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Abstract

Marine disasters pose a serious threat to economic and social development; therefore,
understanding their occurrence rhythms is of great importance to disaster prevention and
mitigation. As a major form of marine disaster in China, storm surges and rough seas are
particularly worthy of attention. In this study, statistical data regarding storm surges and
rough seas over the past 20 years were collected, and a visual approach was utilized to
detect their scope, distribution, and temporal-spatial characteristics. Implementation of
disaster prevention and mitigation was then discussed. The results revealed the follow-
ing: (1) storm surges exhibited significant seasonality (occurring in summer and autumn),
while rough sea occurrences occurred throughout the year. (2) The losses caused by storm
surges showed clear regional differences. Specifically, the economic losses and death tolls
in southern provinces were greater than in northern provinces, but they decreased signif-
icantly from 2000-2009 to 2010-2019. (3) The loss caused by rough seas also showed
regional differences, with greater loss values in the southern provinces than northern prov-
inces. The total loss has dropped significantly in recent years.

Keywords Temporal-spatial characteristics - Storm surges - Rough seas - Coastal mainland
china

1 Introduction

Marine disasters have received much attention in recent decades because they pose seri-

ous threats to coastal economies, ecosystems, and human health (Zhou et al. 2018; Adam
2016). Coastal zones are often characterized by high population densities and economic

< Yebao Wang

13031613409@163.com
I School of Ocean, Yantai University, Yantai 264005, China
Wenjing College, Yantai University, Yantai 264005, China

Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Yantai
Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, Shandong,
People’s Republic of China

Centre for Ocean Mega-Research of Science, Chinese Academy of Sciences, Yantai 264003,
Shandong, People’s Republic of China

Published online: 19 February 2021 ) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-021-04628-6&domain=pdf

Natural Hazards

Liaoning

Bohai Sea
Hebei

@ (b) | (©

Shandong

Jiangsu CLLOXNEa Legend 9 Legend

density (people/km2)

Shanghai

Zhejiang

Fujian

Guangxi Guangdong

5 South China Sea
: Hainan

110° E 115" E 120° E 110" F 115° 120° E 110° E 115° E 120°

Fig.1 a Coastal zones and offshore waters of mainland China. b GDP per capita in coastal
provinces in 2019. ¢ Population density in coastal provinces in 2019

activities, which make them particularly vulnerable to typical disasters such as storm
surges and rough seas (Haran 2020). Currently, preventing marine disasters is an important
research topic (Zhao et al. 2019), and developing a deep understanding of disaster char-
acteristics is critical to allowing policy makers to take proper measures when managing
marine disasters (Su and Yang 2018). China has traditionally been vulnerable to many nat-
ural disasters (Yi 2012). With a continental coastline of 18,000 km and a total coastal area
of nearly 3 million square kilometers, China is among the countries most severely affected
by marine disasters (Shi et al. 2020; Fang 2017). The coastal areas of Mainland China
(excluding Hong Kong, Macao, and Taiwan) are comprised of 11 provincial-level admin-
istrative regions, including two municipalities (Shanghai and Tianjin), one autonomous
region (Guangxi), and eight provinces (from north to south: Liaoning, Hebei, Shandong,
Jiangsu, Zhejiang, Fujian, Guangdong, and Hainan). The offshore waters are composed of
four parts: the Bohai Sea, the Yellow Sea, the East Sea, and the South Sea, which encom-
pass a wide latitudinal range of 4°N to 41°N (Fig. 1a). Because of their advantageous eco-
nomic development, coastal regions have become the most developed and populated areas
since China’s economic reform and opening up in 1978 (Fig. 1b—c). As of 2018, coastal
areas of mainland China accounted for about 14.58% of the total area, but the gross domes-
tic product (GDP) accounted for about 55.13% of the total. Furthermore, the permanent
population of these areas accounted for about 43.63% of the total area (CSY 2019).

In China, marine hazards mainly include storm surges, rough seas, red tides, green
tides, coastal erosion, seawater intrusion, coastal soil salinization, and sea level rise (Cai
et al. 2016). All of these have adverse effects on economic and social development. How-
ever, except for storm surges and rough seas, few continuous-time and quantitative records
are available for these disasters because they have not caused large economic losses and
casualties and have therefore drawn less attention from the government. Thus, this study
focused on storm surges and rough seas, which are two main causes of casualties and eco-
nomic losses.

