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Abstract By using the latest China population grid and

land-use data, we assess the changing exposure of China’s

population and land uses to the hazards of storm surges,

droughts, earthquakes, floods, and landslides from 1995 to

2015. We found that the single-hazard areas and the multi-

hazard areas covered 43% and 26% of China’s territory,

respectively. Population grew faster in the hazard-prone

areas than in the non-hazard areas. Built-up area expanded

more rapidly in the areas prone to earthquakes and land-

slides. Cropland changed rapidly in many hazard-prone

areas. The hazard-prone areas affected by floods featured

the highest cropland loss rates, while the areas prone to

earthquakes and landslides featured the highest cropland

growth rates. We detected areas with significant exposure

changes by using hot spot analysis. It was found that

population and built-up land in the Pearl River Basin were

increasingly exposed to storm surges, floods, and land-

slides. The Haihe River Basin and Huaihe River Basin also

showed a consistent increase of population and built-up

land exposure to droughts and earthquakes. These findings

can provide a foundation for the design and implementa-

tion of protection and adaptation strategies to improve the

resilience of Chinese society to natural hazards.

Keywords China � Exposure to natural

hazards � Population change � Built-up land � Cropland

1 Introduction

Natural hazards worldwide have caused economic losses of

billions of US dollars and affected millions of people

annually in recent decades (UNISDR 2012). Risk reduction

of natural hazards has become a critical component of the

sustainable development of human society (Tian et al.

2015; UNISDR 2015). While global population growth and

urbanization are accelerating, human settlements and

livelihoods are expected to be increasingly exposed to

natural hazards (UNDESA 2016). Due to global climate

changes, intensified natural hazards and extreme events

will pose growing challenges globally for many countries

and regions in the prevention and mitigation of economic

and social disruptions (Jongman et al. 2012; Güneralp et al.

2015; Blöschl et al. 2017; Huang et al. 2017).

China is among the most rapidly urbanizing countries in

the world (UNDESA 2016; Liu et al. 2018). As the world’s

largest developing country with a middle level income,

China is heavily exposed to a wide range of natural haz-

ards, including cyclones, earthquakes, landslides, floods,

and droughts (Neumann et al. 2015; Yang et al. 2015). Han

et al. (2016) summarized the occurrence of natural hazards

in China for 1985–2014 and found that storms and floods

were the most frequent hazards, followed by landslides and

droughts. China incurs greater damages from natural haz-

ards than most other countries in the world (Lo et al. 2015).

Riverine floods, for example, have inflicted tens of thou-

sands of deaths and affected approximately 1.5 billion

victims in China during the past two decades (CRED

2019). China is also vulnerable to droughts, even in its

humid areas (Wu et al. 2018). The 2009 drought in China

caused losses of more than RMB 150 billion yuan (He et al.

2013). About one-fifth of the deadliest earthquakes in

recorded history have occurred in China (Holzer and
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Savage 2013). The 2008 Wenchuan Earthquake caused

more than 69 thousand deaths and made millions of people

homeless (Liu and Sun 2009). Geohazards including

landslides have caused severe losses and casualties in both

the less developed mountainous regions and the most

prosperous areas in China, such as Shenzhen City (Yin

et al. 2016).

China is undergoing rapid social and economic changes.

A timely and spatially explicit estimation of settlement and

land use exposure to multiple natural hazards can, there-

fore, provide a knowledge base for promoting risk reduc-

tion and mitigation. Recent studies have provided

important findings of exposure and vulnerability to differ-

ent natural hazards (for example, storms, floods, landslides,

droughts, and earthquakes) in China. Liang et al. (2017)

found a substantial increase of elderly people exposure

(over 86%) in the areas prone to storm hazards. Sajjad et al.

(2018) predicted that the number of people exposed will

double in China’s coastal areas that are under current sea

level rise by 2100, reaching a total of 10 million. Fang et al.

(2018) and Du et al. (2018) conducted research to inves-

tigate the changes of population and built-up land in Chi-

na’s flood-prone areas. Miao et al. (2018) identified the

provinces south of the Yellow River as the regions with

relatively higher population vulnerability to landslides.

Zhang et al. (2019) assessed the resilience to landslides in

Shenzhen, one of the biggest cities in China. Pei et al.

(2018) suggested a declining trend of drought risk in

Heilongjiang Province in Northeast China. Sun et al.

(2017) provided projections of future changes in population

exposure to droughts for the Haihe River Basin, with a

decrease of 30% and an increase of 75% in the 1.5 �C and

2.0 �C global warming scenarios, respectively. China is

also facing great risks of earthquakes (He et al. 2016;

Huang et al. 2019). Wu et al. (2017) concluded that

roughly 15% of China’s asset values and 14% of GDP were

in areas prone to earthquakes. Regarding the global inte-

grated assessment of multiple hazards, Shi et al. (2015)

developed a total risk index and a multi-hazard risk index

to map the risks for population and property.

