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• Sudden water pollution incidents
(SWPI) showed an upward trend from
2006 to 2018.

• The number of SWPI were higher in the
southeast than in the northwest China.

• The Yangtze River Basin and the Pearl
River Basin accounted for more than
half of the total incidents.

• Illegal pollutant discharge, production
safety accidents and traffic accidents
were major causes of SWPI.

• The shift of the center of SWPI consis-
tent with the westward transfer of
pollution-intensive industries.
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Suddenwater pollution incidents (SWPI) are random and harmful, which is a problem that cannot be ignored in
ecological environment governance and economic development. Identifying spatial-temporal distribution char-
acteristics of SWPI is essential for the disaster prevention and the early warning of water environment. The Ker-
nel Density (DE) and spatialmean center of SWPI transfer curvewere used to explore the characteristicswith the
dataset of 1174 cases from2006 to 2018 inChina. Results showed that: (1) From the timepoint of view, therewas
an overall upward trend in the overall number of SWPI. (2) At a regional scale, Eastern China, Southwest China,
and Southern China underwent a high frequency with 69.93% of SWPI. The Fujian, Guangdong and Chongqing
provinces were specified as the top 3 provinces with incident frequencies. The Yangtze River Basin and the
Pearl River Basinwere two regionswherewater pollution incidents occurmore often,more than 50% of incidents
among basins in China every year. (3) In general, SWPI presents a northeast-southwest distribution pattern and
center of SWPI moves in the direction of west by south. (4) More than half of the incidents (57.24% of the total)
were induced by illegal pollutant discharge and production safety accidents.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Sudden water pollution incidents (SWPI) caused by natural or
human factors that lead pollutants to enter the water environment
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instantly or in a short time, which suddenly deteriorate water quality
(Wu et al., 2018; Zhang et al., 2020). It can be characterized by arduous
handling, long-term impact and ambiguity of the emergency subject.
Now SWPI is a world problem that will destroy the ecological environ-
ment, endanger human health, undermine social stability and cause se-
vere loss of economic assets (Long et al., 2019; Rui et al., 2015; Zhang
et al., 2011). Therefore, it cannot be ignored in environmental gover-
nance and economic development especially in developing countries
like China (Li et al., 2019; Zhang et al., 2020). In recent years, transpor-
tation and heavy chemical industries promoted the development of
economy but also presented a threat to China's environmental security
(Hu and Cheng, 2013). Since 1993, nearly 30,000 environment sudden
pollution incidents occurred in China, with more than 1000 are major
and extraordinary environmental incidents and 53% arewater pollution
incidents (MEP (Ministry of Ecology and Environment of the People’s
Republic of China), 2014). China's 13th Five-year Plan for Ecological
and Environmental Protection also highlights that the prevention and
treatment of sudden water pollution are the key contents of compre-
hensive ecological environment management (CPG (The Central
People's Government of the People's Republic of China), 2016).

To prevent and control SWPI, it is necessary to have a comprehen-
sive and detailed understanding of their characteristics. The spatial
and temporal distribution characteristics provide information about
where and when to conduct control programs, and the incident
influencing factors help to understand the early warning and emer-
gency response of SWPI (Jiang et al., 2017). However, studies on the
overall characteristics of SWPI are limited. Pervious researches on
SWPI mainly focus on risk source identification, risk assessment, water
environment quality monitoring, pollution incidents warning and
rapid simulation, treatment technologies and emergency decision sup-
ports (He et al., 2011; Hou et al., 2014; Hu et al., 2011; Liu et al., 2017;
Qu et al., 2016b; Wang et al., 2018; Wang et al., 2015; Wu et al.,
2020). Besides, natural conditions and socio-economic development of
different river basins and geographic regions are quite different. Analyz-
ing SWPI data by regions provides a better understanding of the spatial
heterogeneity in the distribution of SWPI. Few scholars analyzed the
temporal and spatial distribution patterns of SWPI in China. Early re-
search found that spring and summer are the high-incidence seasons
of SWPI. Incidents mainly occur in relatively developed eastern part of
China, especially the Yangtze River Delta and the Pearl River Delta.
The proportion of accidents affecting multi-administrative regions and
involving drinking water source protection areas is also high (Qu
et al., 2016a; Yao et al., 2016; Wu et al., 2018). Although these re-
searches have improved our understanding of the distribution of
water pollution incidents over the past few decades, they are only ana-
lyzed from the perspective of administrative regions. Environmental
management has begun to enter the stage of integrated river basin
management in China, which is more consistent with the attributes of
ecological integrity (CPG (The Central People's Government of the
People's Republic of China), 2017). Studying SWPI's distribution charac-
teristics in terms of watersheds can optimize the allocation of water-
shed environmental supervision and administrative law enforcement
functions, but few studies were performed on this aspect. Meanwhile,
natural and human factors together affect unexpected environmental
accidents, and natural geological features should also be considered. In
addition, the study on the evolution of SWPI is helpful to understand
the distribution law and development trends of environmental pollu-
tion incidents(Ding et al., 2015). However, existing analyses lack quan-
titative research on the spatial-temporal distribution transfer and
diffusion of SWPI, and the basic information and characteristics of na-
tionwide SWPI are still unclear.

