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Coastal regions are highly vulnerable to the impacts of human activities, land
cover change, sea level rise (SLR), and climate extremes. In this study, we
attempt to address this issue by simulating the spatial interactions among
natural hazards, ever-increasing human activities, and social vulnerability in the
south coast of the Bohai Sea, China. It is found that the activities occurring on
land, especially within coastal environments, such as agricultural pond and
ports, and those in the ocean (tide and residual current) both impose disaster
risks on the marine environment. In 2020, 25.2% of the total study area is highly
vulnerable, which is 21% larger than that in 1997. The socially vulnerable areas
are mainly distributed in the southeast coast of the Laizhou Bay. These areas
should be strengthened to reduce and prevent the storm surge and flood
disasters. Ultimately, we emphasize the urgent needs to implement effective
policy measures for reducing tomorrow's risks from natural hazards.

KEYWORDS

coastal vulnerability index, reclamation, hazards, hydrodynamic environment,
coastline change

1 Introduction

The south coast of the Bohai Sea (SCBHS) is an important region of mariculture and
salt pan in China (Shi et al., 2022). In recent years, due to their special locations and
unique natural resources, the artificial landscape areas in the coastal regions have been
expending, and consequently, their landscape patterns have been remarkably changed
(Zhu et al., 2018). Other than the land-based sources, the marine construction boom
driven by the expansions of coastal cities, increasing population and economic
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development including the constructions built in the marine
environment with a wide range of purposes (ports and dams of
aquaculture) also contributes to the changes in coastline and
hydrodynamics, and causes natural disasters (SLR, storm surge
and typhoons) (Arkema et al.,, 2013; Jiang et al., 2021; Huang
et al., 2022). The natural disasters in the SCBHS mostly result
from storm surges. The catastrophic storms in the Bohai Sea
usually occur in summer and autumn, on an average frequency
of once every 4 years, and smaller storms happen on the average
frequency of 1-2 times a year, yet which have caused inestimable
losses (Feng et al., 2018; Jiang et al., 2022). In particular, the
coastal regions of the Bohai Bay and Laizhou Bay have
undergone several severe storm disasters. The mean rate of
SLR in the Bohai Sea was 3.8 mmyr™" between 1993 and 2015
(Peng and Han, 2013). Therefore, it is essential to analyze the
coastal vulnerability to human activities.

The quantification of coastal vulnerability index (CVI) has
been extensively studied and well developed in the past several
years. Koroglu investigated effects of the specific hydro-
geomorphological condition ranges in the CVI model
parameter (Koroglu et al,, 2019). Sajjad coupled the human and
natural systems to highlight the necessity of reclamation in
coastal conservation (Sajjad et al., 2018). However, reclamation
changes the coastline and subsequently alters the hydrodynamics.
Therefore, it becomes a key driving force of increasing the CVI
caused by the changes of tidal residual currents, yet is neglected in
previously produced scenarios (Jin et al., 2016). So far, very few
models map the relative vulnerability of a coastal area to erosion
and inundation from the perspective of land-sea coordination
with the urban development characteristics of the region taken
into consideration. It is our goal to fill this gap with a coastal
vulnerability model.

Among the various impacts of SLR, city waterlogging and
storms are the most devastating ones that can cause significant
losses of lives and properties in the coastal regions (Koks et al,
2015). The original CVI model does not include the unique socio-
economic and demographic characteristics, such as gender, age,
income, access to education and health services of the region. In
addition, the traditional approaches generally examine the
impacts of a single natural hazard, while overlooking the
relationships/interactions between multiple hazards and human
activities. The concept of social vulnerability index (SoVI)
proposed by Sodhi is defined as “the propensity across different
population segments to be affected by natural hazards and other
shocks” (Sodhi, 2016). It can help to identify the critical locations
where disaster risks should be prioritized in the regional policy.

Herein, we conducted a comprehensive survey on reclamation,
landscape type, hydrodynamic condition, urbanization, coastline
change, and protection-development status of the SCBHS. The
nature hazard susceptibility of the region was examined using a
CVI model that included the changes in coastline and
hydrodynamics caused by reclamation. The urban sprawl and
reclamation activities were detected by remote sensing. The SoVI
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of the region was assessed with a composite index tailored for the
case-study area. Finally, the spatial interaction between the CVI
and SoVI was studied. Based on the results, we attempt to provide
a guidance for the regulation of human activities which can
facilitate the coastal management in the nearshore waters and
promote the sustainable development of the area.

