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Introduction: Coastal erosion is widely distributed globally, with sandy coasts

being particularly prominent, causing significant economic losses to coastal

areas. This study focuses on the coastal areas of Liaoning Province, China,

which represent typical sandy beach erosion.

Methods: Based on the assessment of coastal erosion disaster losses, a

multivariate variable-weight combination prediction model is utilized to predict

the losses caused by coastal erosion disasters, providing an effective

mathematical modeling approach for predicting such losses. Furthermore, the

cluster analysis method is employed to delineate vulnerability risk zones for

coastal erosion along the Liaoning Province coast.

Results and discussion: The research findings indicate the following: (1) From 2023

to 2025, the losses due to coastal erosion disasters in Liaoning Province are projected

to decrease significantly from a scale of 36million RMB yuan to 5million RMB yuan;

(2) Based on themagnitude of disaster vulnerability risk, the coastal areas of Liaoning

Province are categorized into four risk zones: high-risk zones (Jinzhou District),

moderately high-risk zones (Zhuanghe City, Wafangdian City, Ganjingzi District),

medium-risk zones (Lvshunkou District, Bayuquan), and low-risk zones (Gaizhou

City, Suizhong County, Xingcheng City). Recommendations are proposed

accordingly: (1) Effective measures should be implemented to mitigate the losses

incurred by coastal erosion on land, buildings, infrastructure, agricultural output; (2)

In the selection of disaster prevention and control measures,economic factors

should be carefully considered in line with the specific circumstances of the losses.

Specifically, the economic efficiency of disaster prevention andmitigationmeasures

should be taken into account; (3) Precise efforts should be made to implement

coastal erosion disaster prevention and control measures in different regions.
KEYWORDS

coastal erosion disaster, economic loss prediction, vulnerability risk zoning, Liaoning
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1 Introduction
As the interface between the ocean, land, and air, the coastal

zone accommodates over 60% of the world’s population, more than

two-thirds of major cities, and over two-thirds economic belts. Most

of the economically developed regions in the world are located in

coastal areas, so are most populations, urban areas, and advanced

infrastructure. Therefore, the environmental evolution of the

coastal zone directly bears on human living space, quality of life,

and societal sustainable development. However, continuous sea

level rise, long-term reduction of sediment entering the sea, and

intensified human activities have gradually made coastal erosion

and coastline retreat the main threats to the sustainable

development of coastal zones (Chen et al., 2010).

Coastal erosion is a geological disaster phenomenon where the

coastline retreats and beaches erode due to the impact of seawater

dynamics (Marchand, 2010). It is widely distributed worldwide (Cai

et al., 2009), particularly prominent in sandy coasts (Mangor, 2004).

Studies indicate that 70% of beaches globally have been threatened

by coastal erosion disasters (Bird ECF, 1985). Over the past 100

years, approximately 86% of the U.S. East Coast has experienced

coastal erosion disasters (Zhang et al., 2004). Among Japan’s 34,386

km of coastline, approximately 66% have erosion rates exceeding 1

m/year, and 47% of the total length of Japan’s coastline requires

engineering measures for protection (Mimura and Kawaguchi,

1996). The Korean government discovered that the main causes

of erosion were the construction of coastal structures, the extraction

of marine sand, and disruptions to currents (Ministry of Oceans

and Fisheries, 2014).Coastal erosion issues accounted for 70% of the

580 coastal maintenance projects submitted in 2008. A series of 120

erosion monitoring tests found erosion in 44% of the tested areas in

2005 and 73% in 2012. Video monitoring of the subject areas shows

that beach width has shrunk by 3.5% (Chang and Yoon, 2016).

Around 1349.3 km of Malaysia’s coastline is continuously eroding

due to coastal development and sea-level rise. There are 44 places in

the Critical Erosion category with a total length of approximately

55.4 km, 309 sites in the Significant Erosion category with a total

length of around 376.1 km, and 2344 areas in the Acceptable

Erosion category with a total length of ≈916.5 km (Wan et al.,

2024). In Bekasi, a city in the province of West Java in Indonesia,

Desa Pantai Bahagia is the most vulnerable area to coastal erosion,

with a maximum rate of 132.55 m/year from 1990 to 2020. The

combined extents of eroded and accreted shorelines along the coast

of Muaragembong are approximately − 1,707.09 and + 512.14

hectares respectively (Tubagus et al., 2024). The erosion rate of

China’s coastline exceeds one-third, with preliminary estimates

indicating that 46% of the Bohai Sea coastline, 49% of the Yellow

Sea coastline, 44% of the East China Sea coastline (including Taiwan

Island coastline), and 21% of the South China Sea coastline

(including Hainan Island coastline) are subject to erosion (Ji,

1996). In 2004, the EUROSION project research indicated that

15% of European coastlines were undergoing erosion (National

Institute for Coastal and Marine Management of the Netherlands

(RIKZ), 2004). As shown in Table 1, 50% of the coastline segments

with protective structures have been experiencing erosion.
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Coastal erosion, as a typical and common disaster in coastal

zones, has long been widely studied and addressed by scholars from

various perspectives. Currently, research on coastal erosion

disasters mainly focuses on disaster assessment, causal

mechanisms, and protective measures. In 1962, Bruun proposed a

relevant rule for assessing coastal erosion caused by sea-level rise

(Bruun, 1962). However, due to numerous assumptions made in

this rule, it was found impractical for actual engineering

applications. Subsequently, it was refined and improved by several

scholars (Bruun, 1988; Bray and Hooke, 1997), and became

successfully applicable in practical engineering (Tan and Yu,

2012). In 1968, Edelman proposed a method for predicting beach

dune erosion, which was further enhanced by Graaff and others

(Graaff, 1982). However, due to a scarcity of field measurement

data, erosion prediction relied solely on rough assumptions. Since

the mid-1980s, the European Union has successively implemented

research programs such as CORIN, SEDMOC (1998–2002),

HUMOR (2001–2005), and EUROSION (1999–2004), and

conducted research on the long-term and short-term evolution

laws of coastlines, sediment movement mechanisms, intensity and

laws of coastal erosion, prediction models, and protective measures.

In 2004, the EU EROSION project quantitatively evaluated coastal

erosion risks in various regions of Europe based on the concept of

the impact radius of coastal erosion and flood disasters.