To overcome above problems, this paper has made the following re-
search: (1) investigate the general situation of China's SWPI from 2006
to 2018; (2) study the distribution characteristics of SWPI in different
periods, regions, and watersheds; and (3) quantitatively analyze the
spatial transfer characteristics of SWPI.
2

2. Data and methods

2.1. Data collection

At present, there are nopublic databases ofwater pollution incidents
in China. To obtain more cases of SWPI and to increase the credibility of
the data, this study collected information on SWPI fromofficial websites
including provincial and local ecological environment departments,
China Infrastructure of Emergency Analysis & Testing (www.ceas.org.
cn), etc. Besides, the description of environmental incidents published
monthly in Journal of Safety and Environment (www.aqyhjxb.com)
were also collected and supplemented with books, literature, and the
Internet. Information about SWPI from 2006 to 2018 was obtained
from the environmental media websites, such as the China Environ-
ment Network (www.cenews.com.cn). It should be noted that the
studying area focuses on the mainland of China, Hong Kong, Macau,
and Taiwan were not included.

After the collection of data, a dataset containing 1174 cases of Chi-
nese SWPI was constructed. Each case contained the information such
as the time and location of incidents, pollutants, incentives, and water
bodies involved. Besides, relevant geospatial and socio-economic data
were collected during the sameperiod. Due to the lack of public datasets
of environmental sudden pollution incidents, the research data comes
from incomplete statistics of public information sources. Therefore,
the data in this study is undeniably different from the actual SWPI
that occurred in China during the period 2006-2018. Despite these lim-
itations, compared with the case sets of other related studies (Qu et al.,
2016a; Yao et al., 2016; Wu et al., 2018), the quantity and information
collected in this study are larger and relatively complete, which can be
used to analyze the distribution characteristics of SWPI in China on
the whole. Therefore, the quality of the data set and presented results
and conclusions of this research is guaranteed.

2.2. Data analysis methods

2.2.1. Temporal pattern analysis
Descriptive statistics refer to the collection, presentation, descrip-

tion, analysis, and interpretation of the dataset, which mainly include
the frequency, central tendency, degree of dispersion, distribution, and
some basic statistical graphics of the data (Larson, 2006). This paper
used descriptive statistics to analyze the frequency, causes, types of pol-
lutants, and types of polluted water bodies of SWPI.

2.2.2. Spatial pattern analysis
(1) Kernel Density calculates the density of point features around

each output raster cell, and the raster value is the unit density.
Conceptually, a smoothly curved surface is fitted over each
point. The surface value is the highest at the location of the
point and diminishes with the increasing distance from the
point, reaching zero at the search radius distance from the
point. By generating a continuous surface from the measured
points, kernel density analysis represents the data aggregation
status of the whole region (ESRI (Environmental Systems
Research Institute), 2020).

(2) The spatial center transfer curve can describe the central ten-
dency, dispersion, and directional trends of geographical fea-
tures. Standard Deviational Ellipse (SDE) of ArcGIS 10.2
software was used to draw the center of SWPI transfer curve.
The spatial scope distribution of the ellipse represents the main
area of the geographical elements and the center represents the
relative location of geographic distribution features. The long
semi-axis represents the direction of data distribution, and the
short semi-axis represents the range of data distribution. The
larger the difference between the long and short semi-axis
values (the flatness), the more obvious the directionality of the
data. The azimuth angle reflects the main trend direction of the
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distribution (indicating the angle measured clockwise from
north to the long axis of the ellipse) (Wang et al., 2020; Xia
et al., 2020). The point distance tool in the ArcGIS software was
used to calculate the distance between the centers of SWPI in dif-
ferent years.

2.2.3. Correlation analysis
The Spearman correlation coefficient is a non-parametric indicator

for the measurement of the statistical correlation between two vari-
ables, which can be used to evaluate the relationship between two var-
iables when described a monotone function. It does not require the
distribution of the original variables and has wide applicability even
for hierarchical data (Xiao et al., 2016). The Spearman correlation coef-
ficient in software SPSS22.0 was used to measure the correlation be-
tween the numbers of SWPI in each province under the cumulative
average annual output per unit of GDP from 2006 to 2018.

