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Abstract: A comprehensive risk assessment of different types of natural disasters at the county level
can promote quantitative disaster risk assessment and can provide a scientific basis for the formu-
lation of disaster prevention measures. Focusing on climate-related hazards and based on natural
disaster risk assessment theories and methods, this study integrates disaster statistics, meteorological
data, geographic information, and other multivariate data to quantify the hazards of various disasters
and the vulnerability and exposure of hazard-bearing bodies and conducts an integrated assessment
of comprehensive risks of multiple climate-related hazards in Cangnan County, Zhejiang Province.
Typhoon disaster risk is high in the central and northern parts of this county and low in its surround-
ings, with high-risk areas mainly distributed in Lingxi Town to the north. The comprehensive risk
distribution patterns of drought and flood disasters in Cangnan County are similar: low in the south
and high in the north. With the method of standard deviation, the comprehensive risk of multiple
climate-related hazards in Cangnan County shows a distribution pattern of being low in the south
and high in the north, with high risk in the northeast and low risk in the northwest and south.

Keywords: climate-related hazards; comprehensive risk; county scale; typhoon; drought and flood

1. Introduction

China is among the countries that suffer many types of heavy disasters, with a wide
distribution area and high frequency of occurrence, causing serious losses [1,2]. Against
the background of global environmental change and frequent natural disasters, China faces
a serious situation. In 2020, natural disasters resulted in 138 million person affects and
100,000 house collapses, the area of affected crops was 19,957.7 thousand hectares, and
direct economic losses amounted to CNY 370.15 billion [3]. Among all natural hazards,
climate-related hazards are characterized by their high frequency, extensive impact, and
destructive power, and are the type of hazard that has affected the largest number of people
in the last 20 years, seriously affecting the sustainable and stable development of the social
economy [1,2]. In June 2021, an unprecedented and dangerous heat wave swept across
the West Coast of North America, with extreme heat in several cities, including a record-
breaking 49.5 ◦C in Lytton, British Columbia, resulting in nearly 600 deaths. A month
later, rare floods were triggered by heavy rainfall in west-central Europe. As of 20 July,
more than 200 people have been killed by the floods, including 171 in Germany and 31 in
Belgium. The direct economic loss caused by this flood to Germany has reached EUR
3 billion. At about the same time, Henan Province, China, experienced extreme heavy
rainfall. The 24-h rainfall in Zhengzhou, the center of heavy rainfall, reached 696.9 mm.
Floods caused by heavy rainfall have caused 73 deaths. The direct economic losses exceed
CNY 80 billion (approximately EUR 10 billion). Scientific and quantitative judgment of
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the degree and pattern of natural disaster risk is necessary to gain understanding and can
provide important guarantees for policies of risk management and for reducing losses from
natural disasters [4].

Currently, natural disaster risk assessment is mainly focused on single-hazard disas-
ters, including typhoons [5], earthquakes [6], landslides [7,8], forest and grassland fires [9],
marine [10], droughts [11], and flood [12,13]. However, it is often affected by multiple
hazards at the regional scale. Therefore, there is also widespread interest in the compre-
hensive risk assessment of multi-hazard disasters at the regional level [14]. For example,
Bell et al. [15] chose debris flows, avalanches, and landslides as subjects for risk research;
Kappes et al. [16] conducted risk assessments for potential seismic landslides, floods, and
storm buildings; and the Federal Emergency Management Agency and National Institute
of Building Research conducted a comprehensive risk assessment of earthquake, hurricane,
and flood disaster in the United States [17]. With the continued expansion of natural
disaster risk research, the assessment methods are becoming more varied and moving from
qualitative to quantitative. It is generally believed that multi-hazard risk is the total risk
caused by multiple hazards in a region. According to the complexity of the structure and
functional characteristics of the disaster system, it can be divided into three categories:
disaster cluster, disaster chain, and disaster compound [18]. At present, the main methods
for disaster risk assessment include probability statistics [19], artificial neural networks [20],
index system methods [21], model simulations [22], and disaster statistics [23]. In addi-
tion, disaster risk assessments are conducted on a demand-driven basis with assessment
units at different scales. The Disaster Risk Index (DRI), developed by the United Nations
Development Programme (UNDP), evaluates population mortality risk worldwide using
countries as assessment modules [24]. The Munich Reinsurance Company assesses the risk
of economic loss for the world’s 50 largest cities or urban agglomerations [25]. Ge et al. [26]
selected three research areas with different spatial scales in cities, counties, and villages to
conduct comprehensive risk research.