Subsequently, scientists from various countries carried out a lot of

research on coastal erosion. Dean et al. determined the impact of

waves on coastal erosion under breakwater wave action through

years of observation on Plam Beach in the United States (Dean

et al., 1997). Research by Japanese scholar Uda found that coastal

erosion caused by port engineering was due to the obstruction of

alongshore sediment transport (Uda et al., 2005; Uda, 2007). Barrie

et al. studied the coastline of the Canadian Pacific region, elaborated

on the mechanisms of sea-level change affecting the coast, and

thought that sea-level change plays a dominant role in coastal

evolution (Barrie and Conway, 2002). Pethick proposed that

changes in coastal geomorphology are responses to dynamic

factors both perpendicular and parallel to the coast (Pethick,

2001). Mimura et al. and Sakashita et al. respectively studied the

effects of pure waves on offshore barrier morphology changes and

the effects of breakwaters on coastline changes (Mimura et al., 2010;

Sakashita et al., 2011). Guo (2018) revealed the evolution

characteristics of coastlines and the erosion and deposition

changes in sea areas with the application of technologies such as

GIS, RS, and the Delft 3D mathematical model. Based on the

hydrodynamic field, sediment sources, and sediment transport

characteristics of the sea area, the mechanism of coastal

deposition evolution was elucidated from multiple perspectives. Li

(2018) explored the mechanisms and reasons for the impact of

alongshore hard protection works, fishing port breakwater

perpendicular structures, and offshore artificial island projects on

the shoreline and profile morphology of adjacent beaches. In the

field of coastal erosion protection and restoration research,

numerical simulation and physical models have become hot

topics for coastal erosion protection and restoration research

(Yüksek et al., 1995). Raudkivi et al. used analysis of measured

data and physical model simulation methods to discuss coastal
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protection methods such as artificial beach nourishment,

construction of spur dikes, and embedded diaphragm walls

(Raudkivi and Dette, 2002). As for specific technologies, beach

nourishment is the most commonly used method for restoring

sandy coasts, and relevant theories have matured and been widely

applied in practice. In addition, protective afforestation, halophytic

vegetation, etc., have shown significant effects on the restoration of

erosion-prone coasts such as soft rock coasts (Lee, 2008; Walkden

and Dickson, 2008). In recent years, in the application and practice

of beach maintenance technology, Chinese scholars have

innovatively proposed a large number of key innovative

technologies such as the numerical simulation of strong tidal

beach profile evolution (Shi et al., 2013), compound beach

restoration for strongly eroded coasts (Zhu et al., 2021), capacity-

boosting and silt-reducing for muddy coasts (Wen et al., 2021), and

ecological design of beach maintenance ancillary projects (Yang

et al., 2014). In terms of intelligent monitoring of coastal erosion,

Hanying Li et al. combined multi-temporal remote sensing images
Frontiers in Marine Science 03
with measured beach data to explore the impact of island

engineering on coastal sedimentation (Li et al., 2019). McCarroll

et al. used drone and satellite remote sensing technology to identify

coastal erosion areas (McCarroll et al., 2024). Patel et al. monitored

coastal erosion in the coastal region of Gujarat, India, using multi-

temporal remote sensing and sea surface temperature data (Patel

et al., 2024). Wan et al. identified the correlation between climate

change and coastal erosion in Southeast Asia from aspects such as

sea-level rise, storm surges, and monsoon patterns, and proposed

the urgent need to establish robust adaptation strategies (Wan et al.,

2024).In addition, scholars have also explored the factors affecting

the vulnerability of coastal erosion and the constructed the

evaluation indicators (Iwan et al., 2022; Badal et al., 2023),which

helps in the selection and implementation of effective

protective measures.

However, there is currently limited research on the socio-

economic losses caused by coastal erosion disasters. Coastal

erosion disasters receive significant attention because they often
TABLE 1 Coastal erosion status in some european countries.

Country (Region)
Length of

coastline (km)
Length of eroded
coastline (km)

Length of
coastline with

artificial
protection (km)

Length of
coastline

experiencing
erosion despite

artificial
protection (km)

Length of
coastline
affected by
erosion (km)

Belgium 98 25 46 18 53

Cyprus 66 25 0 0 25

Denmark 4605 607 201 92 716

Estonia 2548 51 9 0 60

Finland 14018 5 7 0 12

France 8245 2055 1360 612 2803

Germany 3524 452 772 147 1077

Greece 13780 3945 579 156 4368

Ireland 4578 912 349 273 988

Italy 7468 1704 1083 438 2349

Latvia 534 175 30 4 201

Lithuania 263 64 0 0 64

Malta 173 7 0 0 7

Poland 634 349 138 134 353

Portugal 1187 338 72 61 349

Slovenia 46 14 38 14 38

Spain 6584 757 214 147 824

Sweden 13567 327 85 80 332

The Netherlands 1276 134 146 50 230

United Kingdom 17381 3009 2373 677 4705

Bulgaria and Romania 350 156 44 22 178

Total 100925 15111 7546 2925 19732
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result in massive losses. Increased erosion will have a direct or

indirect impact on coastal communities, such as coastal property

loss, declining tourism activities (Wan et al., 2024). According to

statistics, in 2001, European countries spent 3.2 billion euros to

protect against coastal erosion (National Institute for Coastal and

Marine Management of the Netherlands (RIKZ), 2004). This figure

is quite astonishing, considering that Europe, where coastal erosion

is not severe compared to other regions of the world. In 2017, China

lost 14.3 hectares of land due to coastal erosion, resulting in

economic losses of nearly 350 million yuan (Bulletin of China

Marine Disaster in 2017, 2018). In Buenos Aires, Argentina, there

has been erosional trends in 70% of the shoreline between 1965 and

2021 (Pedro et al., 2023).On the other hand, research on the

vulnerability risk zoning of coastal erosion disasters is also very

rare. The vulnerability risk zoning of coastal erosion disasters is

based on the varying degrees of impact that coastal erosion disasters

will have on society, economy, production, etc. In the target area,

different risk areas are divided, which can help people intuitively

understand the future erosion risk situation, and then efficiently

and accurately take disaster prevention and reduction measures

(Feng et al., 2022; Zhu et al., 2024).

Therefore, in light of the socio-economic development of

coastal areas, comprehensive analysis and prediction of the

potential losses caused by coastal erosion disasters in the future,

revelation of the regional distribution of coastal erosion disaster

risks from the perspective of economic vulnerability, as well as

evaluation of the susceptibility of different regions to coastal erosion

disasters, help to offer guidance for national economic development,

promote rational production layout, and minimize the losses caused

by disasters. This holds significant economic and strategic

importance for regional sustainable development.