2.2.4. Environmental Kuznets curve
Environmental Kuznets Curve (EKC) is an important tool to analyze

the relationship between economic development and environmental
pollution in a country or region on a macro scale. Based on the relevant
literature on China's EKC, this study used cubic curve regression in soft-
ware SPSS20.0 to explore the relationship between China's economic
development and environmental pollution, as shown in Eq. (1):

y ¼ β1xþ β2 x
2 þ β3 x

3 þ ε ð1Þ

where, y is the frequency of SWPI; x is GDP per capita; β1, β2 and β3 are
coefficients; ε is a constant term.

3. Results and discussion

3.1. Temporal distribution characteristics of incidents

3.1.1. Trends in the overall quantity of SWPI
The annual number of SWPI from 2006 to 2018 is shown in Fig. 1.

The number of the incident is range from 63 to 131 at national scale in
the past 13 years, with a mean value of 90.31. Overall, the quantity of
SWPI presented an upward trend (Mann-Kendall test, p = 0.03). In
2006, 112 incidents occurred, but the number decreased significantly
to 63 in 2007. Since then, the number increased to a maximum of 131
in 2016 and then decreased. However, the number fluctuate where
the frequency was reduced or stabilized. This might be related to the
process of water environment protection and management, as well as
prevention and control of incidental environmental risks.

In January 2006, the State Council of China issued and implemented
the National Emergency Response Plan for Environmental Emergencies
(CPG (The Central People's Government of the People's Republic of
China), 2006a). Together with subsequent environmental emergency
response plans issued by various regions, the emergency response
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Fig. 1. Interannual variation of the total number of SWPI in China from 2006 to 2018.
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capabilities of government were enhanced (Yang et al., 2010; Yao
et al., 2016). In 2006, environmental protection supervision centers of
the Ministry of Ecology and Environment of the People's Republic of
China (MEP) were established and operated (MEP (Ministry of
Ecology and Environment of the People’s Republic of China), 2006).
Since then, direct discharge of sewage into drinking water sources
were prohibited and administrative regulations on the discharge of pol-
lutants into large rivers were strengthened (CPG (The Central People's
Government of the People's Republic of China), 2006b; Qu et al.,
2016a). The Emergency Response Law of the People's Republic of
China issued in 2007 contained emergency early warning mechanisms,
emergency management systems, disposal procedures, emergency
safeguard measures, and emergency plan systems, etc., (CPG (The
Central People's Government of the People's Republic of China),
2007). These regulations and measures, together with the strengthen-
ing of the supporting environmental supervision and the upgrading of
environmental law enforcement, effectively decreased the occurrence
of illegal discharge incidents. Therefore, in 2007, the frequency of
SWPI in China dropped sharply. However, with the increase of China's
economic volume and economic activities, the number of accidents
showed a slow-growth trend between 2007 and 2011.

The decrease of SWPI in 2011 was related to the Method of
Reporting Environmental Emergencies (MEP (Ministry of Ecology and
Environment of the People’s Republic of China), 2011) issued in March
of that year. It helped environmental protection departments to cope
with environmental emergencies and to grasp information on various
environmental risk sources, and then implement risk prevention and
control measures effectively. During the same period, under the back-
ground of industrial structure adjustment, a large number of small and
medium-sized enterpriseswith poor environmental protection facilities
and environmental risks shut down due tomany factors such as financ-
ing difficulties, rapid increase in factor costs, international trade protec-
tion and structural imbalances. The large-scale reduction of pollution
sources directly led to the decline of SWPI.

The third decline occurred in 2017,whichwas relevant to the central
environmental protection inspection system. From the first batch of
work in July 2016 to the nationwide coverage in August 2017, the cen-
tral environmental protection inspection promoted the implementation
of environmental protection greatly. In December 2016, opinions on the
Full Implementation of the River Chief System were issued (MEP
(Ministry of Ecology and Environment of the People’s Republic of
China), 2016). It was proposed to strengthen law enforcement and
crackdown illegal activities involving rivers and lakes. Furthermore, it
also emphasized the establishment of system for risk assessment, inves-
tigation, early warning and responsemechanism for thewater environ-
ment. In April 2017, to improve environmental quality and prevent
environmental risks, the CPG issued the 13th Five-Year Development
Plan for National Environmental Protection Standards. It provided an
important foundation for supporting environmental protection work,
environmental management and law enforcement. In October 2017,
the report of the 19th National Congress of the Communist Party of
China (CPC) proposed the implementation of the strictest ecological en-
vironmental protection system (CPG (The Central People's Government
of the People's Republic of China), 2016). These policies have provided
action guidelines for the prevention and control of surface water pollu-
tion in China. Therefore, in 2017, the number of SWPI dropped sharply.

3.1.2. Environmental Kuznets curve character of SWPI in China
Compared with the continuously growing GDP per capita, the fre-

quency of China's SWPI from 2006 to 2018 showed a fluctuating
trend, indicating that the occurrence of environmental pollution acci-
dents in China was not completely synchronized with economic devel-
opment. This research used the EKC model to explore the relationship
between GDP per capita and SWPI (Fig. 2).