In China, local governments, other than special administrative regions, are generally
divided into three levels: province, city (county), and township (town). There are 2856 ad-
ministrative areas at the county level, covering basically all of China’s land and accounting
for more than 85% of the population [27]. Generally speaking, the scope of impact of many
serious natural disasters is concentrated within county-level administrative regions, which
are also the grass-root units responsible for implementing policies and practices for disaster
risk management [28,29]. As a result, county-level governments are often front-line leaders
and important participants in dealing with major natural disasters, with their agencies
carrying out disaster risk prevention and emergency management to be efficient and effec-
tive [30]. Comprehensive risk assessment of natural disasters at the county scale is carried
out with a small degree of dispersion and more accurate loss estimation. Previous studies
have focused on assessing disasters at the county level. Wang et al. [31] evaluated multi-
hazard intensity and the level of urbanization in China with county-level administrative
regions as the basic unit and obtained urban natural disaster regionalization of the country.
Shi et al. [32] selected 12 major natural disasters in China and completed a comprehensive
multi-hazard risk assessment and mapping based on county-level administrative units.
These studies used the county as the unit to explore natural disaster risk patterns on a
macro scale. Most studies lack quantitative assessment and pattern analysis of disaster risk
within counties.

In view of this, this paper takes Cangnan County, Zhejiang Province, China, as an
example, collecting climate-related hazard disaster loss, typhoon track, meteorological,
and socioeconomic statistical data from 2000 to 2016. Based on natural disaster risk
assessment theories and methods, a comprehensive risk assessment of multiple climate-
related hazards—typhoons, droughts, and floods—in Cangnan County was carried out
by integrating the hazards of disaster-causing factors and the vulnerability and exposure
of disaster-bearing bodies and by combining a risk assessment model and geographic
information technology in order to correctly and comprehensively understand the climate-
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related hazard risk level of each township in Cangnan County and to improve the disaster
prevention, mitigation, and relief capabilities of the county and each township and the
capabilities of the natural disaster database.

2. Materials and Methods
2.1. Study Area

Cangnan County, located in the southernmost part of Zhejiang Province, was estab-
lished in June 1981 as one of the five counties under the jurisdiction of Wenzhou (Figure 1).
At the end of 2018, Cangnan County covered 17 towns and 2 ethnic townships, with a total
population of 1.34 million, ranking first in Zhejiang Province and 40th in the country; GDP
totaled CNY 56.06 billion, ranking about 80th in the country, with a per capita GDP About
CNY 42,000, lower than the national average. In addition, Cangnan County had a sown
grain area of 20.83 thousand hectares, an agricultural output value of CNY 1.86 billion,
and a grain output of 129.08 thousand tons [33]. The geographical coordinates of Cangnan
County are 27◦30’ N and 120◦23’ E, and it belongs to the subtropical maritime monsoon
climate, warm in winters and cool in summers, with an average annual temperature of
17.9 ◦C and average annual precipitation of 1670.1 mm, with the flood season lasting about
six months. Most of Cangnan’s territory belongs to the Aojiang River system, with higher
terrain in the southwest and lower terrain in the northeast. The total area is 1261.08 km2,
the sea area is 37,200 km2, and the coastline is 155 km long. In summary, Cangnan County
is densely populated, has a relatively low level of overall economic development, and is
heavily influenced by the monsoon climate.

Cangnan County is one of the high-risk areas for climate-related hazards [34]. Since
1949, typhoons that landed in Cangnan County accounted for 17% of the total number of
typhoons that landed in Zhejiang Province. Among them, the landing of super typhoon
“Saomai” in 2006 caused the collapse of 20,310 houses, 153 deaths, and direct economic loss
of CNY 9.124 billion [35]. Drought and flood disaster risk in Cangnan County is also at a
high level, seriously threatening local socio-economic development [36]. Comprehensive
risk assessment of climate-related hazards is of great significance for Cangnan County to
prevent and mitigate natural disasters.
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2.2. Data Sources

In this paper, climate-related hazard disaster loss, typhoon track, meteorological, and
socioeconomic statistical data were used. The data sources are detailed below.
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The climate-related hazard disaster loss data were provided by the National Disaster
Reduction Center of China and were used to calculate the loss rate of disaster-bearing
bodies. The center recorded a total of 41 climate-related hazards in Cangnan County from
2000 to 2016, including 28 typhoons, 5 floods, 3 droughts, 3 freezes, and 2 hailstorms.
It is difficult to construct a vulnerability curve due to the infrequent occurrence, small
social and economic losses, and lack of recorded data on freezing and hailstorm disasters.
Therefore, typhoons, floods, and droughts were selected in this study for comprehensive
risk assessment.