The authors selected the coastal areas of Liaoning Province,

which are typical for sandy beach erosion in China, for research.

Based on the evaluation of coastal erosion disaster losses, a

combination prediction model is used to predict disaster loss

values, and coastal erosion vulnerability risk zoning is conducted

for each constituent area. The detailed research process is shown in

Figure 1. The main contributions of this study are as follows: (1) In

fully considering the influences of multiple factors, a variance

reciprocal method is used to construct a variable weighting

function, and a multivariate variable-weight combination

prediction model is established on the basis of OGM(1,N),

ARIMA model, and BP neural network. The established models

are applied to predict the numerical losses of coastal erosion

disasters in Liaoning Province, serving as an effective

mathematical modeling method for predicting coastal erosion

disaster losses. (2) Predictions of coastal erosion disaster losses in

Liaoning Province for the years 2023–2025 are made to support the

scientific implementation of regional coastal erosion disaster

prevention and control management. (3) Through the cluster

analysis method, entropy method, and grey relational analysis

method, coastal erosion vulnerability risk zoning in Liaoning

Province is carried out, which helps promote a rational layout of

coastal development and utilization activities in the region and

provides a reference for exploring the law of coastal erosion disaster

vulnerability risk distribution.
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The remainder of this study is structured as follows: Section 2

introduces the basic situation of Liaoning Province, elaborates on

the reasons for selecting the research methods, and explains the

composition of the indicator system and data sources. Section 3

compares and analyzes the results of economic loss prediction and

vulnerability risk zoning for coastal erosion. Finally, Section 4

summarizes the research content of the study and proposes

relevant policy recommendations based on this analysis.
2 Research area, methods, and data

2.1 Overview of the research area

Liaoning Province is located in the southernmost part of

Northeast China, at the core area of the Northeast Asia Economic

Circle. Its geographical coordinates range from 118°53′to 125°46′
east longitude and from 38°43′to 43°26′north latitude. It boasts a

maximum width of 550 kilometers from east to west and an

approximate length of around 550 kilometers from north to

south. It shares borders with Jilin Province to the northeast and

Inner Mongolia Autonomous Region to the northwest, serving as a

vital link between North China and Northeast China. To the

southwest, it adjoins Hebei Province, while to the southeast, the

Yalu River serves as the boundary river with the Democratic

People’s Republic of Korea, facing across the river. To the south,

it borders the Bohai Sea and the Yellow Sea (Figure 2).

Liaoning Province has a land area of 148,600 square kilometers

and a sea area of 41,300 square kilometers. To the west of the

Liaodong Peninsula lies the Bohai Sea, while the east is bordered by

the Yellow Sea. The total length of the coastline is 2,110 kilometers,

stretching from the mouth of the Yalu River in the east to the

Liaoning-Hebei border in the west. The terrain of the province can

be summarized as “60% mountains, 10% water, and 30% plains”,

with higher elevations in the north and lower elevations in the

south. Mountainous and hilly areas are distributed in the eastern

and western parts, gradually descending towards the central plain.

The province is divided into 14 prefecture-level cities and 100

counties and county-level cities, including 16 county-level cities, 25

counties, and 59 districts. As of the end of 2022, the permanent

population of the province reached 41.97 million.

Under the influence of global climate change, Liaoning Province

has experienced marine geological disasters such as coastal erosion,
FIGURE 1

Research process.
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seawater intrusion, and soil salinization due to natural factors like

rising sea levels and some human factors. In recent years, areas

experiencing coastal erosion are mainly located along the sandy

coasts of Suizhong County in Huludao City and Dalian City. In

Suizhong County, the most eroded section of the coast has retreated

48.66 meters over seven years, with an average annual retreat of 6.95

meters. The beach has been eroded downwards by 420.98

centimeters, with an average annual downward erosion of 60.14

centimeters, making it one of the most severely affected areas by

coastal erosion in China. Meanwhile, multiple rounds of beach

restoration projects have been carried out along the coasts of Baisha

Bay and Moon Bay in Yingkou City, effectively protecting the

damaged coasts and mitigating coastal erosion disasters.
2.2 Selection of single prediction models

At present, prediction methods are mainly divided into three

categories: econometric model prediction, time series prediction,

and machine learning prediction. Each type of method has its

own unique advantages. Therefore, based on the characteristics

of the research object and the data situation, this study selects

one of the research methods from each category as the single

prediction model.

2.2.1 Optimized multivariate grey
prediction model

Grey prediction is a prediction method that utilizes a small

amount of incomplete information to develop mathematical models

for prediction, which can effectively predict and describe the

behavioral changes and development trends of uncertain systems

(Deng, 2010).The grey prediction model (GM) is the fundamental

model of grey prediction theory. It can be categorized into

univariate grey prediction models and multivariate grey
Frontiers in Marine Science 05
prediction models based on the number of variables involved in

modeling. The multivariate grey prediction model addresses the

limitations of the univariate model, such as its simplistic structure

and restricted modeling capacity (Luo et al., 2020). However,

traditional multivariate grey prediction models have shortcomings

such as background value construction errors and a single model

structure (Hsu, 2009).Hence, to ensure predictive accuracy, this

study employs the optimized multivariate grey prediction model,

specifically the OGM(1,N) model (Zeng et al., 2016), for

establishing a combination prediction model. The OGM(1,N)

model is represented as Equation 1:

x(0)1 ðk) + az(1)1 (k) =o
N

i=2
bix

(1)
i ðkÞ + h1ðk − 1) + h2 (1)

Where x (0)
1 represents the original dependent variable

sequence, and x (0)
i (i = 2,3,…,n) represents the original

independent variable sequence. x (1)
1 (k) and x (1)

i (k) denote

the first-order cumulative generation sequences of x (0)
1 and x (0)

i

respectively. Additionally, z (1)
1 (k) = 1/2(x (1)

1 (k) + x (1)
1 (k - 1))

(k = 1,2,…,n) represents the adjacent generation sequence.
2.2.2 ARIMA time series prediction
ARIMA, which stands for Autoregressive Integrated Moving

Average, is a time series analysis method. It is an extension of the

autoregressive moving average model. The fundamental concept of

the ARIMA model involves establishing a model that describes the

data ’s characteristics through transformations such as

autoregression, moving average, and differencing, to forecast

future data changes(Box and Pierce, 1970). It can predict future

trends and changes by analyzing and fitting historical data of time

series, without the need for assumptions about the data (Siluyele

and Jere, 2016).Thus, it’s extensively used for prediction and

modeling to time series data (Lu and He, 2009).
FIGURE 2

Location of Liaoning Province.
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The basic expression of the model is as Equation 2:

ARIMA(p, d, q) = AR(p) + I(d) +MA(q) (2)

Where AR(p) represents the autoregressive model, I(d)

represent the differencing model, and MA(q) represents the

moving average model. Here, p is the autoregressive order, d is

the differencing order, and q is the moving average order.