The simulation results of cubic curve regression showed that there is
a very significant correlation between GDP per capita and SWPI



Fig. 2. Relationship between the frequency of SWPI and GDP per capita in China.
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frequency (Sig = 0.001), and the R2 is 0.8281. There is an inverted “N”
shape between GDP per capita and SWPI frequency, rather than an
inverted U-shaped EKC shape. This wave of EKC indicates that as GDP
increased, the frequency of SWPI raised after a period of decline, and
then gradually declined and there will be repetitions. The inverted “N”
curve of environment sudden pollution incidents is only a fragment in
the process of social development. From a longer-term perspective,
the environmental safety-economicmodel may be a continuous system
of inverted “N” curves with a general decreasing trend of accident fre-
quency (Yang et al., 2010).

In fact, the relationship between environmental sudden pollution
incidents and socio-economic development is complex. The rapid
economic development and population growth and urban expansion
generated more sources of pollution and risks, leading to frequent
environmental pollution incidents. Meanwhile, economic growth also
provided strong support for the control of environmental pollution acci-
dents in terms of policies and regulations, supervision and law enforce-
ment, risk control technology and investment in environmental
pollution control and so on, which can weaken the frequency of envi-
ronmental pollution accident to some extent (He et al., 2013).
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At present, SWPI is in the second half of the decline stage of the
inverted “N” shape, indicating that the trend of China's SWPI in recent
years has been appropriately controlled under the strengthened envi-
ronmental policy intervention. It not only includes the adjustment of
economic structure and the progress of science and technology, but
also reflects the improvement of the government's environmental risk
management capabilities. The implementation of these measures is
also benefited from economic development.

3.1.3. Time changes of pollutant types involved in SWPI
The proportional variation of different pollutant types involved in

SWPI between 2006 and 2018 in China is shown in Fig. 3. The number
of SWPI, associated with sewage, hazardous chemicals and POPs, and
oils, is ranged from 14 to 44 incidents, 11 to 32 incidents, and 9 to 35 in-
cidents, respectively. The percentage of these three pollutants accounted
for more than half of the annual incidents (63.49%-87.50%). The propor-
tion of incidents involving other pollutants was small and the changing
trend was relatively stable. The annual proportions of SWPI related to
heavy metal, algae, solid wastes and other & unknown events were 0-
4.50%, 0-22.22%, 4.81-17.57% and 3.17%-18.32% respectively.

Currently, China is producing and consuming large amounts of vari-
ous chemical substances, and the chemical and petrochemical indus-
tries continue to play an important role in the growth of the output
value of the secondary industry. The huge numbers of industrial pollu-
tion sources is often accompanied by a lot of industrial activities and in-
dustrial pollutant emissions. Moreover, hazardous chemicals are
flammable and explosive, and oil is difficult to be stored and
transported, and a low-level pollutant discharge would also pose a
high risk to the environment due to the toxicity of these chemicals
(Cao et al., 2018). At the same time, the continuous urbanization led
to a surge in urban population and an increase in domestic sewage
(Hu and Cheng, 2013), thus the risk that more domestic sewage be dis-
charges into the rivers and lakes without any treatmentwould increase.

3.2. Spatial distribution characteristics of incidents

3.2.1. Distribution of incidents in different river basins

3.2.1.1. Spatial distribution characteristics of SWPI. The number of SWPI in
different watershed between 2006 and 2018 is shown in Fig. 4(a). The
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Fig. 4. Spatial distribution of SWPI from 2006 to 2018. (a) Distribution of SWPI by watersheds; (b) distribution of SWPI by administrative regions.

Table 1
Watershed distribution of various kinds of causes resulting in SWPI, 2006–2018.

Basin Illegal
pollutant
discharge

Unsafe
production

Traffic
accident

Natural
factors

Others &
unknown

Yangtze River Basin 142 154 91 59 44
Pearl River Basin 76 38 38 26 36
Rivers in
Zhejiang-Fuajian
Provinces

41 45 35 12 29

Yellow River Basin 19 33 18 22 13
Huaihe Basin 35 17 14 7 17
Haihe Basin 17 23 5 6 7
Songliao Basin 8 18 3 7 9
Rivers in Northwest
China

1 3 1 1 2

Rivers in Southwest
China

1 1 0 0 0
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Yangtze River Basin (490 incidents), Pearl River Basin (214 incidents),
andRivers in Zhejiang-Fujian Provinces (162 incidents)were thewater-
sheds with a high incidence of SWPI, and the frequency together
accounted for 73.76% of all. SWPI were sparse in rivers in southwestern
and northwestern China.