Typhoon track data were from the Shanghai Typhoon Institute of China Meteorological
Administration (CMA-STI, http://tcdata.typhoon.org.cn/en/index.html, (accessed on
3 December 2020). Based on the track data of 28 typhoons landing in or affecting Cangnan
County combined with the disaster loss data, the vulnerability curve of typhoons between
the intensity level and the loss rate of disaster-bearing bodies was established.

Meteorological data came from the China Meteorological Administration, which
was used to calculate the intensity of flood and drought disasters in Cangnan and its
surrounding area. The vulnerability curve of flood and drought between the intensity level
and the loss rate of disaster-bearing bodies was established.

Socioeconomic statistical data at the community level (2016) was provided by official
Cangnan County government agencies and was considered as a measure of population,
economic, crop, and house exposure.

2.3. Methods
2.3.1. Natural Disaster Risk Assessment Model

The constituent risks include two dimensions (disaster-causing factors and disaster-
bearing bodies) and three aspects (hazard or possibility, vulnerability, and exposure) [37,38].
The disaster-causing factors determine the probability of risk occurrence [39]. Disaster-
bearing bodies are social economic and resource environments that have been negatively
affected. Exposure refers to the number of disaster-bearing bodies that are likely to be
adversely affected [40]. Vulnerability refers to the tendency to be adversely affected, which
is often characterized by sensitivity and fragility [41,42].

According to the mechanism of natural disaster risk assessment, climate-related
hazard risk (R) is a function of the hazard or possibility (P), exposure (E), and vulnerability
(V), which is expressed with the following equation:

R = P × E × V (1)

where R indicates the climate-related hazard disaster risk, P indicates the hazard, E indicates
the exposure and V indicates the vulnerability.

• Hazards

The hazards mainly have to do with the occurrence probability of disaster events.
For typhoons, intensity is based on the average wind speed of the typhoon track. Using
the classification scheme of CMA-STI, it is divided into 6 grades, corresponding to the
6 classification types in the national standard (GB/T19201-2006). Since there were no
records of losses caused by tropical depressions and tropical storms in the selected typhoon
disaster data, only typhoons of grades 3 to 6 are analyzed in this paper (Table 1). According
to the typhoon wind field model, buffers of 75, 100, 125, and 150 km were extracted
according to the typhoon intensity level. The communities covered by the buffers were
considered typhoon-affected areas, and the frequency of communities affected by typhoons
was calculated. The cumulative length of the typhoon track in each community is another
indicator that reflects the possibility of typhoon occurrence. The length of each typhoon
track was calculated according to the expanse of the communities it passed through, and
the total length of grade 3 to 6 typhoons in each community was obtained. The occurrence
probability of typhoons is a comprehensive index of frequency and total length. Since the
dimensions of the two indices were inconsistent, they were normalized separately, and

http://tcdata.typhoon.org.cn/en/index.html
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the occurrence probability of typhoons of different grades was obtained by summing with
equal weights [43].

Table 1. Classification standard of typhoon disasters in Cangnan County.

Tropical Cyclone Maximum Wind Speed (m/s) Maximum Wind (Scale)

Severe tropical storm (3) * 24.5–32.6 10–11
Typhoon (4) 32.7–41.1 12–13

Severe typhoon (5) 41.5–50.9 14–15
Super typhoon (6) ≥51.0 ≥16

Note: * Numbers in parentheses indicate the level of the typhoon.

For droughts, the intensity was calculated by the meteorological drought composite
index (MCI; GB/T 20481–2017), which can reflect precipitation anomalies at different time
scales and water deficits at shorter time scales. The function is as follows:

MCI = Ka × (a × SPIW60 + b × MI30 + c × SPI90 + d × SPI150) (2)

where MCI is the meteorological drought composite index; SPIW60 is the weighted stan-
dardized precipitation index in the past 60 days; MI30 is the relative moisture index in the
past 30 days; SPI90 is the standardized precipitation index in the past 90 days; SPI150 is
the standardized precipitation index in the past 150 days; a, b, c, and d are weight coeffi-
cients, with values of 0.5, 0.6, 0.2, and 0.1, respectively; and Ka is the seasonal adjustment
coefficient, with a value between 0.9 and 1.1.

According to MCI, droughts are divided into 5 grades, among which grades 1 and 2
have little impact on production and life. Therefore, grades 3–5 were divided into mild,
moderate, and severe drought, respectively, in this study (Table 2) [44].