2.2.3 BP neural network prediction
Back Propagation (BP) neural network is a type of artificial

neural network. It is a multi-layer feedforward neural network

consisting of an input layer, a hidden layer, and an output layer. It is

an algorithm model for exploratory learning. Each layer comprises

several neurons, and each neuron transmits information from the

hidden layer to the output layer through activation function

operations. This facilitates the forward propagation of

information from the input layer to the output layer, while error

backpropagation is achieved based on the principle of minimizing

the sum of squared errors. Through iterative forward and backward

propagation, the neural network approximates the output based on

the input layer features, resulting in a smaller mean square error.

Therefore, it can map complex nonlinear relationships (Lu et al.,

1993; Ma et al., 1993),which makes it find wide applications in the

field of nonlinear prediction (Wen and Yuan, 2020).
2.3 Determination of combination
prediction models and weights

Since Bates and Granger first proposed the combination

prediction theory in 1969, which has attracted wide attention

(Bates and Granger, 1969), breakthroughs have been made in the

field of prediction. Different perspectives and levels can yield

different prediction methods for the same issue. Single models

may not encompass comprehensive prediction information. To

fully leverage each model’s advantages and effectively extract

more information from the original sequence, combining single

models linearly or nonlinearly can maximize each model’s strengths

and enhance prediction accuracy. Presently, the most commonly

used combination model is the one constructed through the

weighted average of single models, categorized into fixed-weight

and variable-weight combination prediction models. Variable-

weight combination models are more practical and suitable for

time series data-based predictions (Zhang, 2018). Therefore, in

consideration of multiple factors, this study employs the variance

reciprocal method to construct a variable-weight function and

establish a multivariate variable-weight combination prediction

model based on optimized single models to yield superior

prediction results.

2.3.1 Construction of combination
prediction model

Assuming there are m different single prediction models for a

certain prediction problem, let {yt, t = 1, 2,…, n} denote the actual

observed data sequence, yit denote the predicted value of the i-th
Frontiers in Marine Science 06
single prediction model at time t, and wit denote the variable weight

coefficient of the i-th single prediction model at time t, where i = 1,

2,…, m, t = 1, 2,…, n. Then, the variable-weight combination

prediction model composed of m single prediction models is

represented as Equation 3:

yt =o
m

i=1
ðyitwit) (3)

The value of variable weight coefficient is as Equation 4

o
m

i=1
wit = 1 (4)
2.3.2 Variable weight method based on
variance reciprocal

The focal point of the variable-weight combination model lies in

determining the weights. The variance reciprocal method entails

using the proportion of the reciprocal of the sum of squares of

errors of each single prediction model within the total reciprocal of

the sum of squares of errors to determine the weights. This method

ensures the non-negativity of weights and assigns greater weights to

single models with higher prediction accuracy, effectively improving

prediction precision. However, single prediction models with

smaller sums of squared errors cannot guarantee small errors at

each time point. To address this deficiency, this study employs the

variance reciprocal weighting method to assign weights to each

single prediction model at each time point.

Let eit =(yt - yit)
2 denote the squared prediction error of the i-th

single prediction model at time t. Then, the weight of the i-th single

prediction model at time t within the combination model during the

sample period is as Equation 5:

wit =
e−1it

o
m

i=1
e� 1
it

, t = 1, 2, :::, n (5)
2.4 Vulnerability risk zoning method

Risk zoning is a comprehensive evaluation based on the causes

of events, potential hazards, frequency, and other aspects to divide

different risk areas (Zaid et al., 2022; Wang et al., 2024).Common

zoning methods include comprehensive analysis and partition unit

merging, or a combination of both. This study opts for the partition

unit merging method, which consolidates various partition units

into distinct coastal erosion vulnerability risk areas. To aggregate

regions with significant disparities into different categories, cluster

analysis is selected. Additionally, with reference to relevant research

(Bagyarajm et al., 2023; Liang et al., 2024), entropy method and grey

relational analysis are chosen as supplementary methods for

cluster analysis.

Cluster analysis makes judgments based on the similarity of

sample data. According to the clustering results, regions with

similar vulnerability risks of coastal erosion can be classified into

the same category. However, this method cannot quantify the risk
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magnitude of different categories of regions. Therefore, it is

necessary to combine other comprehensive evaluation methods to

rank regions of different categories by risk magnitude.

The entropy method determines the weight of each variable’s

influence on coastal erosion vulnerability risk by calculating

information entropy. The weighted sum of each variable

multiplied by its corresponding original data yields the

comprehensive score of the corresponding region. Combining the

scoring results of cluster analysis and entropy method enables direct

calculation of the average score of each category of regions and

ranking. However, the entropy method makes weight judgments

based on the information characteristics of sample data itself,

lacking lateral comparison between indicators. Therefore, grey

relational analysis is selected to make zoning results more reliable.

Grey relational analysis is primarily utilized for the

comprehensive evaluation of systems with small sample spaces

and ambiguous indicator relationships. By calculating the

correlation coefficient qi(k) of the i-th object’s k-th indicator, an

equal-weight grey relational degree is obtained. A higher degree of

correlation indicates closer proximity to the optimal indicator value,

resulting in a higher evaluation value for the area under evaluation.