Despite a growing body of literature focusing on expo-

sure to hazards at different scales in China, few analyses

have been conducted to estimate exposure to multiple

hazards at the national scale. Many regions in China are

subject to multiple hazards that potentially lead to greater

damages and losses than a single type of hazard (Komen-

dantova et al. 2014; Jaimes et al. 2015). For these regions,

the investigation and analysis of exposure to multiple

hazards is essential for achieving an effective reduction of

hazard risks (Kappes et al. 2012; Ming et al. 2015).

The aim of this study is to use recently released data to

assess the exposure of China’s population, built-up land,

and cropland to multiple hazards from 1995 to 2015. The

selection of built-up land and cropland as two representa-

tive land use types is based on their importance to human

societies. As China is increasingly urbanized, built-up

areas are becoming the major settlements of China’s pop-

ulation and contain important infrastructures and facilities,

while cropland provides the food supply that is funda-

mental to the sustainable development of human societies.

Natural hazards such as floods damage urban infrastruc-

ture, and droughts exert great pressure on foundations,

pipes, and joints that causes instability problems for the

infrastructure in an urban environment (Güneralp et al.

2015). Landslide and earthquake hazards can create even

more serious damages in rural areas. Earthquakes not only

destroy irrigation facilities and cropland vegetation (Hua-

lou and Jian 2010; Cui et al. 2012), but also reduce the

capacity of soil conservation that impairs the productivity

of cropland (Rao et al. 2016).

We attempt to depict the changes in the exposure of

China’s population, built-up land, and cropland to the

hazards of storm surges, droughts, earthquakes, floods, and

landslides. We investigate whether population and land use

change more rapidly in hazard-prone areas. To this end, we

use two analytical methods, which respectively estimate

the changes of population and land uses exposed to hazards

in different zones, and identify the local areas with sig-

nificantly increased/decreased exposure to multiple hazards

at the subbasin level. Finally, we discuss the findings and

their policy implications.

2 Methodology

In this section, we provide the sources of population data,

land-use data, drainage data, and hazard data. We also

explain the method to assess the change of exposure to the

selected hazard types.

2.1 Data Sources

In this study, we focused on the mainland of China and do

not include Hong Kong, Macao, and Taiwan in our analysis

due to the lack of consistent data. We used the population

data (Fig. 1a–c) and land-use data for the years 1995, 2005,

and 2015, provided by the Resource and Environment Data

Cloud Platform (RESDC), Data Center for Resources and

Environmental Sciences, Chinese Academy of Sciences

(CAS). The population data have a spatial resolution of

1 km. The land-use data include the categories cropland,

forest, grassland, water, built-up land, and unused land, and

have a spatial resolution of 30 m. We extracted cropland

and built-up land for our analysis (Fig. 1d–f).

We used the drainage basin data in vector format. This

dataset was developed by Masutomi et al. (2009) using
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Fig. 1 Population and land-use in China for the years 1995, 2005,

and 2015. CB Continental basin, YERB yellow river basin, HARB

Haihe river basin, SLRB Songhua–Liaohe river basin, SWB southwest

basin, YARB Yangtze river basin; HURB Huaihe river basin, PRB

pearl river basin, SEB southeast basin
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high-resolution digital elevation model (DEM) data, and

can be downloaded from Center for Global Environmental

Research (Table 1). The drainage basin data provide a

detailed description of the sub-basins in China and have a

better quality than the conventional HYDRO1k dataset. An

individual subbasin is a relatively closed system and a

natural unit of ecosystem. Cheng and Li (2015) suggested

that watersheds of basins are relevant units for earth system

science, not only because they possess the complexity of

land surface systems, but also because they connect to

administrative boundaries at different levels as socioeco-

nomic activities often take place along major rivers. A

relevant example is presented by Güneralp et al. (2015),

who investigated future changes of urban land exposure to

floods and droughts. Therefore, we use sub-basins as units

in our analysis to identify the changes of exposure to dif-

ferent hazards.

We collected the hazard frequency data from the Global

Risk Data Platform and focused on five hazard types:

cyclone-related storm surges, droughts, earthquakes,

floods, and landslides. The datasets involved in this anal-

ysis are summarized in Table 1. The storm surge frequency

data were developed based on the dataset of historical

cyclone tracks and the modeling of cyclone movements

through time. The data provide the estimated frequency of

cyclone-related (Saffir-Simpson category) storm surges per

1000 years. The drought frequency data include the esti-

mated annual global drought distribution, which was gen-

erated mainly based on the standardized precipitation

index. Here the drought hazard refers to meteorological

droughts. Drought events refer to areas with a monthly

precipitation lower than 50% of the median precipitation of

the historical period for at least three consecutive months.