For floods, the intensity was calculated by the flood index (FI), which is based on the
maximum 3-day precipitation and is corrected by underlying surface correction parame-
ters [45]. According to the index values, floods were divided into 3 levels: mild, moderate,
and severe flood, indicating the level and impact degree (Table 2).

Table 2. Classification standard of drought and flood disaster in Cangnan County.

Index Mild Moderate Severe

MCI −1.5 < MCI ≤ −1.0 −2.0 < MCI ≤ −1.5 MCI ≤ −2.0
FI 35–150 mm 150–250 mm ≥250 mm

• Vulnerability

A vulnerability curve is an effective way to quantitatively study the relationship
between hazard intensity grade and disaster loss. The specific evaluation process is
as follows:

First, the disaster-bearing bodies of typhoons and floods were defined as population,
economy, crops, and houses. Drought does not damage houses, and its disaster-bearing
bodies are population, economy, and crops [43–45].

Second, we analyzed the disaster loss data from 2000 to 2016 to determine the scope
of hazard impact and calculated the loss rate of each disaster-bearing body:

vi =
Li
Ei

(3)

where vi is the loss rate; Li is the loss, Ei is the exposure; and i is the category of the
disaster-bearing body, where the values can be population, economy, crops, or houses.

Finally, we analyzed the relationship between hazard intensity grade and disaster loss
rate according to the data on 28 typhoons, 5 floods, and 3 droughts in Cangnan County
from 2000 to 2016.
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The vulnerability curves for different grades of typhoons, droughts, and floods were
established based on the exponential curve fitting method (Figure 2):

y = m ∗ en∗x (4)

where y is the loss rate (%), x is the hazard intensity grade, e is the Euler’s number, and
m and n are coefficients. Figure 2 shows an example of an economic vulnerability curve
of typhoons. Then, we constructed the disaster loss criteria according to Equation (4) for
different grades of typhoons, droughts, and floods in Cangnan County (Tables 3–5).
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Table 3. Vulnerability to typhoons of different levels in Cangnan County.

Tropical Cyclone Affected Population
Rate (%)

Economic Loss
Rate (%)

Affected Crop
Rate (%)

House Collapse
Rate (%)

Severe tropical storm (3) * 8.20 0.21 11.79 0.02
Typhoon (4) 26.57 2.23 24.61 1.25

Severe typhoon (5) 30.99 4.01 25.50 1.81
Super typhoon (6) 41.61 21.78 28.19 22.97

Note: * Numbers in parentheses indicate the level of the typhoon.

Table 4. Vulnerability to droughts of different levels in Cangnan County.

Drought Level Affected Population Rate (%) Economic Loss Rate (%) Affected Crop Rate (%)

Mild 2.56 0.51 5.59
Moderate 21.07 2.14 13.31

Severe 74.770 5.07 31.67

Table 5. Vulnerability to floods of different levels in Cangnan County.

Flood Level Affected Population Rate (%) Economic Loss Rate (%) Affected Crop Rate (%) House Collapse Rate (%)

Mild 29.84 0.43 9.25 0.8
Moderate 47.10 0.94 20.79 2.35

Severe 57.84 2.47 46.73 6.98
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• Exposure

According to data from the Statistical Socioeconomic Survey of Government Author-
ities, the population, economy, crop, and house data of various towns and villages in
Cangnan County in 2016 were selected to represent the socioeconomic exposure of climate-
related hazard risk. The total household population of Cangnan County was 1.342 million,
and the high-density areas were mainly distributed in areas centered around government
housing in Lingxi, Longgang, Yishan, Qianku, Jinxiang, and Qiaodun Towns (Figure 3a).
The gross regional product of Cangnan County was CNY 46.017 billion, and the per capita
gross regional product was CNY 37,700. The economically developed areas were mainly
located in the government housing of Lingxi, Longgang, Yishan, Qianku, and Jinxiang
Towns in the northeast (Figure 3b). The total sown area of crops in Cangnan County was
43,761.67 hectares, and the main types of crops were grains, vegetables, and fruits. The main
types of grain crops were rice and potatoes, with the larger sown areas mainly distributed
in Lingxi and Zaoxi Towns (Figure 3c). There were more than 80,000 houses in Cangnan
County, mainly concentrated in the government housing of each town (Figure 3d).
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2.3.2. Comprehensive Risk of Multiple Climate-Related Hazards in Cangnan County

Based on the results of quantitative risk assessment of single hazards and single
disaster-bearing bodies, by integrating the risk results of each disaster-bearing body, the
comprehensive risk of multiple climate-related hazards was determined by a method of
overlay analysis. By integrating the comprehensive risk of each hazard, the comprehensive
risk of multiple climate-related hazards was determined by the same method. The compre-
hensive risk levels and the risk sources in medium- and high-risk areas were evaluated.