Coastal erosion vulnerability risk is a complex system characterized

by the fuzziness of structural relationships, dynamic changes,

incompleteness, and uncertainty of indicator data. Currently,

coastal-related statistical data not only have few samples but also

suffer from errors, omissions, and fuzziness. Therefore, using grey

relational analysis to comprehensively evaluate coastal erosion

vulnerability risk is appropriate.
2.5 Indicator selection

2.5.1 Loss prediction indicators
According to the Technical Specification for Coastal Erosion

Monitoring and Disaster Losses Evaluation (GB/T 42435–2023)

issued by the Chinese Ministry of Natural Resources in May

2023, coastal erosion disaster losses refer to the land loss caused

by coastal erosion and its attached object loss, as well as the costs of

coastal protection and restoration projects. Therefore, the economic

losses of coastal erosion disasters mainly include economic losses of

land, buildings, infrastructure, and agricultural output such as crops

or trees caused by coastal erosion, and the costs of new coastal

protection and restoration projects. Based on the above technical

specifications, given that the economic losses of coastal erosion

disasters are mainly influenced by the degree of coastal erosion, as

well as economic factors such as land prices, output prices of goods,

the value of buildings and infrastructure, and the construction costs

of protection and restoration projects, the authors propose the

following indicators for predicting economic losses from coastal

erosion disasters (Table 2): (1) Coastal Erosion Intensity: Using

indicators such as coastline retreat rate, beach erosion rate, and

average sediment particle size change rate to analyze the disaster

extent of coastal erosion in the region; (2) GDP: Refers to the gross

domestic product in the region; (3) Per Capita Land Area:

Calculated by dividing the total land area in the region by the

total population; (4) Urbanization Level: Represents the proportion
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of the urban population to the total population in the region; (5)

Agricultural Output Value: Represents the total value of all

agricultural, forestry, animal husbandry, fishery, and sideline

products in monetary terms, reflecting the total scale and results

of agricultural production in the region. In the study, we select

Suizhong County, Xingcheng City, Gaizhou City, Wafangdian City,

Lvshunkou District, and Jinzhou District in Liaoning Province,

where disaster losses occurred during the investigation period, for

research to predict economic losses from coastal erosion disasters.
2.5.2 Vulnerability risk zoning indicators
According to the general understanding of disaster risk factors,

the risk factors of coastal erosion disasters mainly include the

hazard of causative factors, the vulnerability of exposed bodies,

and disaster prevention and mitigation capabilities. Vulnerability

(or fragility) of exposed bodies represents the potential harm of

disasters to the risk-bearing subjects (Paul et al., 2019), revealing the

extent of damage or loss that may occur to any property existing in

hazard-prone areas due to potential hazard factors, and

comprehensively reflecting the degree of loss that coastal erosion

disasters may cause. Hazard of coastal erosion disasters refers to the

degree of natural variability causing coastal erosion disasters,

representing the characteristics such as frequency, intensity, and

duration of causative factors triggering coastal erosion disasters

(Chen, 2007). Disaster prevention and mitigation capabilities

represent the extent to which the disaster-stricken area reduces

losses from coastal erosion disasters in the long and short terms and

recovers from them.

The purpose of coastal erosion disaster vulnerability risk zoning

is to reveal the spatial regional differences in vulnerability risks of

coastal erosion disasters. The zoning principles should be consistent

with the zoning objectives. Combining the analysis of risk factors,

this study proposes the following principles: (1) Relative

Consistency of the Impact and Hazard Levels of Coastal Erosion

Disasters on Various Regions: This principle is the basic principle of
TABLE 2 Research indicators.

Research contents Indicator

Loss prediction

Coastal erosion intensity

GDP

Per capita land area

Urbanization level

Agricultural output value

Vulnerability risk zoning

Stability of coastal terrain
and geomorphology

Proportion of coastal development

Area of seas

Urbanization level

Proportion of primary industry output
value to GDP

GDP
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coastal erosion disaster risk zoning. The impact and hazard levels of

coastal erosion depend on various factors, not only on natural

factors but also on various social and economic factors; (2) Relative

Consistency of the Difficulty of Resisting Coastal Erosion and the

Measures for Coping with It: This principle is a supplement to the

basic principle. The size of the impact and hazard levels of coastal

erosion disasters in a certain region, as well as the level of prediction

and defense capabilities, fundamentally determine the difficulty of

resisting coastal erosion in that area and the measures that should

be taken; (3) Relative Consistency of the Main Causative Factors of

Coastal Erosion Disasters: This determines the various types of

losses that coastal erosion disasters may cause.

Based on this, given that the hazard of coastal erosion disaster

factors is mainly related to the stability of coastal terrain and

geomorphology, the vulnerability of exposed bodies is mainly

related to the area of regional seas and the intensity of coastal

development, and disaster prevention and mitigation capabilities

are mainly related to the level of regional economic and social

development, this study proposes the following indicators for

coastal erosion disaster vulnerability risk zoning (Table 2): (1)

Stability of Coastal Terrain and Geomorphology: Generally

inversely related to the severity of coastal disasters, and represented

by the reciprocal of coastal erosion intensity; (2) Proportion of

Coastal Development: Represented by the ratio of artificial coastline

length to total coastline length; (3) Area of Seas: Refers to the area of

seas under regional jurisdiction; (4) Urbanization Level: Represents

the proportion of the urban population to the total population in the

region; (5) Proportion of Primary Industry Output Value to Gross

Domestic Product: Represents the proportion of agriculture

(including forestry, animal husbandry, fisheries, etc.) to the gross

domestic product of the region; (6) GDP: Represents the gross

domestic product of the region. In this study, we select Suizhong

County, Xingcheng City, Gaizhou City, Bayuquan, Wafangdian City,

Ganjingzi District, Lvshunkou District, Jinzhou District, and

Zhuanghe City in Liaoning Province for the analysis of coastal

erosion disaster vulnerability risk zoning in areas where future

coastal erosion disasters may occur (i.e., areas with sandy coastlines).
2.6 Data sources

The authors select the period from 2016 to 2022 as the research

period. The data on coastal erosion intensity mainly came from on-

site monitoring of key coastal sections conducted by the research

group over the years as part of studies on the mechanism of coastal

erosion disasters and assessments of the impact of sea level changes.

According to the Technical Specification for Coastal Erosion

Monitoring and Disaster Losses Evaluation (GB/T 42435–2023),

the degree of erosion in coastal erosion areas was analyzed based on

on-site monitoring data, including coastline retreat rate, beach

erosion rate, and average sediment particle size change rate. Data

on economic losses from coastal erosion disasters were mainly

sourced from on-site investigations of coastal erosion disasters

conducted in Liaoning Province. The data included coastline

erosion distance, retreat area of key beach sections in Liaoning

Province, as well as the destruction of buildings, infrastructure,
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output goods, and the situation of coastal engineering that needed

repair or reconstruction due to coastal erosion disasters. Economic

losses from coastal erosion disasters in various coastal sections were

assessed based on the Technical Specification for Coastal Erosion

Monitoring and Disaster Losses Evaluation (GB/T 42435–2023).