The earthquake frequency data include the estimated

number of earthquake events of Modified Mercalli Inten-

sity categories higher than 9 per 1000 years. The flood

frequency data were developed mainly based on hydro-

logical modeling using HydroSHEDS datasets and the

historical floods obtained from the Dartmouth Flood

Observatory (DFO). This dataset estimated the average

frequency of flood events per 100 years. The landslide

frequency data include two raster layers that represent

landslides triggered by earthquakes and by precipitation,

respectively. They were produced by using a landslide

hazard assessment model that considers the triggering

factors of slope, geological conditions, soil moisture,

vegetation cover, and seismic and precipitation conditions.

These datasets offer the estimated annual frequency of

earthquake- and precipitation-related landslides, respec-

tively. The frequency estimation was based on the histor-

ical events of earthquakes and extreme monthly rainfall

that triggered landslides (Nadim et al. 2013). They were

summed to one single raster layer in our analysis to rep-

resent the landslide frequency.

All spatial datasets are projected using a Universal

Transverse Mercator (UTM) map projection with reference

to the World Geodetic System—WGS 1984, UTM zone

49N. The original built-up land and cropland maps were

transformed into 1-km grid data with the grid values rep-

resenting the areal fraction of built-up land and cropland,

respectively. The 10-km drought frequency data were

resampled into a 1-km resolution map, in which the 1-km

grids would have the same values if they were within the

same 10-km grid in the original drought frequency data.

2.2 Methods

In this section, we explain the classification of China’s

territory into different hazard-prone areas according to

hazard frequency. We also specify how to measure the

exposure of population, built-up land, and cropland to

hazards.

Table 1 Description of the datasets used in the analysis of the changes of population, built-up land, and cropland exposure to natural hazards in

China from 1995 to 2015

Dataset Resolution Sources

Population grid 1 km Resource and Environment Data Cloud Platform (RESDC), Data Center

for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn)Land use 30 m

Drainage basins – Center for Global Environmental Research (http://www.cger.nies.go.jp/db/gdbd/gdbd_index_e.html)

Storm surge frequency * 1 km Global Risk Data Platform (https://preview.grid.unep.ch)

Drought frequency * 10 km

Earthquake frequency * 1 km

Flood frequency * 1 km

Landslide frequency * 1 km
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2.2.1 Classification of Hazard-Prone Areas

Based on the hazard frequency data, we classified the ter-

ritory of the mainland of China into three types of zones

according to their frequency level for each hazard type.

They are non-hazard areas (NHAs), hazard areas with

relatively low-frequency (LF-HAs), and high frequency

hazard areas (HF-HAs), respectively. The determination of

non-hazard areas (NHAs) and hazard-prone areas is similar

to the approach used in previous studies (Jongman et al.

2012; Güneralp et al. 2015; Du et al. 2018). In this study,

NHAs refer to areas with zero hazard frequency and the

hazard areas (HAs) refer to those with hazard frequency

greater than zero. For each hazard type, the hazard areas

were further separated into LF-HAs and HF-HAs. As

suggested by recent studies (Jiang 2013, 2015), for many

geographic phenomena, the mean value is an adequate cut-

off point for the determination of ‘‘low’’ and ‘‘high.’’

Therefore, for each hazard type, LF-HAs and HF-HAs

were determined using the mean frequency value, with LF-

HAs referring to areas with hazard frequency lower than

the mean value and HF-HAs referring to areas with hazard

frequency greater than the mean value. By using these

classifications, the population number and land-use areas

were summarized and compared throughout the country.

The overall change rate from 1995 to 2015 and annual

change rate of population and land use in the NHAs, LF-

HAs, and HF-HAs, respectively, were calculated as

follows:

Rt0!t1 ¼
Nt1 � Nt0

Nt0

� �
� 100% ð1Þ

rt0!t1 ¼
ffiffiffiffiffiffi
Nt1

Nt0

t1�t0

s
� 1

 !
� 100% ð2Þ

where R and r refer to the overall change rate from 1995 to

2015 and annual change rate, respectively; N is the popu-

lation number (or land-use areas).

2.2.2 Exposure Evaluation Method

Exposure is an estimation of population, property, or other

interests that would be subject to natural hazards (Lerner-

Lam 2007). We evaluate the exposure of population, built-

up land, and cropland to the five selected hazards. Fol-

lowing Peduzzi et al. (2009), we calculated population

exposure to a certain hazard type using Eq. 3:

PEi;j ¼ Pi � Fi;j ð3Þ

where PEi,j represents the population exposure at grid i to

hazard j; Pi and Fi,j are population and the frequency of

hazard j at grid i, respectively. The calculation of PEi,j

suggests that population living in a grid with a higher

occurrence of hazards will be at a higher risk, or that

hazards occurring in a grid with a greater population will

cause more serious impacts. Land use exposure was

evaluated with respect to built-up land and cropland.