There were several factors involved in the watershed distribution
such as industrial structure, socio-economic development characteris-
tics, and hydro-meteorological characteristics of different basins. For ex-
ample, the Yangtze River Basin spans the eastern, central, and western
of China, with a total of 19 provinces. The total drainage area is 1.8 mil-
lion square kilometers, with numerous lakes and tributaries, and the
water environment is under considerable pressure and a high risk of
pollution incidents due to the developed industry and agriculture,
dense river networks, and frequent transportation (Cao et al., 2018).
The Pearl River Basin, the largest river in Southern China, flowing
through the 6 provinces with a drainage area of 440,000 km2, has a
high population density, prosperousmarket economyand large number
of small and medium-sized enterprises. Furthermore, temperature and
precipitation in the summer half-year are even more extreme, which
lead to high occurrence of SWPI.

Rivers in Southwest China mainly flow through southeastern Tibet
and southwestern Yunnan, where economic development is slow and
pollution sources are less. This brings low frequency of SWPI. Although
rivers in Northwest China cover the largest land area, it has relatively
sparse water bodies, slow industrialization and urbanization compared
to the central and eastern regions, and fewwater pollution emergencies.
Consequently, there were few SWPI. While, the main streams and trib-
utaries of the Yangtze River and the Pearl River tributaries are mostly
themain drinkingwater sources for towns along the river, the environ-
ment ministries should pay attention to the strong supervision of pollu-
tion sources in rivers and water source areas, and formulate and
implement more stringent policies concerning emission restriction
and reduction to reduce the risk of SWPI. Recently, several national doc-
uments provided systematic guidance on how to implement coopera-
tion mechanisms and system construction upstream and downstream
of basins. Prevention and control of SWPI in China require not only
the establishment of joint prevention and control mechanisms but
also the establishment of a linkage mechanism for accident prevention
and emergency response at the basin scale. In this way, China's water
environment management can be gradually changed from administra-
tive management to watershed management, and from passive emer-
gency management to active risk management (CPG (The Central
People's Government of the People's Republic of China), 2016).
5

Therefore, the analysis of the distribution characteristics of SWPI from
the perspective of watersheds is essential to the identification of the
sudden pollution risks and the formulation of corresponding levels of
accident prevention mechanisms and emergency systems.

3.2.1.2. Distribution of watershed for SWPI with different causes. In terms
of SWPI caused by environmental violations, production safety acci-
dents, and traffic accidents, the Yangtze River Basin ranks first, followed
by the Pearl River Basin and rivers in Zhejiang-Fujian provinces, as
shown in Table 1. These results might be due to: 1) The three major
river basins cover many cities with highly developed economy and in-
dustrialization. There aremany sources of pollution and risks associated
with the water environment, and the economic production is active.
2) These watersheds are major contributors to China's economic devel-
opment, which means that amounts of workers need to be employed,
and if these groups are not well-educated or lack complete vocational
training, there may be serious problems in production safety (Qu
et al., 2016a). Other problems, including industrial operation problems,
such as equipmentmalfunction, equipment aging failure, or inadequate
maintenance, can also leadmaterials to leak into thewater environment
and cause SWPI. 3) Inland river shipping and road transportation in
these rivers are busy. Concomitantly, unsafe traffic equipment com-
bined with the driver's unsafe driving also increases the risk of second-
ary water pollution incidents caused by oil spills and hazardous
chemical leakage during transport. The Yangtze River Basin is also in
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the first place in terms of the number of pollution events induced by na-
ture and other & unknown factors. In general, the frequency of pollution
incidents caused by all incentives in the Yangtze River Basin is high, but
extremely low in rivers in the Southwestern and rivers in the
Northwestern.

Therefore, for watersheds where the incidence of SWPI is high, the
government should strengthen the supervision of industrialwastewater
and sewage discharge, guide the rational layout of the industry, and
strictly monitor pollution sources. Industrial enterprises should imple-
ment safety responsibilities effectively, increase equipment mainte-
nance and overhaul, improve employees’ operational skills, and
enhance the awareness of safety production management. In response
to SWPI caused by traffic accidents, the government and the industry
should strengthen the safety management of tanker transport (Wu
et al., 2018). The competent transportation department should increase
the supervision and punishment of various traffic violations. To reduce
the SWPI caused by natural factors, all industries should pay more at-
tention to safety production and accident prevention during the rainy
season.

