Guangdong. The decreasing trend in the annual averaged
DELs was mainly attributed to the variations in GDP
(Figure 4F). In the last 20 years, China has experienced
significant growth in GDP, while the change in DELs has been
relatively small. Thus, the vulnerability of the economy has been
significantly reduced.

3.2.2 Relationship Between Vulnerability and
Economic Development
Vulnerability is strongly linked to economic growth and the
disaster risk reduction (DRR) efforts that have been adopted.
These measures are thought to increase as income levels rise and
the capacity for risk management improves. Thus, GDP is
generally considered to be related to vulnerability. A higher
GDP per capita allows for more investment in disaster risk
management, which can increase resilience to disaster risk and
reduce vulnerability (Zhou et al., 2014; Qin et al., 2015; Hallegatte,
2017). Furthermore, we explored the relationship between

vulnerability and GDP per capita by assessing the rate of the
affected population to the total population, the rate of affected
crop area to the sown area, and the rate of DELs to GDP.

Figure 5 shows the relationship between the total
population and the affected population caused by each
subtype of MD. A significant positive correlation between
them indicates that the affected population increases
significantly with an increase in exposure (Figure 5A).
Only Jiangsu had high population exposure and low losses.
The per capita GDP of Beijing, Shanghai, Tianjin,
Chongqing, Inner Mongolia, Shandong, Jiangsu, Hubei,
Zhejiang, Fujian, and Guangdong exceeds the national
average, which means that these regions are economically
developed. The proportion of the affected population to the
total population in these regions was significantly less than
that in other regions, indicating relatively low population
vulnerability in these regions.

Under the influence of droughts and floods, we observed a
significant positive correlation between the affected population
and the total population (Figures 5B, C). This suggests that the
affected population was significantly influenced by the exposure
of the population. In contrast, population vulnerability in
economically developed regions was significantly lower than
that in other regions. Population vulnerability was higher in

FIGURE3 |Distribution in the trend of (A) affected population, (B) fatalities, (C) affected crop area, and (D)DELs caused byMDs in China. (D) denotes droughts, (F)
denotes floods, (H) denotes HSs, (L) denotes LTFs, (T) denotes typhoons, and the crossed areas denote the trends exceeding a confidence level of 95%).
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Chongqing and Guizhou under the impact of floods. The
correlation between the population affected by LTFs and the
total population was positive and insignificant. The
population vulnerability in economically developed areas
was lower than that in other regions under the influence of
LTFs (Figure 5D). The population affected by typhoons had a
significant positive correlation with the total population, while
the effect of economic development on population
vulnerability was not significant (Figure 5E). In China,
Hainan and Fujian are highly prone to typhoon hazards,
with higher population vulnerability relative to other

regions. The population affected by HSs was also
significantly positively correlated with the total population
(Figure 5F). Population vulnerability was lower in
economically developed regions than in other regions under
the influence of HSs. Population vulnerability was higher in
Guizhou, Gansu, Shaanxi, and Shanxi under the impact of
droughts, LTFs, and HSs.

The affected crop area and sown area showed a significant
positive correlation, and the level of economic development had
less influence on crop vulnerability than population vulnerability
(Figure 6A). The average sown area in each province over the last

FIGURE 4 | Spatial distribution of averages and trends (A) and temporal changes (B) in the affected population rate; (C) and (D) are the same as (A) and (B), but for
the affected crop area rate; (E) and (F) are the same as (A) and (B), but for the direct economic loss rate. In the spatial distribution maps, the colored shaded areas are the
averages, the blue (red) triangles are the decreasing (increasing) trends, and the solid triangles indicate a confidence level exceeding 95%. A 5-year average in each
period was calculated at each rate and is indicated by the black dashed lines.
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two decades was used as an indicator of crop exposure, and the
average provincial affected crop area was used as an indicator of
disaster risk. Jiangsu showed high exposure and low disaster
risks for crops. The crop area affected by droughts, floods,
LTFs, and HSs was significantly and positively correlated
with the sown area, indicating that increased exposure leads
to a significant increase in the affected crop area (Figures
6B–D, F). Under the influence of droughts, crop vulnerability
was high in Shanxi, Shaanxi, Liaoning, and Gansu
(Figure 6B). The affected crop area in Inner Mongolia was
close to that in Heilongjiang; however, the sown area in Inner
Mongolia was much smaller than that in Heilongjiang. The
high crop vulnerability in Inner Mongolia was mainly