A series of Marine Disaster Bulletins (MDBs) have been issued to the public annually
to provide the official statistical information regarding marine disasters (MNR 1989-2019).
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Fig.2 a Seasonal distribution of storm surge outbreaks. b Seasonal variation of storm surge occurrences. ¢
Seasonal distribution of economic losses caused by storm surges. d Seasonal variation of economic losses
caused by storm surges

The data for these were collected by the State Oceanography Bureau (SOA) before 2017
and by the Ministry of Natural Resources (MNR) after 2018 as parts of functions belong-
ing to the SOA were incorporated into the MNR in 2018. First-hand information regard-
ing when, where, and how coastal and marine disasters affect the coastal economy and
society at various levels was provided in the MDB; however, some valuable details could
not be found in bulletins issued before 2000 for storm surges and rough seas because of
the change in statistics and description rules. Hence, only data for the last 20 years were
analyzed.

Methods such as data-driven visual analytics facilitate analysis of large amounts of data
and provide insights for making informed decisions. Additionally, visual techniques offer
the ability to analyze data at multiple levels and dimensions (Raghupathi 2018). The objec-
tives of this study were to review the spatial and temporal characteristics of storm surges
and rough seas that occurred in China during 2000-2019. To enhance the identification
of relevant messages, a visual approach was used to identify the scope, distribution, and
characteristics of storm surges and rough seas occurrences in China. The reasons for their
formation were explored, and the status quo regarding management of China’s marine dis-
asters and issues existing in China’s marine disaster prevention were discussed.

2 Temporal-spatial characteristics of storm surges
2.1 Temporal analysis of storm surges characteristics

Storm surge events, in China, vary seasonally. As shown in Fig. 2a, over the past 20 years
storm surges have occurred in China in all months except for February and December, but
most have occurred between April and November. Except for one occurrence in January
2004, the earliest occurrence was in March. The most frequent storm surge event occurred
in August, with a total of 43 occurrences accounting for 28.3% of the total yearly events
during 2000-2019. September and July followed, accounting for 21.1% and 19.7% of the
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Fig. 3 Direct economic losses and fatalities caused by storm surges from 2000 to 2019 a Economic loss
ratio of GDP in each province. b Average annual economic losses between 2000 and 2019 in each coastal
province. ¢ Fatalities per million people in each province. d Average annual fatalities between 2000 and
2019 in each coastal province.

occurrences, respectively. April, May, and November had storm surge occurrences of 2.6%,
while only 1.32% of the surges occurred in March (Fig. 2b).

As shown in Fig. 2c, during 2000-2019, storm surge events that caused economic
losses usually occurred from May to November. From July to October, economic losses
were recorded almost every year, with the greatest economic losses occurring in August,
when there was a total of 74.8 billion CNY in damage in the past 20 years, accounting for
34.8% of the total yearly losses. This was followed by September and July, when 31.9%
and 16.5% of the total economic losses occurred, respectively. There were no economic
losses recorded in January, February, or December (Fig. 2d).

2.2 Spatial analysis of storm surge characteristics

At the national level, China is usually impacted by two types of storm surges: extra-tropi-
cal-induced storm surges (ETSSs) and typhoon-induced storm surges (TSSs). The ETSSs
mainly affect northern coasts, including the Bohai Sea and the northern Yellow Sea, while
TSSs mainly affect the southern coasts, including the southern Yellow Sea, the East China
Sea, and the South China Sea. Commonly, the destructive power of TSSs is much greater
than that of ETSSs, which is consistent with the results shown in Fig. 3. According to
the record of economic losses caused by storm surges, the provinces along the East China
Sea and the South China Sea (Zhejiang, Fujian, Guangdong, Guangxi, Hainan) have been
suffered more serious harm than those along the Bohai Sea and the Yellow Sea (Liaon-
ing, Hebei, Tianjin, Shandong, Jiangsu, Shanghai). A total of 908 deaths caused by storm
surges were recorded over the past 20 years, averaging 45.4 fatalities per year. The spatial
pattern of total fatalities at national level was found to be similar to that of direct economic
losses.