3.2.2. Distribution of incidents in different administrative regions

3.2.2.1. Spatial distribution characteristics of SWPI in different administra-
tive regions. Fig. 4(b) shows the distribution characteristics of SWPI from
2006 to 2018 by regions and provinces. The SWPI in Eastern China,
Southwest China and Southern China are high, with total incidents
accounted for 69.93% of all regions. There were 404 incidents happened
in Eastern China, which accounted for 34.41% (with a yearly average of
31.08 incidents) and the density is 5.05 incidents per 10,000 km2. The
number of SWPI in Southwest China ranked second with 218, account-
ing for 18.57% (with a yearly average of 16.77 incidents) and concen-
trated in Chongqing and Sichuan. A total of 199 SWPI occurred in
Southern China, accounting for 16.95% (with a yearly average of 15.31
incidents) and mainly in the Pearl River delta. From a provincial per-
spective, Fujian, Chongqing and Guangdong provinces ranked as the
top three with more than 100 SWPI in each province, accounting for a
total of 26.41%. The number of SWPI in Ningxia, Xinjiang, and Qinghai
ranked last. No SWPI in Tibet was collected.

The geographical distribution of SWPI is related to the socio-
economic conditions such as the number of industrial enterprises, in-
dustry type and its development level, population growth, migration,
and natural factors such as river density and hydro-meteorological
characteristics. The Chemical and petrochemical industries in Eastern
China and Southern China are relatively developed. A large number of
industrial enterprises, warehouse yards, loading docks, etc., are laid
along the river and coast. Unreasonable industrial distribution is a
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huge hidden danger of destroying the ecological environment (Xue
and Zeng, 2011). Studies show that more than 45% of chemical compa-
nies are the main sources of environmental risk (Yao et al., 2016).
Southwest China is rich in non-ferrous metal mineral resources. In re-
cent years, numbers of small mines have been mined out in disorder,
resulting in a large amount of washing wastewater and tailings waste
residue. Affected by extreme weather conditions such as rainstorms
and floods, the collapse of tailings ponds and leakage of wastewater
also posed great risks to water environment security. In addition, the
areas mentioned above have dense river networks and developed in-
land river navigation and sea transportation, which also increase the
risk pollution incidents caused by oil spills and hazardous chemicals
leakage during transportation.

3.2.2.2. Distribution of incentives for SWPI in different administrative re-
gions. Be similar to different causes to watershed, the incidents induced
by environmental violations in Eastern China (126 incidents) and
Southern China (71 incidents) accounted for 57.94% of the total, concen-
trated in Guangdong (40 incidents), Guangxi (28 incidents), and
Zhejiang (25 incidents). The distribution of secondary water pollution
incidents caused by production safety accidents was also widespread.
The severely affected areas were Eastern China (105 incidents) and
Southwest China (70 incidents), which together accounted for 52.71%
and concentrated in Chongqing (39 incidents) and Fujian (31 inci-
dents). Judging from the number of pollution incidents caused by traffic
accidents and natural factors, Eastern China and Southwest China were
also the two severely affected areas. All in all, Eastern China and South-
west Chinawere high-incidence areaswith various incidents. Therefore,
these two regions should strengthen the supervision and prevention for
water environmental risk sources.

To explore the relationship between the occurrence of SWPI and the
level of economic development in various provinces, the average annual
GDP, the annual average number of incidents and the annual average
number of incidents/trillion RMB of each province were analyzed from
2006 to 2018 (Fig. 5). It can be seen that the average annual frequency
of the incidents was consistent with the average annual GDP curve.
Both have a significant positive correlation (value of 0.630, p < 0.01)
by Spearman test. It also shows that in the past 13 years, the average an-
nual GDP has an obvious impact on the average annual frequency of
SWPI in each province. Chongqing, Guangxi, Hainan, Shaanxi, Fujian,
and Gansu have a higher number of pollution incidents per unit of
GDP, and their annual average GDP is almost at the bottom. Generally,
the more developed the regional economy, the better the technology
and tools environmental protection departments, the stronger the abil-
ity to prevent and manage sudden water pollution, and the lower the
frequency of pollution incidents per unit of GDP.
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The spatial distribution of SWPI caused by different causes coincides
with the overall situation of the incident. 28.96% of the 1174 incidents
were caused by illegal pollutant discharge, followed by production
safety accidents (332 incidents, 28.95%). There were 672 SWPI caused
by these two kinds of drivers, accounting for 57.24% of all incidents.
Traffic accidents, natural factors (such as heavy rain, debris flow) and
other & unknown factors accounted for 17.46%, 13.37%, and 11.93% of
the total incidents, respectively. Environmental violations are mainly
caused by lack of environmental awareness among industrial compa-
nies, or the absence of garbage disposal facilities in some cost-saving in-
dustrial enterprises, thus resulting in excessive discharge and
smuggling sewage into the river (Yao et al., 2016). Production safety ac-
cidents were usually caused by equipment malfunctions (47.59%) and
improper operations (38.86%). Given the scale of the factory, the places
where accidents occur were mainly small and medium-sized enter-
prises, indicating the weaknesses in management, equipment mainte-
nance, staff training and safety operations of most industrial and
manufacturing in China. (Hou and Zhang, 2009). Among the traffic-
related accidents, the main contributors were leakage from road tanker
(89.27%) and shipping vessels (10.73%). Due to driver fatigue, speeding
andother human errors, traffic accidents occurred frequently, leading to
material leakage (Cao et al., 2018). Therefore, the biggest problem fac-
ing the prevention and treatment of SWPI is that the environmental su-
pervision or punishment is not strong enough and the fully implement
of responsibilities of the main production safety enterprises is hard to
achieve.
Fig. 6. Province frequency evolution of
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3.3. Spatial-temporal evolution characteristics