2 Materials and methods

2.1 Study area

The study area is a semi-enclosed area located from 37°N to
38.5°N and from 117.5°E to 121°E with 615 km long coastline
from the south of the Binzhou Port to the Longkou Qimu Corner.
The area is surrounded by land in the west and south, including
the sea area from the Yellow River estuary to the Laizhou Bay and
the corresponding coastal area (Figure 1). Coastal area is defined
as a 20 km wide area along the coastline based on the definition of
coastal zone in the Wetland Convention (Nature, International
Union for Conservation of, and Natural Resources and Ramsar
Convention Bureau, 1984). The study area runs across five cities
including Binzhou City, Dongying City, Weifang City, Qingdao
City and Yantai City in Shandong Province, China with a total
regional GDP of 2327.7 billion RMB and a total population of 31.4
million (Shandong Statistical Yearbook, 2021).

2.2 Coastal vulnerability index

The CVI model proposed by Gornitz (1990) can assess the
coastal vulnerability to SLR, particularly due to erosion and/or
inundation. The model ranks the exposure index of each point of
the coastline at a specified interval, but does not directly value any
ecosystem service, such as coastal zone and coastal wetland (Gornitz
et al., 1997; Hammar and Thieler, 2001). It is known that the
characteristics of a given coastline result from the interactions
among geomorphology, SLR, wave height, tidal range, and storm
frequencies. The relative magnitudes of these variables change from
place to place, which induces nonuniform responses of the coastline
to SLR. Therefore, we attempt to establish a coastal vulnerability
model under anthropogenic impacts, aiming to cover the
deficiencies of the conventional model.

The CVI under the human activity framework involves the
coastal assessment that quantifies the coastal vulnerability using
remote sensing and satellite altimeter observation data. The
conceptual framework is shown in Figure 2A. The traditional
human activities on land, such as agricultural production and
urban development, alter the natural landscapes and increase
artificial landscapes (Yang et al., 2021). The ocean-based human
activities, such as reclamation and mariculture, directly affect
marine habitats. By incorporating the human activity responses
into the CVI model, the parameters are determined as detailed in
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FIGURE 1
Location and topography of study area.

Figure 2B. The CVI is then calculated using a spatial representation
of the bio-geophysical variables including geomorphology, SLR,
coastal slope, regional elevation, coastline change, significant wave
height and tidal range. The obtained CVIs are ranked from very low
exposure (rank=1) to very high exposure (rank=7) based on the
combination of the user- and model- defined criteria by the method
of Gornitz (Gornitz et al., 1997; Hammar and Thieler, 2001). The
score ranges and ranking are summarized in Table 1 (Koroglu et al.,
2019; Wang et al, 2021). The calculation using a spatial
representation of the bio-geophysical variables was referred to the
InVEST User’s Guide (https://naturalcapitalproject.stanford.edu/).
The adjustments of major parameters are shown in Figure 2B.

2.2.1 Geomorphology

Geomorphology refers to the geomorphological features
resistant to erosion. Rocky cliffs play a vital role in reducing
the impacts of coastal hazards. They are less prone to erosion

than beaches and deltas. Different coastline geomorphologies are
ranked by the method of Hammar and Thieler, 2001. Since we
will further assess the coastline in the study area by remote
sensing (See 2.3.1), two more coastline geomorphologies, dams
of aquaculture and salt, are included in this index based on the

remote sensing images.

2.2.2 Coastal slope and regional elevation

Coastal slope and regional elevation are the indexes
evaluating the relative risks of inundation. For the gently
sloping coasts, any rise in sea level would inundate a large
extent of land. The coastal slope and elevation data of the study
area are downloaded from http://www.gscloud.cn.

2.2.3 Coastline change
Reclamation activities for industrial and agricultural
developments expand the land area and change the coastline
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TABLE 1 Evaluation system of CVI.