Exposure of these two land uses was evaluated as follows

(Güneralp et al. 2015):

LEi;j ¼ Li � Fi;j ð4Þ

where LEi,j represents the exposure of built-up land or

cropland at grid i to hazard j; Li is the land area of built-up

land or cropland at grid i. The exposure of population,

built-up land, and cropland at the grid level was summed

up for each sub-basin. The sub-basin level changes of

exposure were calculated as follows:

DEt0!t1 ¼ Et1 � Et0 ð5Þ

where Et0 and Et1 are sub-basin level exposure (of popu-

lation, cropland, or built-up land) at time t0 and t1. Based

on the results of DEt0!t1 , we apply the tool of Hot Spot

Analysis in ArcMap 10.5 to detect the local areas with

significantly increased/decreased exposure. This tool works

by calculating the Getis-Ord Gi* statistic for each subbasin.

It yields the significant hot/cold spot areas of DEt0!t1

according to the z-scores and p-values of the results. The

hot spot areas indicate where significantly increased

exposure occurs and vice versa for the cold spot areas. In

this study, we used the Queen neighborhood rule and a

threshold of 90% confidence for the Hot Spot Analysis.

3 Results and Discussion

In this section, we present the results of exposure change

analysis by different hazards. We show the change of

population, built-up land, and cropland in the NHAs, LF-

HAs, and HF-HAs for each hazard type. We illustrate the

hot/cold spot areas of exposure change at the subbasin

level. We compare the urbanization dynamics in non-haz-

ard areas, single-hazard areas, and multiple-hazard areas,

mainly focusing on the urban agglomerations in China.

Finally, we discuss the findings and their policy

implications.

3.1 Results

Based on the data for the year 2015, we found that 20%,

23%, and 32% of the country’s population, built-up land,

and cropland, respectively, were within the NHAs for all

hazard types. Most of China’s population (80%), built-up

land (77%), and cropland (68%) were suffering from at

least one type of hazard. Approximately 4% of population,

3% of built-up land, and 3% of cropland were in the areas

exposed to more than three types of hazard. Despite the
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marginal proportion of these areas, their population change

rate from 1995 to 2015 was the highest (29%) as compared

to other regions of the country.

At the country level, we also assessed the changes of

population and land uses in the NHAs, LF-HAs, and HF-

HAs for all selected hazard types (Fig. 2; Table 2). Popu-

lation growth rates were found relatively higher in most

hazard-prone areas than in NHAs. In the storm surge

hazard areas, the annual growth of population from 1995 to

2015 was 3% and higher in the LF-HAs and HF-HAs,

while it was only less than 1% in the NHAs. Higher annual

growth rates of population were also observed in the flood

hazard areas, which were under 1% in the NHAs and over

1% in both the LF-HAs and HF-HAs. In the drought and

earthquake hazard areas, higher annual growth rates were

found mainly in the LF-HAs (more than 1% for both

hazard types). In the landslide hazard areas, annual popu-

lation growth was higher in the HF-HAs (1.2%) and NHAs

(1%) than in the LF-HAs (less than 1%).

Due to the rapid urbanization processes, the built-up

land area of China had more than doubled by 2015 as

compared to the built-up area in 1995. The LF-HAs and

HF-HAs for the storm surge hazard are also the most

prosperous regions in China. However, the built-up land

growth in these areas was smaller than NHAs for the storm

surge hazard. The annual growth of built-up land was under

4% in the LF-HAs and HF-HAs, but over 4% in the NHAs

for the storm surge hazard. Similar results were found in

the hazard areas for droughts and floods, in which the

NHAs featured the highest annual growth rates of built-up

land (approximately 5% and 4%, respectively). However,

in the hazard areas for earthquakes and landslides, the

annual growth rates of built-up land were the highest in the

HF-HAs (approximately 5% and 7%, respectively).

The total area of cropland in China changed slightly

from 1995 to 2015 (a net increase of 73,000 km2 or a

growth rate of 3%). However, the spatial distributions of

cropland loss and gain varied widely from one region to

another (Table 3). Regarding cropland loss, the change

rates were relatively even among the NHAs, LF-Has, and

HF-HAs in the hazard areas for droughts, earthquakes, and

landslides, ranging from approximately 13–15%. In the

hazard areas for storm surges and floods, the LF-HAs

(approximately 18% and 16%, respectively) and HF-HAs

(17% and 20%, respectively) had higher cropland loss rates

than the NHAs (\ 14% for both hazard types). From the

perspective of cropland gain, the NHAs for storm surges

and droughts featured the highest growth rates of approx-

imately 17% and 22%, respectively. Cropland gained

rapidly in the hazard areas for earthquakes, floods, and

landslides. The growth rates were the highest in the LF-

HAs for the flood hazard (21%) and in the HF-HAs for both

Fig. 2 Hazard area classification for a storm surges, b droughts, c earthquakes, d floods, and e landslides in China in 2015. NHAs Non-hazard

areas, LF-HAs low-frequency hazard areas, HF-HAs high-frequency hazard areas
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earthquake and landslide hazards (22% and 28%,

respectively).