Economic losses and fatalities are highly heterogeneous at the provincial level. Shang-
hai, which is one of the largest and most important ports in China, reported the highest
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Fig.4 a Economic losses caused by storm surges in each coastal province during 2000-2019. b Fatalities
caused by storm surges in each coastal province

GDP per capita of about 157,000 CNY in 2019 (Fig. 1b). However, storm-related eco-
nomic losses in Shanghai were lowest except for Tianjin (Fig. 3a, b), mainly because of its
high coping and adaptation capacities. In relative terms, Hainan suffered the most severe
economic losses, at approximately 3.85% of its GDP in 2019, followed by Fujian, Guang-
dong and Zhejiang (Fig. 3a). Guangdong, Zhejiang, Fujian, and Hainan had the highest
average annual economic losses (Fig. 3b), with the total losses in these four provinces
accounting for 83% of the total economic losses among all coastal provinces.

Shanghai and Tianjin have the highest population density among all provinces, at 3829
and 1305 people/km? in 2019, respectively. In comparison, the population densities in the
other coastal provinces were generally between 210 and 800 people/km? (Fig. 1c). Fujian
ranked first in both fatalities per million people and average annual fatalities (Fig. 3c, d),
which is a large contrast compared with its population density. Fujian, Guangdong, Zheji-
ang, and Hainan were the provinces that suffered the most storm-related fatalities, account-
ing for over 90.3% of the total.

Overall, TSSs have brought much more economic losses than ETSSs in the past
20 years, as reflected by the different loss values in coastal provinces. The losses in south-
ern provinces are obviously greater than those in northern provinces. Furthermore, there
has been a rough decrease in economic losses in the southern provinces from 2000 to
2019 (Fig. 4a). Despite a rapid increase in the coastal population in coastal China, fatali-
ties caused by storm surges during 2000-2009 decreased significantly by 93.2% compared
within the period of 2010-2019 (Fig. 4b). The highest death toll was recorded in 2006,
when there was 327 fatalities. The worst-hit province was Fujian, which had 553 deaths for
the 20 years investigated.
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Fig.5 a Seasonal distribution of fatalities caused by rough seas. b Seasonal variation of fatalities. ¢ Sea-
sonal distribution of economic losses caused by rough seas. d Seasonal variation of economic losses caused
by rough seas

3 Temporal-spatial characteristics of rough seas
3.1 Temporal analysis of rough seas

Both the records of fatalities and economic losses caused by rough seas are shown in Fig. 5,
although death tolls in 2001 and 2008 and economic losses in 2001 were not recorded in
the MDBs. Rough sea events in China’s coastal waters occurred in all 12 months during
the past 20 years. Most fatalities appeared between September and April of the following
year (Fig. 5(a)). The highest number of deaths occurred in April and October, accounting
for 13% of the total yearly events, with a total of 383 occurring during 2000-2019. Janu-
ary, March, and February followed, accounting for 12.8%, 10.9%, and 10.2%, respectively.
July and June accounted for 2.4% and 2.8% of the fatalities, respectively, while only 1.9%
of the fatalities occurred in August (Fig. 5(b)).

As shown in Fig. 5c, rough sea events that caused economic losses occurred in every
month during 2000-2019. Events with greater losses occurred in the second half of the
year, accounting for 79.2% of the total yearly losses. The month with the greatest eco-
nomic losses was November, when a total of nearly 1.24 billion CNY was lost in the past
20 years. The economic losses in November accounted for 29.5% of the total yearly losses.
October and August followed, accounting for 12.2% and 12.1% of the totally economic
losses, respectively (Fig. 5d).

According to the record of economic losses caused by rough seas, there is little dif-
ference between southern provinces and northern provinces at the national level. Overall,
1170 deaths were recorded over the past 20 years, with an average of 58.5 fatalities per
year. Southern provinces had more deaths than northern provinces (data from 2004 to 2007
are not included because records were incomplete).

At the provincial level, economic losses and fatalities were found to be highly heter-
ogeneous. Hainan reported the highest loss ratio at about 20.78%o, which was followed
by Liaoning. Zhejiang’s economic losses were also high compared with other regions
(Fig. 6a). Hainan, Zhejiang, and Liaoning also had the highest average annual economic
losses (Fig. 6b). Economic losses caused by rough seas were not closely related to whether
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Fig.7 a Economic losses caused by rough seas in each coastal province during 2000-2019. b Fatalities
caused by rough seas in each coastal province (data from 2004 to 2007 are not recorded in MDBs)

provinces were southern or northern. Zhejiang, Guangdong, Fujian, and Hainan were the
provinces that suffered the most fatalities, accounting for nearly 80% of the total (Fig. 6c¢,
d). This phenomenon did not correspond exactly to the distribution of population density.