3.3.1. The evolution of unexpected accidents in different administrative
regions

According to the statistics of the number of SWPI in various prov-
inces each year from 2006 to 2018, provinces are classified into 5 levels,
from high to low (with 13-15 incidents is high-frequency area, and 10-
12 incidents is sub-high frequent area, 7-9 incidents ismiddle frequency
area, 4-6 incidents is the sub-low-frequency area, and 0-3 incidents is
the low-frequency area).

To analyze the spatial-temporal evolution trend of SWPI, according
to equal intervals, 2006, 2010, 2014 and 2018 were selected as time
nodes to plot the province frequency evolution (Fig. 6) and point den-
sity (Fig. 7) of SWPI in China. At the same time, the provincial distribu-
tion and total density distribution of all the SWPI in the past 13 years
were plotted (Fig. 8).

It can be seen from Figs. 6, 7 and 8 that: 1) The number of high-
frequency regions with SWPI was 0 in 2000 and 1 in other years, indicat-
ing that the spatial concentration of high-frequency provinces has in-
creased. High-frequency provinces with SWPI moved from Guangdong
to Chongqing, then to Sichuan. 2) On the whole, areas with frequent
water pollution incidents migrated from the north to the south and
from the east to the west. This is related to industrial transfer in China.
Since the promotion of China's Western Development strategy in the
early 20th century and the Rise of Central strategy proposed in 2006,
the economy of the central and western regions has developed rapidly
SWPI in China from 2006 to 2018.



Fig. 7. Point density evolution of SWPI in China from 2006 to 2018.
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and the industrial driving effect is obvious. High-polluting industries gen-
erally show a trend of shifting from the more developed areas in eastern
China to undeveloped areas in the central and western regions, which
Fig. 8. Distribution of total frequency and den
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increases the risk of environment suddenpollution incidents. Thenumber
anddensity of SWPI in the Pearl River Basin, themiddle and lower reaches
of the Yangtze River, and the southeastern coastal area are high. Between
sity of SWPI in China from 2006 to 2018.



Table 2
Correlation between the number of SWPI and external factors.

Factors 2006 2010 2014 2018

GDP 0.412⁎ 0.626⁎⁎ 0.438⁎ 0.488⁎⁎

Industrial added value 0.429⁎ 0.621⁎⁎ 0.490⁎⁎ 0.530⁎⁎

Population density 0.390⁎ 0.434⁎ 0.341 0.252
Number of industrial enterprises 0.497⁎⁎ 0.692⁎⁎ 0.580⁎⁎ 0.565⁎⁎

Number of pollution emitted units 0.476⁎⁎ 0.587⁎⁎ 0.325 /
Industrial wastewater discharge 0.556⁎⁎ 0.744⁎⁎ 0.541⁎⁎ /
Road density 0.396⁎ 0.391⁎ 0.350 0.225
Number of traffic incidents 0.647⁎⁎ 0.647⁎⁎ 0.575⁎⁎ 0.536⁎⁎

⁎⁎ Significance level p < 0.01.
⁎ Significance level p < 0.05, and the correlation is significant: (two-tailed t-test).
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2006 and 2018, these areas remained in a relatively unfavorable situation
with frequent SWPI. Shaanxi presented a local high-frequency feature, in-
dicating that the control of SWPI in specific areas is the key point for fu-
ture accident prevention and control. Provinces such as Guangxi, Fujian
and Zhejiang are at risk of becoming new high-risk areas. 3) In 2006-
2018, the total number of SWPI was higher in the south than in the
north, and higher in the east than in the west. Provinces and cities with
more traditional heavy industries, petrochemicals, and mining industries
also have more water pollution incidents. This result is consistent with
Cao et al.’s research (Cao et al., 2018).

In coincides with China's population density boundary, the Heihe-
Tengchong line, the point density distribution of SWPI is based on it.
Areas with high population density also have a high density of SWPI.
Fig. 9. Movement in the center of SW
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Two sides of the Heihe-Tengchong line are not only different in popula-
tion density, but also in the natural environment and economic and so-
cial conditions such as GDP, and road network. The occurrence of SWPI
is closely related to these factors.

We collected the data regarding the socio-economic development
level of each province over the years from the China Statistical Yearbook
(National Bureau of Statistics (NBS)). The Spearman correlation coeffi-
cient was selected in software SPSS20.0 to quantify the relationship be-
tween the number of SWPI (spatial sequence) and these socio-
economic development level indicators (Table 2).