The economic losses from coastal erosion disasters in each research

area were then calculated. Data on the area of the sea in each

research area were obtained from the official website of the Liaoning

Provincial People’s Government(https://www.ln.gov.cn/web/zfsj/

index.shtml). Data on land area, GDP, urbanization level,

agricultural output value, etc., were sourced from various

government department websites, such as the website of Liaoning

Provincial Bureau of Statistics(https://tjj.ln.gov.cn/tjj/tjsj/

index.shtml), the China County Statistical Yearbook, and

Liaoning Statistical Yearbook. For missing data, interpolation

methods were used for completion.
3 Results and analysis

3.1 Loss prediction results

3.1.1 OGM(1,N) model prediction results
According to the modeling principles of OGM(1,N), the loss

values for the entire province and areas (areas with historically

relatively large losses such as Suizhong County, Wafangdian City,

Lvshunkou District, Jinzhou District are selected) from 2016 to

2022 were fitted, and the relative errors of the fitting were

calculated. The results are shown in Tables 3 and 4. The fitted

values and error data over the years indicate that the model is

applicable(The average error for both of the province and the

regions is 4.65%, with the maximum error occurring in

Wafangdian City at 5.75%).

Furthermore, the predicted loss values for the province for the

years 2023 to 2025 were obtained, as shown in Table 5. The prediction

results show a significant downward trend in losses, decreasing from a

scale of 38 million RMB yuan in 2023 to 5 million RMB yuan in 2025.
3.1.2 ARIMA model prediction results
We fit the loss values from 2016 to 2022 for the entire province

and areas (areas with historically relatively large losses such as

Suizhong County, Wafangdian City, Lvshunkou District, Jinzhou

District are selected) according to the modeling principles of

ARIMA, and calculated the relative fitting errors. The results are

shown in Tables 3 and 4. The fitted values and their error data over

the years indicate that the model applicability is relatively good, but

in both tables, the average relative error is the highest among the

three single models(The average error for both of the province and

the regions is as high as 7.32%, with the maximum error occurring

in Suizhong County at 8.42%).

Furthermore, the predicted values of loss for the province from

2023 to 2025 are obtained, and the results are shown in Table 5. The

prediction results indicate a significant decrease in losses from a

scale of 38 million RMB yuan in 2023 to 5 million RMB yuan in

2025,same as the result of OGM (1, N) model.
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TABLE 4 Results of single model fitting by area.

Area Year
Real value
(10,000

RMB yuan)

OGM(1,N) ARIMA BP neural network

Fitted value
(10,000

RMB yuan)

Error
(%)

Fitted value
(10,000

RMB yuan)

Error
(%)

Fitted value
(10,000

RMB yuan)

Error
(%)

Suizhong
County

2016 1704.4 1714.54 0.59 1824.66 7.06 1749.65 2.65

2017 313 328.14 4.84 339.08 8.33 312.85 0.05

2018 12759.48 13072.14 2.45 13875.39 8.75 13187.53 3.35

2019 2159.89 2260.08 4.64 2360.41 9.28 2287.11 5.89

2020 1221.36 1293.26 5.89 1321.25 8.18 1261.10 3.25

2021 2976 3184.80 7.02 3254.35 9.35 3078.34 3.44

2022 3112.84 3255.11 4.57 3360.51 7.96 3070.52 1.36

Average relative error(%) 4.29 8.42 2.86

Wafangdian
City

2016 1237.38 1307.13 5.64 1314.63 6.24 1262.20 2.00

2017 427 437.61 2.48 463.82 8.62 442.34 3.59

2018 14452.84 15477.53 7.09 15618.46 8.07 15213.94 5.27

2019 4125.61 4514.54 9.43 4342.62 5.26 4306.30 4.38

2020 5685.09 6124.55 7.73 6153.18 8.23 5950.02 4.66

2021 94.75 100.01 5.55 102.31 7.98 96.82 2.19

2022 60 61.38 2.30 64.54 7.57 60.97 1.62

Average relative error(%) 5.75 7.42 3.39

Lvshunkou
District

2016 2286.25 2336.22 2.19 2394.76 4.75 2356.73 3.08

2017 1350 1485.11 10.01 1437.31 6.47 1427.72 5.76

2018 2 2.14 6.97 2.10 4.99 2.11 5.38

2019 278.369 277.31 0.38 297.91 7.02 297.91 7.02

2020 310.37 327.93 5.66 332.62 7.17 316.62 2.01

2021 278.51 292.29 4.95 298.26 7.09 284.04 1.99

2022 735.66 785.59 6.79 798.11 8.49 792.78 7.76

(Continued)
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TABLE 3 Results of single model fitting.

Year
Real value (10,000

RMB yuan)

OGM(1,N) ARIMA BP neural network

Fitted value (10,000
RMB yuan)

Error
(%)

Fitted value (10,000
RMB yuan)

Error
(%)

Fitted value (10,000
RMB yuan)

Error
(%)

2016 6673.73 7068.40 5.91 6999.79 4.89 6618.35 0.83

2017 4077 4335.70 6.35 4306.61 5.63 4305.17 5.60

2018 31196.82 31903.07 2.26 33158.65 6.29 32137.65 3.02

2019 8952.46 9224.94 3.04 9716.46 8.53 8982.69 0.34

2020 7484.94 8084.74 8.01 7977.67 6.58 7851.94 4.90

2021 6287.38 6386.87 1.58 6831.30 8.65 6552.99 4.22

2022 4980.35 5207.90 4.57 5376.47 7.95 5100.23 2.41

Average relative error(%) 4.53 6.93 3.04
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3.1.3 BP neural network prediction results
Analysis is conducted through a three-layer BP neural network

model with a Sigmoid transfer function. Since there are 5 factors

influencing coastal erosion losses, and the prediction indicator is

instantaneous, the input layer is set to 5 and the output layer to 1.

The hidden layer is selected according to the relationship n=2m+1

(n is the number of neurons in the hidden layer, and m is the

number of neurons in the input layer). However, considering

the specific situation of the data, here the input layer is simplified

to the independent variable, so the value is taken as 1, resulting in 3

layers. After repeated simulation training, the maximum training

times are finally set to 1,000.