The comprehensive risk of multiple climate-related hazards was determined by the
multiplicity of standard deviation, which uses the following equation:

α =
xi − x

δ
(5)

where α indicates the multiples of standard deviation and δ indicates the standard deviation
of each grid value, which is calculated with the following equation:

δ =

√
∑n

i=1 (xi − x)2

n − 1
(6)

where xi is the value of each grid greater than zero and x is the average of the grid values
greater than zero.

For the classification standard, a value of α greater than one-quarter of the standard
deviation was defined as high risk, a value lower than the negative one-quarter of the
standard deviation was defined as low risk, and a value between low and high risk was
defined as a moderate risk; a comprehensive risk value of zero was defined as no risk [40].

3. Results

This section presents an evaluation of the socio-economic risks of typhoons, floods,
and droughts and the comprehensive risk of multiple climate-related hazards based on
the natural disaster risk assessment model and the multiplicity of the standard deviation
method. Given the more significant changes and impacts of severe hazards and the need for
disaster prevention and mitigation, the following analysis focuses on the risk distribution of
severe hazards. The risk patterns of strong tropical storms, typhoons, and strong typhoons
with regard to typhoon hazard can be seen in the Supplementary Materials.

3.1. Typhoon Risk

A super typhoon in Cangnan County would affect 127,500 people, collapse 4087 houses,
cause economic losses of CNY 2.29 billion, and affect 3593 hectares of crops (Table 6). The
distribution patterns of population, economy, house, and crop risks caused by a super
typhoon are relatively balanced in the whole region, implying significant losses across
the region due to a large amount of energy. The distribution patterns of population and
economic risks are high in the southeast and low in the northwest, with the highest risk
in Mazhan, Xiaguan, Yanpu, Dailing, and Jinxiang Towns (Figure 4a,b). Mazhan has the
largest area of affected crops, followed by Qiaodun and Jinxiang (Figure 4c). The highest
risk of house damage is in Jinxiang and Fanshan (Figure 4d). Among the three elements
that constitute risk, hazard has the greatest impact on the high risk of a typhoon.

Synthesizing the population, economy, house, and crop risks caused by severe tropical
storms, typhoons, severe typhoons, and super typhoons, based on the principle of prioritiz-
ing and the method of overlay analysis, the distribution pattern of comprehensive typhoon
risk in Cangnan County was obtained. The comprehensive typhoon risk shows a high–
low–high distribution pattern from north to south, with high-risk areas in northern Lingxi
and Longgang and with medium-risk areas in southern Lingxi; northeastern Fanshan; and
eastern Qiaodun, Zaoxi, and Mazhan (Figure 5).

Based on the natural hazard risk assessment model, typhoon risk depends on three
aspects: hazard, exposure, and vulnerability. The distinct regional characteristics of ty-
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phoon tracks lead to different spatial patterns of risk for different typhoons with the same
vulnerability and exposure distributions. Except for super typhoons, the risk of a severe
typhoon, typhoon, and severe tropical storms present a distribution pattern of high in the
north and low in the south (Supplementary Materials Figures S1–S3), and the synthesized
comprehensive typhoon risk shows a distribution pattern of high in the north and south
and low in the middle.

Table 6. Socioeconomic risk of different typhoons in Cangnan County.

Disaster Bodies Population (10,000) Economy (Million CNY) Crops (Hectares) Houses

Severe tropical storm 5.05 43.95 2243.9 9
Typhoon 6.97 200.25 1669.8 209

Severe typhoon 20.77 921.76 5548.1 729
Super typhoon 12.75 2286.87 3593.9 4087
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3.2. Drought Risk

A severe drought disaster in Cangnan County would affect more than 1 million
people and nearly 14,000 hectares of crops and would cause economic losses of CNY
91.63 million (Table 7). Under severe drought, the population and economic risk areas are
mainly concentrated in the northeast, and the highest risks are in northwestern Longgang,
eastern Lingxi, eastern Qiaodun, northern Qianku, eastern Wangli, and Yishan, and central
Jinxiang (Figure 6a,b). The affected crop areas are larger in Lingxi and Zaoxi (Figure 6c).
Among the three elements that constitute risk, exposure has the greatest impact on the
high risk of drought.