It can be seen from Table 2 that the relationship between socio-
economic factors and SWPI of different provinces shows a significant
positive correlation in general, except for the differences in population
density, number of pollutant discharge units and road density in 2014
and 2018. This means that socio-economic development factors have a
profound impact on the occurrence of SWPI in various provinces. In
other words, if a province has dense population, high industrial output
value, many industrial enterprises, many pollutant discharge units,
complicated transportation network, and large amount of wastewater
discharge, the frequency of SWPI occurrence is relatively high.

3.3.2. Space barycenter transfer
To further quantify and visually reveal the regional change process

of SWPI, SDE module of ArcGIS was used to draw the mean center
shift trajectory curve of SWPI (Fig. 9). Also, the distance between the
centers of SWPI in different years was calculated using the point
distance tool.
PI in China from 2006 to 2018.
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In Fig. 9, the mean center of SWPI in China is located between
110.87°E to 114.00°E and 28.53°N to 31.63°N. The center of gravity is
concentrated in Hubei, Hunan, Jiangxi and other central provinces. The
scope of SDE is the main distribution area of SWPI. This indicates that
the east and south regions of China are high-risk areas where SWPI oc-
curred frequently. Results indicated that the moving distance of the
mean center was 337.86 km in the past 13 years. The transfer rate of
the mean center first decreased firstly and then increased and was sig-
nificantly higher in 2006 and 2008 than that in other years, indicating
that the regional transfer intensity of SWPI during this period is higher
and the spatial heterogeneity is stronger. Besides, we also find that the
overall spatial distribution of SWPI presented a pattern of northeast-
southwest. The mean center of China's water pollution emergencies
has generally shifted to the west by south. The transfer of pollution-
intensive industries in China shows an overall trend from the east to
the central andwestern regions, and illegal pollutant discharge and pro-
duction safety accidents by enterprises are themain factors causing en-
vironmental pollution incidents (Xue and Zeng, 2011; Wu et al., 2017).
Therefore, the westward movement of pollution-intensive industries is
closely related to the westward movement of the center of SWPI.

4. Conclusion

This study analyzed the spatial and temporal distribution of 1174
SWPI in China between 2006 and 2018. There were almost 90.31
SWPI per year in the past 13 years. The number of SWPI from 2006 to
2018 showed a growth trend overall. Illegal pollutant discharge, pro-
duction safety accidents and traffic accidents are three leading causes
of SWPI. In terms of spatial characteristics, the frequency and concentra-
tion areas of SWPIwere higher in the south than in the north and higher
in the east than in the west. Specifically, the total number of SWPI in
Eastern China, Southwest China and Southern China accounted for
69.93% of all the incidents. The Yangtze River Basin and the Pearl River
Basin, located in the south of China, were the basins where SWPI oc-
curred most frequently, and the combined proportion of SWPI was
more than 50% every year. The Pearl River Basin, the middle and
lower reaches of the Yangtze River and the southeastern coastal areas
remained a high number and density of SWPI. Fujian, Guangdong (lo-
cated in the Pearl River Basin) and Chongqing (located in the Yangtze
River Basin) were the provinces with the highest incidences. In terms
of spatial-temporal evolution, SWPI presented a pattern of northeast-
southwest distribution overall. This pattern tended to shift to the
northwest-southeast since 2018. Themean center of SWPI has generally
shifted to the west by south.

At present, environmental incidents still occur frequently in China
and there is an urgent need to prevent and control environmental pol-
lution incidents. To achieve this goal, the following measures should
be taken: First, China still needs to adjust the unreasonable industrial
layout to reduce the pollution sources around the water environment.
Second, we should further deepen the regional environmental risk as-
sessment and estimate the risk value of sudden environmental inci-
dents. According to the characteristics of different regions, the
government should establish targeted environmental risk prevention
systems, improve emergency plans for environmental emergencies,
and implement environmental risk prevention and control measures
and emergency resource reserves. Third, the environmental protection
department should regularly investigate hidden environmental risks,
strengthen the supervision of key pollution sources and mobile risk
sources and improve the water environment quality monitoring sys-
tems. At the same time, it is necessary to strengthen environmental
law-abiding education for all production units and punish environmen-
tal violations such as sneak shots, direct discharge, and excessive sew-
age discharge by industrial enterprises. Besides, production units
should implement safety responsibilities, investigate potential environ-
mental safety hazards and strengthen employee occupational safety
training and facility maintenance to avoid various production safety
10
accidents. Finally, government departments should improve environ-
mental legal systems and policies and raise the level of environmental
protection supervision teams. Last, relevant departments should
strengthen publicity and education on environmental protection to en-
hance public awareness of the environmental legal system.
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