3.2 Spatial analysis of rough seas
Integrating the time and space characteristics in Fig. 7 clearly demonstrated that the eco-

nomic losses from 2014 to 2019 were significantly lower than those from 2000 to 2013, and
southern provinces experienced more economic losses than northern provinces (Fig. 7a).
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The highest economic loss of 589 million CNY was recorded in 2013. The worst-hit prov-
ince was Hainan, where disasters caused 1.102 billion CNY in losses over the 20 years
studied. Similarly, fatalities in southern provinces were much higher than in northern prov-
inces (Fig. 7b). The highest death toll was recorded in 2001, when there were 156 fatali-
ties, while the worst-hit province was Zhejiang, where there were 360 deaths during the
20 years investigated.

4 Discussion

4.1 Comparison of fatalities and economic losses caused by storm surges
and rough seas

Among available records, fatalities were only caused by two kinds of marine disasters,
storm surges (4376 fatalities) and rough seas (2762 fatalities). However, the distribution
of fatalities caused by storm surges in each month was unavailable, so the monthly differ-
ences in fatalities between the two hazards could not be compared. Overall, the death toll
caused by storm surges was greater than that caused by rough seas (Fig. 8a). Conversely,
the economic losses caused by rough seas were greater than those caused by storm surges
(Fig. 8b). Additionally, storm surges were found to be the main cause of economic losses,
while rough seas were the main cause of death.

In general, exposure to storm surges and waves has increased rapidly because of the
great economic growth and population increase in coastal regions globally (Dominicis
et al. 2020), including in China (Muis et al., 2016). However, the results showed that while
absolute numbers of fatalities decreased, economic losses induced by storm surges and
rough seas have generally remained stable. China’s efforts toward enhancing the coastal
and marine disaster risk management are seen to be the main reason for these positive
changes.
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Table 1 Corresponding regulations and industry standards for coastal and marine disasters risk manage-
ment in China since 2000

Year Regulation and industry standards
2005 Suggestion on Strengthening Marine Disaster Prevention (by SOA)
2006 Regulations Concerning Prevention and Control of Pollution Damage to the

Marine Environment by Marine Construction Projects
2006, amended in 2009, 2015 Storm Surge, Tsunami, Sea Wave and Sea Ice Disaster Contingency Plan

2009 Notice on Further Strengthening the Marine Forecast Disaster Preparedness
and Mitigation (by SOA)

2013, amended in 2018 Provisions on the Management of Marine Disaster Investigation, Assess-
ment and Reporting

2014 Technical directives for disaster prevention and mitigation of storm surge
(GB/T 30,746-2014)

2016 Marine Observation and Forecast, Disaster Prevention and Mitigation
"Thirteenth 5-Year Plan (2016-2020)"

2019 Technical specification for field survey of storm surge and wave disasters
(HY/T 0275-2019)

2020 Terminology of marine disaster prevention and mitigation (GB/T 39,632—
2020)

4.2 Regional variation

The economic losses and deaths caused by storm surges and rough seas vary greatly among
provinces, and coastal provinces demonstrated various performance at preventing and miti-
gating disaster risks. Substantial progress in reducing risk and damage has been made in
most provinces (Fang, 2017). For example, although Guangdong and Guangxi are geo-
graphically similar and are hit by storm surges and rough seas in a similar way, Guang-
dong showed a larger decrease in terms of annual average fatalities per million people and
economic loss ratio of regional GDP than Guangxi. The main reason for this difference is
that Guangdong is more economically developed and therefore more financially capable of
investing in disaster risk management. These results depict regional differences clearly and
indicate the need for considering the heterogeneity of marine disasters and socio-economic
development status across coastal regions.

4.3 Attitudes and strategies for marine disaster prevention and mitigation in China

The Chinese government attaches great importance to marine disaster prevention and miti-
gation. As a macro-level policy, the Outline of the Five-Year Plan for National Economic
and Social Development is issued regularly. This policy is favorable for the overall imple-
mentation of marine disaster prevention and mitigation. In the past 10 years, the goals,
tasks, and policies regarding marine disaster prevention and mitigation in the Thirteenth
5-Year Plan (2016-2020) (China State Council 2016) have been further defined compared
with those in the Twelfth 5-Year Plan (2011-2015) (China State Council 2011). In addi-
tion, a series of regulations and industry standards have been issued by the government to
meet the challenges of marine disasters management. Table 1 shows the related documents
issued since 2000. In 2006, the “Storm surge, Tsunami, Sea Wave and Sea Ice Disaster
Contingency Plan” was released by the SOA. This plan established emergency response
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mechanisms and marine disaster management systems (Shi et al. 2015). To date, China’s
marine environment governance has gradually formed a policy tool system (Yu and Bi
2019).