The distribution pattern of comprehensive drought risk in Cangnan County was
obtained by synthesizing the risk to the population, economy, and crops caused by mild,
moderate, and severe drought. Spatially, the comprehensive drought risk pattern is low
in the south and high in the north, with high-risk areas mainly concentrated in northern
Longgang, Lingxi, and Qianku; central Jinxiang; eastern Qiaodun; northern Zaoxi and
Nansong; and central Mazhan and with middle-risk areas mainly distributed in central and
southern Longgang, western and southern Lingxi, central and southern Zaoxi and Yishan,
central Qianku, northern Jinxiang, central and eastern Qiaodun, and central Mazhan and
Yanpu (Figure 7).

Compared with typhoons, drought hazard has a strong spatial consistency. With the
same distribution of vulnerability and exposure, the spatial distribution pattern of risk for
different droughts is similarly based on the natural hazard risk assessment model, showing
a distribution pattern of high in the north and low in the south, and the distribution pattern
of the synthesized comprehensive drought risk is also the same.

Table 7. Socioeconomic risks of droughts in Cangnan County.

Disaster Bodies Population (10,000) Economy (Million CNY) Crops (Hectares)

Mild drought 3.44 9.15 2446.3
Moderate drought 28.28 38.62 5824.7

Severe drought 100.25 91.63 13,859.3
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3.3. Flood Risk

A severe flood in Cangnan County would affect 576,500 people, cause economic losses
of CNY 843 million, damage 5600 houses, and affect more than 20,000 hectares of crops
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(Table 8). Under severe floods, the spatial distribution of population and economic risks
is concentrated in the northeast, with the highest risk in northwestern Longgang, eastern
Lingxi, northern Qianku, and central Yishan and Jinxiang (Figure 8a,b). The affected crop
areas in Lingxi and Zaoxi would be relatively large (Figure 8c). In the north, houses in
Lingxi, Longgang, and Yishan would be seriously damaged (Figure 8d). Among the three
elements that constitute risk, exposure has the greatest impact on the high risk of floods.

Synthesizing the population, economy, crop, and house risk caused by mild, moderate,
and severe floods, the comprehensive risk distribution pattern of flood disasters in Cangnan
County was obtained. Spatially, the comprehensive flood risk shows a pattern of low in
the south and high in the north, with high-risk areas mainly concentrated in northern
Longgang, Lingxi, Zaoxi, Yishan, and Qianku and central Jinxiang and with medium-risk
areas mainly distributed in central and southern Longgang; northern and southern Lingxi;
northern Yishan, Jinxiang, and Nansong; eastern Qiaodun; central Zaoxi, Fanshan, and
Mazhan; and northern Yanpu (Figure 9).

Table 8. Socioeconomic risks of different floods in Cangnan County.

Disaster Bodies Population
(10,000)

Economy
(Million CNY)

Crops
(Hectares) Houses

Mild flood 29.74 146.84 4048.0 648
Moderate flood 46.95 321.01 9098.1 1902

Severe flood 57.65 843.50 20,449.8 5650
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In addition to the influence of climatic processes, floods are also affected by non-
climatic processes such as topography, terrain, and river. The northeastern part of Cangnan
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County, with its low elevation, flat terrain, and dense river network, has a higher risk
level, and risk of different floods and comprehensive flood risk patterns basically show
this feature.
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3.4. Comprehensive Multi-Hazard Risk

Based on the risk levels of typhoons, droughts, and floods in Cangnan County, an
overlay analysis was used to determine the comprehensive risk of multiple climate-related
hazards and to assess the risk sources in high-risk areas. The comprehensive risk is
distributed in a pattern of being low in the northwest and south and being high in the
north. Specifically, high risk is mainly distributed in central and northern Lingxi, northern
and southern Longgang, northern Zaoxi, southeastern Qiaodun, northern Yishan, and
central Qianku and Jinxiang, and medium risk is mainly distributed in northwestern and
southern Lingxi, southern Longgang and Yishan, northern Qianku and Jinxiang, western
Zaoxi, northern Nansong, central Fanshan and Mazhan, and northern Yanpu (Figure 10).
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According to the risk analyses of typhoon, drought, and flood, the high risk in the
southeast of Qiaodun Town is mainly due to typhoon and drought disasters, the high risk
in the north of Yishan Town is mainly due to typhoon and flood disasters, while the other
high-risk areas are due to the combined impacts of three disasters.