attributed to its geographical location at the intersection of
agriculture and animal husbandry, with a more fragile
ecological environment. The regional disparity in crop
vulnerability was small under the influence of floods
(Figure 6C). Crop vulnerability was high in Gansu, Shanxi,
Shaanxi, and Xinjiang under the influence of LTFs and HSs
(Figures 6D, F). The positive correlation between the crop
area affected by typhoons and the sown area was not
significant. Crop vulnerability was also high in Guangdong,
Zhejiang, Fujian, Hainan, where typhoons occur frequently
(Figure 6E).

The total DELs caused by MDs had a significant positive
correlation with GDP (Figure 7A). Gansu’s economic

FIGURE 5 | Relationship between total population and affected population caused by (A) all MDs, (B) droughts, (C) floods, (D) LTFs, (E) typhoons, and (F)HSs, in
which the area and shaded color of the bubbles represent the GDP per capita (unit: 10 thousand CNY per person), the horizontal dotted lines denote the average value of
the affected population, and the vertical dotted lines denote the average value of the provincial population.
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vulnerability was 2.1% and the largest among the 31 provinces,
which may be due to the increasing influence of floods. The
average GDP of each province in the last two decades was used
as an indicator of economic exposure, and the average
provincial DEL was used as an indicator of economic disaster
risk. Beijing, Shanghai, and Jiangsu showed high economic
exposure and low economic disaster risk. The correlations
between GDP and DELs caused by droughts, floods, LTFs, and
HSs were insignificant. The economic vulnerability in the
economically developed region was lower than that in other
regions (Figures 7B–D, F). The economic vulnerability to
drought was high in Northeast China as well as in Yunnan,
Guizhou, and Shanxi (Figure 7B). The economic vulnerability
in Jiangxi, Shanxi, Jilin, and Guangxi was high under the

influence of floods (Figure 7C). The economic vulnerability
to LTFs was high in Gansu, Shanxi, Shaanxi, Jiangxi, Guangxi,
Guizhou, and Yunnan (Figure 7D). The correlation index
between typhoon-induced DELs and GDP was 0.5, which
was significant at the 95% confidence level (Figure 7E).
This suggests that economic exposure had an important
influence on the DELs. In China, typhoons occurred most
frequently in Guangdong over the last 20 years, followed by
Fujian and Hainan. However, the yearly average DELs were the
largest in Zhejiang, which may be due to its larger economic
exposure. Economic vulnerability to typhoons was high in
Guangxi and Hainan and showed no significant relationship
with the level of economic development. Xinjiang, Inner
Mongolia, Shanxi, Shaanxi, Gansu, Yunnan, Heilongjiang,

FIGURE 6 | Content is the same as that in Figure 5, but for the relationship between sown area and affected crop area.

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7895239

Li et al. Meteorological Disasters and Vulnerability

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


and Jiangxi showed high economic vulnerability to HSs
(Figure 7F).