We used hot spot analysis to further illustrate areas with

significant changes of population exposure at the subbasin

level (Figs. 3 and 4), with the resulting hot spots indicating

areas that have had significant exposure increase and vice

versa for the resulting cold spots (Table 4). For storm

surges, hot/cold spot areas of exposure changes were

mainly within the coastal areas of the PRB (Pearl River

Basin) and SEB (Southeast Basin) (Figs. 3a and 4a). From

1995 to 2005, population exposure in the storm surge hot

spot areas increased by approximately 49%. It increased

even further by more than 100% from 2005 to 2015,

despite the smaller spatial extent of hot spot areas as

compared to those found during the period of 1995–2005.

The decrease rates of exposure for the storm surge cold

spots were relatively similar between 1995–2005 and

2005–2015 (- 25% and - 22%, respectively).

The population exposure to droughts in the hot spot

areas increased by 23% from 1995 to 2005. These areas

were mainly in the HURB (Huaihe River Basin), PRB, and

parts of the YERB (Yellow River Basin). Some of the hot

spots in the HURB and PRB turned into cold spots in

2005–2015. Nevertheless, the total increase rate of

exposure in the hot spot areas was still slightly higher than

that in the previous period. The decrease rates, however,

were only - 6% and - 12% in the cold spots for both

periods.

For earthquakes, the hot spots of exposure increase were

consistently found in the HARB (Haihe River Basin) and

parts of the YERB and YARB (Yangtze River Basin) (for

example, the Sichuan Basin). The total increase rates were

20% and 29%, respectively, in 1995–2005 and 2005–2015.

The cold spots were found mainly in the CB (Continental

Basin) in 1995–2005 and in the PRB and SEB in

2005-2015, with total decrease rates of - 23% and - 20%,

respectively.

For the flood hazard, most of the hot spots were con-

sistently observed in the HARB, YARB, and PRB in both

1995–2005 and 2005–2015. However, the increase rate in

the hot spots was much higher in 2005–2015 (44%) than in

the previous period (16%). The decrease rates were rela-

tively small for both periods, - 12% or less.

For the landslide hazard, the hot spots were predomi-

nantly in the SWB (Southwest Basin), PRB, and the

upstream areas of the YARB. The increase rates in these

areas were 31% in 1995–2005 and 18% in 2005–2015. A

substantial decrease of - 20% was found in the cold spots

Table 2 Population and built-up land changes from 1995 to 2015 in the non-hazard areas (NHAs), low-frequency hazard areas (LF-HAs), and

high-frequency hazard areas (HF-HAs) for different hazard types in China (R: overall change rate from 1995 to 2015; r: annual change rate)

Hazard Population change 1995–2015 Built-up land change 1995–2015

106 R (%) r (%) 103 (km2) R (%) r (%)

Storm surges

NHAs 234.80 20.93 0.95 199.23 128.57 4.22

LF-HAs 4.69 79.36 2.96 1.15 97.62 3.46

HF-HAs 1.61 94.40 3.38 0.36 115.24 3.91

Droughts

NHAs 79.02 17.06 0.79 92.95 150.54 4.70

LF-HAs 103.40 27.86 1.24 60.26 122.35 4.08

HF-HAs 56.86 19.28 0.89 47.18 104.40 3.64

Earthquakes

NHAs 157.40 19.15 0.88 131.22 120.60 4.04

LF-HAs 54.37 31.70 1.39 38.59 133.43 4.33

HF-HAs 29.15 21.48 0.98 30.85 164.97 4.99

Floods

NHAs 210.63 20.78 0.95 176.27 131.73 4.29

LF-HAs 26.80 26.32 1.18 22.76 109.19 3.76

HF-HAs 3.66 26.20 1.17 1.71 95.59 3.41

Landslides

NHAs 220.14 22.51 1.02 191.11 125.92 4.16

LF-HAs 20.78 13.86 0.65 9.62 206.41 5.76

HF-HAs 0.35 27.08 1.21 0.07 260.00 6.61
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in 2005–2015, which was much higher than in the previous

period (- 5%).

The results of the hot spot analysis for changes in built-

up land exposure to different hazards are shown in Figs. 5

and 6 and the increase rates are summarized in Table 5. For

most of the hazard types, the spatial patterns of hot spots

were similar in both 1995–2005 and 2005–2015. The

exposure to storm surges increased by more than 50%,

predominantly in the hot spot areas of the SEB and PRB

(including Hainan Island). Built-up land with increased

exposure to droughts was mainly within the HARB,

HURB, PRB, and the lower reaches of the YARB, with

total increase rates of 24% in 1995–2005 and 66% in

2005–2015. The HARB and HURB were also the major

areas with increased built-up land exposure to earthquakes.

For the flood hazard, built-up land in the YARB and the

lower reaches of the YERB had significantly increased

exposure in both periods. For landslides, however, hot

spots of increased built-up land exposure were only found

in 1995–2005, mainly in the PRB, SEB, and SWB, with a

total increase rate of approximately 9%.