We fit the loss values from 2016 to 2022 for the entire province

and areas (areas with historically relatively large losses such as

Suizhong County, Wafangdian City, Lvshunkou District, Jinzhou

District are selected) according to the modeling principles of BP

neural network and calculated the relative fitting errors. The results

are shown in Tables 3 and 4. The fitted values and their error data

over the years indicate that the model applicability is the best, and

overall, the average relative error is the lowest among the three

single models in both tables(The average error for both of the

province and the regions is only 3.5%, with the maximum error

occurring in Lvshunkou District at 4.71%).
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Furthermore, the predicted values of loss for the province from

2023 to 2025 are obtained, and the results are shown in Table 5. The

prediction results also indicate a significant decrease in losses,

which is from a scale of 35 million RMB yuan in 2023 to 5

million RMB yuan in 2025.
3.1.4 Combination model prediction results
The comparison of empirical results of OGM(1, N), ARIMA,

and BP neural network models reveals that different models have

certain differences in predicting coastal erosion disaster losses. The

predicted values of some single models are greater than the actual

values, while others are smaller. Different prediction methods have

varying degrees of applicability, so it is necessary to utilize

combination prediction to integrate the advantages of various

methods. By comprehensively applying data from different

information sources, we can effectively mitigate the disadvantages

of single prediction models, thereby improving prediction accuracy.

The weights of each single prediction model for each year are

calculated according to the formula of the variance reciprocal, and

the weight calculation results are shown in Table 6.
TABLE 5 Prediction results of single model.

Year

OGM(1,N) ARIMA

BP
neural
network

Predicted
value

(10,000
RMB yuan)

Predicted
value

(10,000
RMB yuan)

Predicted
value

(10,000
RMB yuan)

2023 3813.38 3793.82 3560.06

2024 2196.53 2178.66 2195.08

2025 511.12 533.47 504.19
TABLE 4 Continued

Area Year
Real value
(10,000

RMB yuan)

OGM(1,N) ARIMA BP neural network

Fitted value
(10,000

RMB yuan)

Error
(%)

Fitted value
(10,000

RMB yuan)

Error
(%)

Fitted value
(10,000

RMB yuan)

Error
(%)

Average relative error(%) 5.28 6.57 4.71

Jinzhou
District

2016 1167.64 1229.01 5.26 1246.08 6.72 1216.25 4.16

2017 1704 1781.00 4.52 1891.62 11.01 1777.17 4.29

2018 30.94 31.15 0.68 32.61 5.41 33.27 7.54

2019 1851.52 1932.41 4.37 1955.85 5.63 1854.17 0.14

2020 166.01 167.50 0.90 177.78 7.09 173.33 4.41

2021 254.12 267.41 5.23 266.88 5.02 259.38 2.07

2022 850.81 874.31 2.76 931.70 9.51 864.35 1.59

Average relative error(%) 3.39 7.20 3.46
fronti
TABLE 6 Weights of each single model.

Year

Weight

OGM
(1,N)

ARIMA BP neural network

2016 0.0188 0.0275 0.9537

2017 0.2811 0.3575 0.3614

2018 0.5921 0.0764 0.3315

2019 0.0123 0.0016 0.9861

2020 0.1941 0.2875 0.5184

2021 0.8521 0.0284 0.1195

2022 0.2030 0.0671 0.7299
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According to the formula of the combination prediction model,

the results of the combination prediction model are obtained. We fit

the loss values from 2016 to 2022, calculated the relative fitting errors,

and obtained the predicted values of loss for the entire province from

2023 to 2025. The results are shown in Tables 7 and 8. The results

show that from 2023 to 2025, the loss of coastal erosion disasters in

Liaoning Province will be reduced from 36 million yuan to 5 million

yuan, which is consistent with the conclusions of the aforementioned

single prediction models. The possible reason is that since 2017,

Liaoning has clearly set the goal of promoting the “Blue Bay”

remediation action, such as returning reclaimed land to the sea and

restoring beaches, focusing on the protection and restoration of

typical marine ecosystems, to strengthen the protection of sandy

shorelines. Based on ecological projects such as “Green Liaoning”,

Yingkou, Dalian and other cities have successively carried out marine

resource and environmental protection and restoration activities such

as the protection and restoration of the coastal wetlands at the mouth

of the Daliao River, and the enhancement of the ecological function of

the Tuanshan National Protected Area, which have alleviated and

reduced the degree of coastal erosion. The effectiveness of these

engineering projects will be further demonstrated in the future.

Therefore, the losses caused by coastal erosion disasters in Liaoning

Province is showing a significant decrease in the future period.

3.1.5 Comparison of model results
According to the results of the three single prediction models and

the combination predictionmodel, it can be observed that the average

fitting error of the combination prediction model established through

the variance reciprocal method is only 2.98%, lower than the result of

any single prediction model. This indicates that the combination

prediction model can not only leverage the advantages of single
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prediction models but also improve prediction accuracy. Therefore,

the variable-weighted multivariate combination prediction model

constructed through the variance reciprocal method serves as an

effective mathematical model for predicting losses from coastal

erosion disasters.
3.2 Vulnerability risk zoning results

The dendrogram of cluster analysis for vulnerability risk zoning

of coastal erosion disasters in Liaoning Province is shown in

Figure 3. Based on the results of cluster analysis, Liaoning

Province can be divided into four categories: Category I:

Xingcheng City, Gaizhou City, Suizhong County; Category II:

Bayuquan, Lvshunkou District; Category III: Wafangdian City,

Zhuanghe City, Ganjingzi District; Category IV: Jinzhou District.

To elucidate the disparities in vulnerability risk of coastal

erosion disasters among these four categories, the entropy

method and grey relational analysis are utilized to compute the

comprehensive scores for each zoning unit. The scores obtained

from the entropy method and grey relational analysis (shown in

Table 9) reveal that the ranking of vulnerability risk of coastal

erosion disasters in Liaoning Province generally aligns between the

two methods. Based on the average scores calculated from the

clustering analysis results (shown in Table 10), Liaoning’s coastal

areas are segmented into four risk zones according to the magnitude

of vulnerability risk from coastal erosion disasters: high-risk zones

(Jinzhou District), moderately high-risk zones (Zhuanghe City,

Wafangdian City, Ganjingzi District), medium-risk zones

(Lvshunkou District, Bayuquan), and low-risk zones (Gaizhou

City, Suizhong County, Xingcheng City)1.
TABLE 7 Fitting results of the combination prediction model.