4 CONCLUSION AND DISCUSSION

We analyzed the spatiotemporal characteristics of MD losses at
the provincial level in China during 2001–2020 to determine the
vulnerability of the population, agriculture, and economy, as well
as to disclose their relationships with regional economic
development. From 2001 to 2020, major MDs in China
affected an average of 316.3 million people and 34.3 million
hectares of crops per year, caused 1,739 deaths, and costed 372.3
billion yuan in DELs. Floods and droughts were major MDs that

affected the population in China. The fatalities and DELs were
mainly affected by floods, contributing 63% and 44% to the total
MD losses, respectively. The affected crop area was mainly
induced by drought, contributing 48% to the total affected
crop area. In the past 20 years, MD losses, except for DELs,
have decreased significantly. Losses induced by droughts, HSs,
and LTFs all showed decreasing trends, while DELs induced by
floods and typhoons as well as typhoon-affected crop areas
showed an increasing trend. Floods and typhoons have
contributed positively to the trend in most MD losses, which
means that the influence of these two disasters has become
increasingly important in the last 20 years.

The affected population was concentrated in central China,
with a maximum annual average value of 24 million in Sichuan.

FIGURE 7 | Contents are the same as that in Figure 5, but for the relationship between GDP and DELs.
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The affected population in central China was mainly affected by
floods, while that in most of northern China was mainly affected
by drought. The significant decreasing trend of the affected
population in most parts of central and eastern China was
dominated by drought. Fatalities were fewer in the north while
more in the south. Fatalities and their trends in most parts of
China were mainly induced by floods. HS was the primary factor
for the significant decrease in fatalities in most of eastern China.
The affected crop area was higher in the north than that in the
south. The significant decreasing trend in the affected crop area in
the middle and lower reaches of the Yangtze River, Jilin, Shanxi,
and Qinghai was mainly attributed to drought. Floods were the
most impactful disasters, causing the highest DELs in most parts
of China. The DEL trends in most parts of China were not
significant, except for those in Henan and Guangxi. The
significant decreasing trend of DELs in Henan was mainly
affected by floods, while the significant decreasing trend in
Guangxi was mainly induced by typhoons.

The vulnerability of the population, crops, and economy
tended to decrease. MD losses were influenced by both
exposure and vulnerability, as well as the level of economic
development. The affected population, crop area, and DELs
were all significantly and positively correlated with exposure.
Economic development reduced the vulnerability of the
population and economy but had no significant effect on the
vulnerability of crops.

The IPCC report states that residual risk cannot be avoided
(IPCC, 2014); in other words, the risk cannot be entirely
eliminated to zero. Although the risk is difficult to quantify, it
can still be reduced through a series of engineering and non-
engineering measures. Our study shows that vulnerability
declines with the level of economic development. This
indicates a more urgent need to implement DRR measures in
less-developed areas to minimize disaster losses and reduce
disaster risks effectively. In general, the dominant MD losses
exhibited various characteristics which differed regionally.
Economic development had different influences on the
vulnerability of different disaster-bearing bodies. Therefore,
formulating different policies according to local disaster
prevention and mitigation efforts is necessary.

Under the background of global climate change, the
characteristics of MDs in China have also changed
significantly. Drought and flood had the dominant influences
in China among all MDs. China experienced a significant wetting

trend at annual and seasonal scales during 1961–2009 (Wang
et al., 2017). The humid region in southeastern China showed
increased precipitation, while drying trends mainly occurred in
the transition regions between the humid and arid regions of
China (Chen et al., 2017). TCs making landfall over East China
have tended to be more destructive in recent decades (Li et al.,
2017). In southeastern China, total annual TC precipitation
increased significantly owing to increased precipitation
frequency and precipitation intensity per TC from 1980 to
2017 (Liu and Wang, 2020). The annual precipitation induced
by landfall TCs also showed a noticeable northward shift.
According to the results of this study, the percentage of losses
induced by floods and typhoons, except for fatalities, to total
losses showed an increasing trend, and that of drought showed a
decreasing trend in the last 20 years. In particular, although the
typhoon-induced losses increased with exposure, the losses were
largely affected by the intensity and scope of the typhoon
disasters. Focus should be placed on the predictions and early
warnings of typhoons and floods, especially in regions with
increasing influence, such as southeastern China.
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