Figures 7 and 8 depict the spatial distributions of hot/-

cold spots of changes in cropland exposure to different

hazards, and Table 6 shows the change rates in these areas.

The results reveal a reverse trend of changes in cropland

exposure to storm surges in 1995–2005 and 2005–2015.

The hot spots in the PRB in 1995–2005 changed into cold

spots in the subsequent period of 2005–2015. Similar

results were observed in the SWB for the drought hazard

and the HARB for the earthquake hazard. In both periods,

the YERB and HURB remained as the major regions of

decreased cropland exposure to droughts, while the CB and

SWB featured a substantial increase of cropland exposure

to earthquakes. For the flood hazard, the cold spots were

found mainly in the YARB and HURB. The total decrease

rate of exposure in these cold spots was - 12% in

1995–2005 and - 40% in 2005–2015. A notable increase

of cropland exposure to the flood hazard was observed in

the SLRB in 2005–2015, leading to the total increase rates

of exposure in hot spots being as high as over 300%

(Table 6). For landslides, areas with increased cropland

exposure were consistently found in the SWB (mainly in

the Tibetan Plateau). In the YARB, however, the cold spots

observed in 1995–2005 changed into hot spots in

2005–2015.

The spatial overlay of the hazard areas reveals that the

single-hazard areas and the multi-hazard areas covered

43% and 26% of China’s territory, respectively. Here

multi-hazard areas are defined as areas exposed to two or

more hazard types. From 1995 to 2015, the urbanization

dynamics, as indicated by the per capita built-up land area

(PBA), varied largely among NHAs, single-hazard areas,

and multi-hazard areas (Table 7). At the country level,

PBA was the highest in the multi-hazard areas in 1995.

However, PBA in the NHAs grew astonishingly by

approximately 110% from 1995 to 2015, outpacing the

values of PBA in the single- and multi-hazard areas. The

growth rate of PDA was slightly higher in the multi-hazard

areas (76%) than in the single-hazard areas (87%), indi-

cating that population growth was relatively faster in the

multi-hazard areas. In the three largest urban agglomera-

tions—Beijing-Tianjin-Hebei region (Jing-Jin-Ji, JJJ),

Pearl River Delta (PRD), and Yangtze River Delta

(YRD)—the urbanization dynamics from 1995 to 2015 had

distinctive features as compared to those observed at the

country level (Table 7). In the JJJ region (situated in the

HARB), the growth rate of PBA from 1995 to 2015 was

more than 110% in the single-hazard area. In the PRD

(situated in the PRB), however, PBA even decreased by

8% and 16% in the single-hazard and multi-hazard areas,

respectively, indicating that population grew faster than

built-up land in the hazard-prone areas. In the YRD (situ-

ated in the YARB), PBA grew most rapidly in the multi-

hazard areas (69%) from 1995 to 2015.

Table 3 Cropland loss and gain from 1995 to 2015 in the non-hazard

areas (NHAs), low-frequency hazard areas (LF-HAs), and high-fre-

quency hazard areas (HF-HAs) for different hazard types in China (R:

overall change rate from 1995 to 2015)

Hazard Cropland loss 1995–2015 Cropland gain 1995–2015

103 (km2) R (%) 103 (km2) R (%)

Storm surges

NHAs 346.21 13.76 420.20 16.70

LF-HAs 0.98 17.60 0.48 8.60

HF-HAs 0.35 17.01 0.19 9.30

Droughts

NHAs 184.59 14.32 281.96 21.88

LF-HAs 92.62 13.46 73.80 10.73

HF-HAs 69.92 12.81 64.90 11.89

Earthquakes

NHAs 248.72 13.51 276.58 15.02

LF-HAs 50.52 14.88 67.85 19.99

HF-HAs 48.24 14.03 76.41 22.22

Floods

NHAs 308.90 13.53 372.51 16.31

LF-HAs 35.56 15.77 46.39 20.57

HF-HAs 3.08 20.19 1.97 12.92

Landslides

NHAs 319.04 13.87 387.48 16.84

LF-HAs 28.14 12.75 32.64 14.79

HF-HAs 0.37 12.51 0.82 27.63
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Fig. 3 Hot/cold spots of changes in population exposure to hazards in China from 1995 to 2005. Jing-Jin-Ji: Beijing–Tianjin–Hebei region

Fig. 4 Hot/cold spots of changes in population exposure to hazards in China from 2005 to 2015. Jing-Jin-Ji: Beijing–Tianjin–Hebei region
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3.2 Discussion

The results derived from the above analyses align with the

findings in previous studies. Fang et al. (2018) reported that

China’s population living in floodplains increased at an

annual rate of 1.3% from 1990 to 2015, which was faster

than in other regions of the country. Our analyses also yield

a similar annual growth rate of approximately 1.2% in the

flood hazard areas from 1995 to 2015 (Table 2). He et al.