4. Discussion

(1) East China has the highest level of natural disaster risk in the country, and the
main contributing disaster-bearing bodies include water resources, the cryosphere,
ecosystems, agriculture, transportation, energy, livelihood, and health [46]. Therefore,
we first determined the scope of the selection of typical regions in East China. Then,
according to the literature [34], areas with high hazard intensity and exposure to
disaster-bearing bodies were selected for evaluation, considering the availability of
disaster loss data. Finally, Cangnan County was selected as a typical area for the
study. Compared with other regions, the terrain is mainly mountainous and hilly,
natural disasters occur frequently, and the population density is large, so natural
disasters have a far-reaching impact on social and economic development. In addition,
Cangnan County completed a preliminary risk survey in 2017, compiling the basic
data needed for risk assessment (see Section 2.2 in Materials and Methods), which
laid the foundation for this work.

(2) According to a series of reports from the Intergovernmental Panel on Climate Change
(IPCC), disaster risk results from the interaction of hazards with the vulnerability and
exposure of human and natural systems [37]. Therefore, disaster risk depends not
only on the hazard but also on the exposure and vulnerability level of the disaster-
bearing body. Taking typhoon disaster in Cangnan County as an example, the hazard
intensity of super typhoons is the worst but the risk to the population and crops is
lower than that of severe typhoons. The main reason is that the exposure of eastern
regions affected by super typhoons is lower than that of central and northern regions
affected by strong typhoons.

(3) This study provides a comprehensive quantitative method for assessing the risk
of single and multiple hazards at the county level. This method is a significant
improvement over the semi-quantitative assessment of regional natural disaster risk
by grade. Comprehensive multi-hazard risk is calculated using equal-weighted
overlap analysis. Before obtaining the scientific weight, this is a feasible choice that
can avoid underestimating the risk of events with small probability and large loss.

(4) Comprehensive risk is the possible damage to the society, economy, and resources,
and environment caused by multiple natural disasters. Quantitative assessment is
needed to support risk prevention. We quantify the loss risk from three elements.
The interaction of multiple elements will lead to complex results. It is difficult to merge
and classify the research objects. In addition, the research area is small (and the village
is the evaluation unit) and there are many disasters, also to avoid fragmentation of risk
levels within the towns and townships and to facilitate risk management. Therefore,
the division of the three risk levels of high, medium, and low is more conducive
to the display space pattern, which is more suitable than the four levels of high,
medium-high, medium, and low or the five levels high, medium-high, medium,
medium-low, and low. In summary, this study uses the multiplicity of standard
deviation method as the basis for risk classification. Taking the direct economic loss
risk of a severe typhoon in Cangnan County as an example, the high risk is roughly
the 80th percentile of this type of hazard/hazard-bearing body risk.

(5) The county unit is a unique administrative unit in China and an important part of
disaster impact and relief. It is important to carry out a quantitative assessment
and pattern analysis of disaster risk within counties to correctly and comprehen-
sively understand the risk of natural disasters; to improve the capacity of disaster
prevention, mitigation, and relief; and to complete the database of natural disaster
capacity. Taking Cangnan County as an example, this study relied on high-precision
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meteorological and geographic information data to calculate the hazards of different
disasters as well as the exposure and vulnerability of disaster-bearing bodies based
on official survey data. According to the natural disaster risk assessment mechanism,
county-scale disaster risks were obtained by calculating the functions of hazard, ex-
posure, and vulnerability, thus laying a methodological foundation for county-scale
risk assessment.

(6) At the same time, due to limitations in data availability, many indicators (for example,
loss records from earthquakes, hailstorms, snowstorms, lightning, and other disasters
as well as survey results on disaster-bearing bodies such as roads and public service
facilities) were not obtained, which might have a certain impact on the results of the
risk assessment. However, in this paper, the data of disaster-bearing bodies were
accurate at the village and town levels. Although the samples were limited, this
ensured data aggregation, less dispersion, and more accuracy in the loss estimation.
Overall, this paper clarifies the definition and formation mechanism of main disaster
risks at the county scale; quantifies the regional hazard of disasters and the vulnera-
bility of disaster-bearing bodies; improves the assessment level of main disaster risks;
and is expected to provide scientific support for disaster prevention, mitigation, and
emergency management at the county level.

5. Conclusions

This paper comprehensively analyzed the socioeconomic risks of typhoons, droughts,
and floods in Cangnan County and reached the following conclusions:

(1) The distribution pattern of comprehensive risk of multiple climate-related hazards in
Cangnan County is low to the south and high to the north, and the high-risk areas are
mainly located in Lingxi and Longgang Towns in the north. The high risk in most
areas is affected by the combined effects of three types of climate-related hazards.