Year
Real value
(10,000

RMB yuan)

Fitted value
(10,000

RMB yuan)

Error
(%)

2016 6673.73 6637.30 0.55

2017 4077 4314.27 5.82

2018 31196.82 32076.76 2.82

2019 8952.46 8986.84 0.38

2020 7484.94 7933.27 5.99

2021 6287.38 6419.34 2.10

2022 4980.35 5140.62 3.22

Average relative error 2.98
FIGURE 3

Cluster analysis results of vulnerability risk zoning for coastal erosion
disasters in Liaoning Province.
1 The delineation of these zones does not imply that Jinzhou District,

situated in the high-risk zone, experiences the most severe coastal erosion

disaster losses. Rather, it indicates that when areas of various categories

endure destruction of equal intensity, Jinzhou District incurs the greatest

losses. This zoning outcome distinctly delineates the distribution pattern of

vulnerability to coastal erosion disasters among different regions.
TABLE 8 Prediction results of the combination prediction model.

Year
Predicted value (10,000

RMB yuan)

2023 3666.24

2024 2193.54

2025 509.86
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4 Conclusion and recommendations

The authors adopt the variance reciprocal method to construct

a variable weighting function and establish a multivariate variable-

weight combination prediction model based on OGM (1, N),

ARIMA model, and BP neural network to compute the predicted

values of coastal erosion losses in Liaoning Province from 2023 to

2025. Furthermore, utilizing cluster analysis, an analysis of regional

coastal erosion vulnerability risk zoning was conducted. The

findings are as follows: (1) Overall, the fitting error of the variable

weighting multivariate combination prediction model proposed in

this study is lower than that of single prediction models. This model

not only capitalizes on the strengths of each model but also

compensates for some of the shortcomings of the original models,

thereby providing an effective mathematical model approach for

predicting coastal erosion disaster losses. (2) From 2023 to 2025, the

losses from coastal erosion disasters in Liaoning Province are

projected to decrease significantly from a scale of 36 million RMB

yuan to 5 million RMB yuan. (3) Based on the magnitude of disaster

vulnerability risk, Liaoning’s coastal areas can be classified into four

risk categories: high-risk zones (Jinzhou District), moderately high-

risk zones (Zhuanghe City, Wafangdian City, Ganjingzi District),

medium-risk zones (Lvshunkou District, Bayuquan), and low-risk

zones (Gaizhou City, Suizhong County, Xingcheng City).

Based on the foregoing research conclusions, the following

policy recommendations are proposed:

4.1 Effective measures should be implemented to mitigate the

losses incurred by coastal erosion on land, buildings, infrastructure,
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agricultural output such as crops or trees, in order to decrease

disaster losses. Additionally, efforts should be intensified to enhance

the construction of a monitoring network for coastal erosion,

enabling comprehensive observation and monitoring capabilities

for critical coastal erosion factors. It is imperative to conduct

thorough observat ion, ear ly warning, comprehensive

investigation, and assessment of coastal erosion, as well as to

undertake coastal protection and restoration endeavors.

Moreover, there is a need to harmonize coastal development with

the coastal ecosystem, ensuring the maintenance of the health and

stability of coastal ecosystems and providing essential support for

the effective prevention of coastal erosion disasters.

4.2 Although Liaoning Province is experiencing a downward

trend in losses from coastal erosion disasters, it is crucial to

continue prioritizing disaster prevention and control efforts.

Additionally, in the selection of disaster prevention and control

measures, economic factors should be carefully considered in line

with the specific circumstances of the losses. Specifically, the

economic efficiency of disaster prevention and mitigation

measures should be taken into account to ensure optimal outcomes.

4.3 Precise efforts should be made to implement coastal erosion

disaster prevention and control measures in different regions. Based

on the vulnerability risk zoning, particular attention should be given

to high-risk zones (Jinzhou District) and moderately high-risk

zones (Zhuanghe City, Wafangdian City, Ganjingzi District),

through the establishment of a disaster early-warning system,

formulation of practical and effective countermeasures, and

increased allocation of funds for disaster prevention and control;
TABLE 9 Vulnerability risk assessment results of coastal erosion disasters in Liaoning based on two evaluation methods.

Area
Suizhong
County

Xingcheng
City

Gaizhou
City

Bayuquan
Wafangdian

City
Ganjingzi
District

Lvshunkou
District

Jinzhou
District

Zhuanghe
City

Results
1.Based on entropy

method
2.Based on gray
relational analysis

0.2161 0.1660 0.2884 0.4127 0.4800 0.4812 0.4495 0.7365 0.5521

0.2413 0.1886 0.3171 0.4031 0.4777 0.4630 0.4669 0.7089 0.5755

Rankings
1.Based on entropy

method
2.Based on gray
relational analysis

8 9 7 6 4 3 5 1 2

8 9 7 6 3 5 4 1 2
fr
TABLE 10 Average scores of each area.

Score of each area
(Based on entropy method)

Score of each area
(Based on gray relational analysis)

Score of each area
(Based on both methods)

Class Included areas Score Class Included areas Score Class Included areas Score

IV Jinzhou District 0.7365 IV Jinzhou District 0.7089 IV Jinzhou District 0.7227

III
Wafangdian City, Zhuanghe

City, Ganjingzi District
0.5044 III

Wafangdian City, Zhuanghe
City, Ganjingzi District

0.5054 III
Wafangdian City, Zhuanghe

City, Ganjingzi District
0.5049

II Bayuquan, Lvshunkou District 0.4311 II Bayuquan, Lvshunkou District 0.4350 II Bayuquan, Lvshunkou District 0.4331

I
Xingcheng City, Gaizhou City,

Suizhong County
0.2235 I

Xingcheng City, Gaizhou City,
Suizhong County

0.2490 I
Xingcheng City, Gaizhou City,

Suizhong County
0.2363
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a comprehensive management demonstration zone for coastal

erosion disasters should be established, focusing on disaster

management mechanisms, fundamental theoretical research, and

disaster remediation. This initiative aims to develop a replicable and

scalable disaster management system. Regarding the unregulated

tourism development in Wafangdian City and other areas, which

has led to coastline recession and building damage, it is

recommended to consider the risks of coastal erosion

comprehensively during the construction planning phase and to

plan construction reasonably. For medium-risk zones (Lvshunkou

District, Bayuquan) and low-risk zones (Gaizhou City, Suizhong

County, Xingcheng City), stringent oversight on coastal

development management is essential, and both the extent and

methods of coastal development and utilization should be regulated.

Restoration projects should be implemented in disaster-affected

regions, accompanied by the establishment of protective facilities to

mitigate disaster losses. And for the existing severe coastal erosion

in Suizhong County and Bayuquan, primarily caused by illegal sand

excavation in river channels and nearshore areas, it’s necessary to

implement environmental damage compensation alongside strict

law enforcement and supervision.
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