(2016) found a higher population growth rate in China’s

hazard areas for earthquakes (over 33%), as compared to

the national average (18%). Our results show a consistent,

albeit slightly lower, population growth trend in the hazard

areas for earthquakes (32% in the LF-HAs and 21% in the

HF-HAs, respectively) (Table 2). Du et al. (2018) high-

lighted the urban land expansion in the coastal floodplains

of China, while our study identified the hot spots of

increased built-up land exposure to floods in the coastal

areas of East China (Figs. 5d and 6d). Our results also

reveal a more rapid growth trend of built-up land in the

hazard areas for earthquakes in China (Table 2), which is

in line with the findings of a recent study (Huang et al.

2019). From the perspective of cropland, the cold spots of

exposure to droughts emerged in the YERB and HURB

(Figs. 7b and 8b), largely owing to the urban encroachment

on cropland. However, a substantial increase of cropland

area also occurred in the hazard areas for droughts (in-

cluding LF-HAs and HF-HAs) (Table 2), implying more

cropland area exposed to the drought hazard. This result is

also in accordance with previous literature (Li et al. 2015;

Xu et al. 2018).

The results of our analyses also reveal that from 1995 to

2015 population growth was more rapid in the hazard areas

for storm surges, while built-up land expansion was slower

Table 4 Hot/cold spots of changes (%) in population exposure to different hazards in China from 1995 to 2015

1995–2005 Storm surges Droughts Earthquakes Floods Landslides

Hot spots 48.80 23.02 20.38 16.43 30.74

Cold spots - 24.54 - 5.85 - 23.49 - 8.79 - 4.83

2005–2015 Storm surges Droughts Earthquakes Floods Landslides

Hot spots 107.04 25.41 28.71 43.54 18.30

Cold spots - 21.73 - 12.01 - 20.46 - 12.10 - 20.30

Fig. 5 Hot/cold spots of changes in built-up land exposure to hazards in China from 1995 to 2005. Jing-Jin-Ji: Beijing–Tianjin–Hebei region
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in the hazard areas for storm surges than in other hazard

areas of inland China (Fig. 2; Table 2). The per capita

built-up land area in the multi-hazard areas of the PRD

even declined from 1995 to 2015 (Table 7). These results

are confirmed by the findings of previous studies. Empiri-

cal literature found that rapid growth of population in the

coastal cities was related to the greater job opportunities

and higher incomes in these cities (Ma et al. 2016; Deng

et al. 2008). Moreover, the efficiency of built-up land in the

coastal cities was found greater than in the inland cities,

resulting in a relatively lower level of sprawl of built-up

land (Gao et al. 2016). From the perspective of disaster risk

reduction, the sprawling of built-up land may increase the

difficulty and construction costs to deploy and manage

hazard-resistant infrastructure.

Our analysis identified hot spot areas with significant

increase of exposure to multiple hazards simultaneously

(Figs. 5, 6, 7 and 8). Population and built-up land in the

PRB were increasingly exposed to storm surges, floods,

and landslides. The HARB and HURB, which are in the

North China Plain, experienced consistent increase of

population and built-up land exposure to droughts and

earthquakes. Many previous studies have reported the

substantial challenges facing these regions due to the

occurrence of multiple hazard events (Wang et al. 2018;

Zhang et al. 2018, 2019). Regions with multi-hazards are

often suffering from more severe damages. Guangdong

Province in the PRB, for instance, is heavily exposed to

multiple hazards of storm surges (4 million people affected

and RMB 6 billion yuan of economic loss annually), floods

(2.4 million people affected and RMB 2.8 billion yuan of

economic loss annually), and geological hazards such as

landslides (causing RMB 0.4 billion yuan of economic loss

between 2011 and 2015) (China Meteorological Adminis-

tration 2015; Department of Natural Resources of Guang-

dong Province 2016). In the capital city of Guangdong

Province, Guangzhou, geological hazards caused RMB 0.6

billion yuan of economic loss from 1992 to 2015, while

Fig. 6 Hot/cold spots of changes in built-up land exposure to hazards in China from 2005 to 2015. Jing-Jin-Ji: Beijing–Tianjin–Hebei region

Table 5 Hot spots of changes (%) in built-up land exposure to different hazards in China from 1995 to 2015

Storm surges Droughts Earthquakes Floods Landslides

1995–2005 56.80 23.50 26.22 23.75 8.89

2005–2015 53.68 65.88 90.53 61.96 –
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floods led to an estimated annual loss of GDP of 0.3% (Shi

et al. 2018). This evidence strongly indicates the impor-

tance of integrated disaster management for these regions

to reduce the risks of multiple hazards, especially in the

context of ongoing urbanization. However, in many rapidly

developing regions of China, the disaster risk reduction

Fig. 7 Hot/cold spots of changes in cropland exposure to hazards in China from 1995 to 2005. Jing-Jin-Ji: Beijing-Tianjin-Hebei region

Fig. 8 Hot/cold spots of changes in cropland exposure to hazards in China from 2005 to 2015. Jing-Jin-Ji: Beijing–Tianjin–Hebei region
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plans and laws are not always successful in limiting

development in hazard areas (Kim and Rowe 2013). The

fragmented and overlapping structure of disaster risk

governance in China also hampers the effective imple-

mentation of risk reduction policies (Du et al. 2018). A

more adaptive and coordinating organization of gover-

nance is necessary to regulate future urban development

and improve the resilience to natural hazards (Cai et al.