Presently, marine disaster prevention and mitigation are regarded as important means
to guarantee sustainable development of the economy and society. China has responded to
storm surges by establishing engineered defenses (such as seawalls), and the role of sea-
walls in mitigating loss caused by storms and waves has been addressed by the SOA (Liu
et al. 2019). A total of 13,830 km of such structures had been built as of 2015, accounting
for 40% of the coastline’s total length in China (Luo et al. 2015). Other non-engineering
measures such as increasing the capacity of monitoring, forecasting, and generating early
warnings by building more tidal observation stations (tide gauges) and using satellite mon-
itoring systems have also been widely adopted in coastal areas.

Additional measures taken by the government include: (1) Strengthening the capacity
of monitoring, forecasting, and early warning by building more tidal observation stations
(tide gauges) and using satellite monitoring systems (Gu and Tong 2015). (2) Carrying
out coastal zone ecosystem protection and restoration project to enhance the capabilities
for disaster prevention (Liu et al. 2018). (3) Conducting a marine disaster risk census to
identify disaster resistance capabilities of sensitive regions and provide basic information
about marine disaster risk as a part of the “National Disaster Comprehensive Risk Census
Project.” (4) Constructing the Global Ocean Stereo Observation Network to improve ocean
observation capabilities comprehensively. The risk of storm surges could be intensified by
rising sea levels (Vousdoukas et al. 2018), and the rate of sea level rise around the China
Sea has been 3.2+ 1.1 mm/year since 1993 (Qu et al. 2019). However, according to this
research, the losses caused by storm surges in China have tended to decrease annually. It
could be speculated that the measures taken by the Chinese government have played an
important role in disaster reduction.

4.4 Issues existing in China’s marine disaster prevention

1. Although China has basically built a disaster management system (Zhe et al. 2016), the
system related to marine disaster has still not been integrated. Taking ocean observa-
tion data as an example, data production is usually derived from the affiliated institutes
of the MNR, China Meteorological Administration (CMA), Administration of Ocean
and Fisheries (AOF), and some coastal provinces, universities, etc. However, although
there have been some related studies (Zhou et al. 2020), a large amount of data is wasted
because of their overlap. Accordingly, an integrated management system is still neces-
sary.

2. China is vigorously improving ocean data acquisition capabilities, and a number of
databases have been built such as the National Marine Scientific Data Sharing Platform,
the National Comprehensive Meteorological Information Sharing System, the Automatic
Identification System (AIS) Information Service Platform, and the National Fishing
Vessel Dynamic Management System. However, sharing insufficient data and repeated
construction results in limited resources, which means the data cannot be fully utilized.
Therefore, there is still a great deficiency in comprehensive, high-level, and targeted
thematic information sharing systems.

3. There is a lack of standard specifications for service in the field of marine disaster pre-
vention and mitigation, which has greatly increased the difficulty of integrating relevant
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data. Due to the lack of relevant technical support, there is still no information sharing
platform for cross-departmental and cross-level marine disaster prevention and mitiga-
tion in China.

In view of the insufficient information sharing, decentralized data management, differ-
ent data standards, and low integration efficiency, it is urgent to establish an information
sharing system and mechanism to strongly support marine disaster prevention and mitiga-
tion work in China.

5 Conclusions

The conclusions based on the data-driven visual analytics conducted in this study can be
summarized as follows: (1) storm surges exhibited significant seasonality (occurring in
summer and autumn), while rough sea occurrences occurred throughout the year. (2) The
losses caused by storm surges and rough seas showed clear regional differences and have
gradually declined in China in the past 20 years. (3) This has occurred because China has
taken effective measures for preventing and controlling marine disasters, enhanced emer-
gency response capability, and accelerated the pace of research and development (R&D)
activities in this field in the past few decades. Although China is making progress in man-
aging marine disasters, there are still inadequacies in fighting them, including insufficient
information sharing, decentralized data management, different data standards, and low
integration efficiency. In the future, these weaknesses need to be improved and strength-
ened purposefully so that the safety of life and property can be ensured.
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