(2) The probability of typhoon occurrence in Cangnan County changes from a pattern
of being high in the west and low in the east to be high in the south and low in the
north as the level increases, and the risk shows a pattern of being low in the north
and west and being high in the west and east, with high-risk areas mainly distributed
in Lingxi Town. The spatial patterns of drought and flood risks in the county are
similar, showing a pattern of being low in the south and being high in the north, with
high-risk areas mainly concentrated in Longgang, Lingxi, Qianku, and Zaoxi Towns.
The distribution of typhoon risk is mainly affected by hazards, while the distribution
of drought and flood risk is most influenced by exposure.

Due to the high concentration of population, houses, economy, and arable land in the
north-northeast, the possibility of climate-related hazards is also high, resulting in a high-
risk level in this area; the high exposure of arable land and vulnerability in the south makes
it a high-risk area after the north-northeast. According to the risk characteristics of climate-
related hazards, based on strengthening the early warning of climate-related hazards,
in areas with dense population, houses and economy, reinforce coastal embankments and
set up multi-level defense system urban flood relief area planning; in areas with high
exposure of arable land, the standard of agricultural production against typhoon, flood,
and drought should be improved. In addition, attention should be paid to coastal wetland
protection and ecological reconstruction in coastal areas.

This work proposes a new method for comprehensive risk assessment of multiple
climate-related hazards, and selects Cangnan County as a typical area, considering three
disasters: typhoon, flood, and drought. The evaluation method proposed in this work is
scientific and universal, easy to operate, and can be widely used in risk assessment at the
district and county levels. However, natural disasters have obvious regional differentiation
characteristics in China [47,48]. The disasters and disaster-bearing bodies selected in this
study have strong regional characteristics, and it is necessary to consider the disaster-
causing and disaster-forming mechanisms of the region when using this method in other
regions, which can be done in the following three aspects: firstly, consider the regional
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dominant disasters, such as earthquake disaster, geological disaster, meteorological disaster,
hydrological disaster, forest fire disaster, and marine disaster; secondly, consider the
distribution of regional disaster-bearing bodies and select the appropriate ones for the
assessment in conjunction with the vulnerability level; finally, the comprehensive risk of
multi-hazards could determine the respective weights according to the risk level of single
hazards. The single-hazard risk and the comprehensive risk of multi-hazard in this study
are divided into three levels according to the risk value. The risk assessment results can
be provided to government decision-makers, business leaders, and the public to facilitate
the formulation of risk management plans from disaster prevention, resilience, and relief,
and encourage stakeholders to actively participate in the process. This can provide the
necessary response measures for the management of different levels of risk, reduce the risk
of natural disasters, enhance the awareness of natural disaster prevention, optimize the
early warning system of natural disasters, and realize the sustainable development of the
regional social economy.

Disaster cluster refers to hazards clustering in space and time without any linkage,
which is mainly affected by the disaster-generating environment in a specific area (such as
climate type, topography, and surface interface characteristics) and can be used to measure
the severity of disaster clustering in a specific area or a specific period [49]. For example,
influenced by atmospheric circulation and topographic fluctuations, large-scale heatwaves,
floods, and periodic droughts occurred frequently in the middle reaches of the Yangtze
River in 2018. The quantitative assessment model of comprehensive risk of multi-hazard
proposed in this work provides a feasible idea for disaster cluster risk assessment. A dis-
aster chain is a series of disaster phenomena caused by a kind of disaster, which can be
divided into concurrent disaster chain and serial disaster chain according to the chain
characteristics. The earthquake has a strong disturbance on the surface, leading to the
occurrence of many secondary mountain disasters, and the disaster chain behaves strongly.
Disaster encounter is the simultaneous or successive occurrences of two or more disaster
events that have no root cause relationship. Even if a single event is not extreme, its extreme
will be expanded due to the effect of the encounter. The most obvious example is that in
the context of sea level rise, the encounter of storm surges and astronomical high tides
will create the most extreme water levels. For the disaster chain and disaster encounter,
the hazard factors have a genetic connection, which is manifested as the cascading effect or
superposition effect between the hazard factors. The risks need to strengthen the research
of the vulnerability curve or the vulnerability surface and carry out risk assessment through
a probability model.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12081022/s1, Figure S1: Spatial patterns of severe typhoons risks in Cangnan County (a,
population; b, economy; c, crop; d, house), Figure S2: Spatial patterns of typhoons risks in Cangnan
County (a, population; b, economy; c, crop; d, house), Figure S3: Spatial patterns of severe tropical
storm risks in Cangnan County (a, population; b, economy; c, crop; d, house).
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