2018; Du et al. 2018).

Overall, our study provides empirical findings of the

changing exposure to multiple hazards in China, and form

a foundation for the design of protection and adaption

strategies. However, there are several limitations in this

study. First, we assumed the hazard frequency and related

classifications to be constant throughout the study period of

1995–2015. Future work should factor in the dynamics of

climate change and estimate the potential changes for

different hazards. Second, we focused mainly on exposure

that does not necessarily translate into risk (Hanson et al.

2011). Future work may also incorporate factors such as

gross domestic product (GDP) and infrastructure spending

of governments to assess potential risk and resilience as

well (Jongman et al. 2012; Cai et al. 2018). Third, it is also

feasible to enhance the analysis with future projections of

population and land uses. Several recent studies have

provided their estimations of future population and land

use change scenarios (Jiang and O’Neill 2017; Li et al.

2017; Liu et al. 2017; Chen et al. 2019). Linking these

results with potential trends of hazards is, therefore, useful

to help mitigate future losses induced by hazard events.

Furthermore, a new trend has emerged in recent literature,

that is, an increasing use of social media or Internet open

data for hazard related research (Lin et al. 2018). Social

media data can provide rich information on human activ-

ities and the spatial organization of socioeconomic func-

tions (Chen et al. 2017), and offer promising potential to

carry out more accurate estimations of vulnerability and

resilience to natural hazards at an even finer resolution.

4 Conclusion

In this study, we assessed the exposure of population, built-

up land, and cropland to multiple hazard types in China

from 1995 to 2015. We found that 26% of China’s territory

is exposed to two or more hazard types. Most of the pop-

ulation, built-up land, and cropland in China were in the

areas that are subjected to at least one type of hazard. The

results reveal the rapid changes of population, built-up

land, and cropland in China’s hazard-prone areas from

1995 to 2015. At the country level, the population growth

rates in the LF-HAs and HF-HAs were higher than those in

the NHAs. Built-up land expansion was faster in the HF-

HAs for earthquakes (5% annually) and landslides (7%

annually) than other hazard types. The total area of China’s

cropland increased by 3% from 1995 to 2015. Despite such

a small amount of overall change, the spatial patterns of

cropland loss and expansion varied among hazard-prone

areas. The cropland loss rates were the highest in the HF-

HAs for floods, while the cropland growth rates were the

highest in the HF-HAs for both earthquake and landslide

hazards. By using hot spot analysis, we depicted the

Table 6 Hot/cold spots of changes (%) in cropland exposure to different hazards in China from 1995 to 2015

1995–2005 Storm surges Droughts Earthquakes Floods Landslides

Hot spots 7.92 13.49 12.69 26.18 40.83

Cold spots - 12.23 - 3.46 - 5.05 - 11.79 - 34.77

2005–2015 Storm surges Droughts Earthquakes Floods Landslides

Hot spots 8.90 11.71 29.69 305.54 78.78

Cold spots - 13.91 - 5.02 - 5.45 - 39.88 - 33.41

Table 7 Per capita built-up land area (hm2) in different hazard-prone areas of China and three major urban agglomerations for 1995 and 2015

China JJJ PRD YRD

1995 2015 1995 2015 1995 2015 1995 2015

Non-hazard area 1.44 3.01 1.73 4.09 1.32 1.76 1.86 2.66

Single-hazard area 1.35 2.53 1.84 3.92 1.78 1.63 1.62 2.54

Multi-hazard area 1.59 2.80 2.13 3.26 1.74 1.47 1.26 2.13

JJJ Jing-Jin-Ji (Beijing–Tianjin–Hebei region), PRD pearl river delta, and YRD Yangtze river delta
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subbasin-level hot/cold spot areas of exposure changes.

The results suggest that in the PRB, the exposure of pop-

ulation and built-up land to hazards of storm surges,

droughts, floods, and landslides increased significantly

from 1995 to 2015. In the HARB and HURB, population

and built-up land exposure to the hazards of droughts and

earthquakes also increased rapidly from 1995 to 2015.

These empirical findings are important for the effective

implementation of strategies and policies that aim at

improving the resilience to multiple hazards. In our future

work, we will incorporate climate factors such that the

changes of hazard frequency and intensity caused by cli-

mate changes can be modeled. Moreover, we will move

beyond the exposure analysis to the assessment of risk and

resilience by accounting more socioeconomic factors and

the projections of population and land uses.
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