Indexes/score

Very Low/0.2 Low/0.4
I,: Geomorphology 0} ®
I,: regional elevation (m) >30 21-30
I5: coastal slope (%) >12 8-12
1,: Coastline change(m/yr) 0 0-5
Is: Sea level change(mm/yr) <0 0-1.0
Is: Mean wave height(m) <1.1 1.1-2.0
I;: Mean tidal range(m) >6.0 4.1-6.0

10.3389/fmars.2022.1015781

Ranking of CVI

Moderate/0.6 High/0.8 Very High/1
® O] ®
11-20 6-10 0-5
4-8 2-4 0-2
5-10 10-20 >20
1.1-20 2.1-40 >4.0
2.0-2.25 2.25-2.6 >2.6
2.0-4.0 1.0-1.9 <10

@, Rock, high cliff, and seawall; @, Medium cliffs, rugged coasts, bulkheads, and small seawall (dam of aquaculture and salt); @, Low cliffs, glacier drifting, alluvial plains, revetments, and
stone walls; @, Estuary wetland and lagoon; and ®, Barrier beach, beach, tidal flat, farmland, and delta.

position. In the CVI model, coastline change is also an index for
assessing the potential impacts of natural hazards (Koroglu et al.,
2019). The change rate of coastline position is calculated using
the ArcMap extension module and Digital Shoreline Analysis
System (DSAS). DSAS generates a landward baseline from which
orthogonal transects are cast at 3-km intervals. The intercepts
between the transects and coastline are recorded to calculate the
annual change rates (Thieler et al., 2009). A total of 205 change
rates, each corresponding to a DSAS transect, are obtained.

2.2.4 Mean wave height

The data of wind and wave was obtained by reanalysis of the
six-year (2005-2010) WAVEWATCH III model HINDCAST
from NOAA (Gornitz, 19905 Sajjad et al., 2018).

2.2.5 Tidal range

To estimate the spatial variation range of tide in the SCBHS,
multi-mission satellite observations from the TOPEX/Poseidon
were assimilated into a 2-D tidal model by the adjoint method
(Lu and Zhang, 2006). The assimilation process can be

summarized as follows.

1) Land-sea grid construction
The land-sea grid is constructed by the following steps:

Step 1. A 2-dimensional (2D) hydrodynamic model with the
medium resolution square meshes (2°x2’ grid,
approximately 30 m) fitting the coastline is constructed
using the Arakawa C grid.

Step 2. By comparing the current geographic distribution data
of land-sea from the National Earth System Science Data
Center (http://www.geodata.cn/data) and those of different
years, the shrinkage or expansion of coastline is processed.

Step 3. The ETOPO1 bathymetric data are matched to the
grids and the values of the rest nodes are interpolated.
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Step 4. The coastline in each grid versus water depth are
matched, and the grids are divided based on the dryness and
wetness to obtain the control field of sea-land distribution.

2) Tidal modeling with adjoint method

The distributions of the M, tidal constituent in the SCBHS in
1985, 1997, 2010 and 2020 are simulated by combining the T/P
observation data. The numerical schemes for the forward model
and the adjoint model are given in the Appendix Al and A2. The
coastline changes caused by reclamation and the corresponding
hydrodynamic changes (tide level and velocity) are also included
in the tidal model.

3) Model configuration

The 2-D tidal model covers the area of SCBHS from 37°N
to 38.5°N and from 117.5°E to 121°E with the spatial resolution
of 1/12°x1/12°. The gridded topography is adopted from
ETOPO1. The maximum water depth of the study area is 85
m. The topography is gridded with the Arakawa C grid, where
the water level is put at the grid center and the two velocity
components are defined to be perpendicular to the edges of
the grid.

The closed boundary conditions for our model are zero flow
normal to the coast. That is, i - i = 0 for the grid points at closed
boundary, where 1 is the outward unit vector and u = (u,v) is the
velocity vector. The Beijing standard time (referred to the
meridian of 120°E) is adopted throughout this study.

Along the open boundaries, the water elevation of the M,
tide at the jth time step is given as (), , = gy + [a; cos (wjAt) +
by sin (wjAt)], where (m;,n;) stands for the grid points at the open
boundaries, w is the frequency of the M, constituent, and a;, b,
are the Fourier coefficients. The open boundary conditions of
water elevation are obtained by assimilating the T/P data using
the adjoint method, and are fixed in all experiments
(He et al., 2004).
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4) Model validation

The reliability of the assimilation was evaluated by testing
the harmonic constants using amplitude difference, phase
difference and vector difference as the evaluation criteria. The
vector difference can be expressed as:
A= [(Hacos g, — Hycos gd)2+(Hasin g —Hy sin gd)z]l/2
(6]

The evaluation results are listed in Table 2.The simulation
results are validated with the observation data of the 59 tide
gauge stations. The mean absolute errors (MAEs) between the
simulated and measured amplitudes, phases and vectors are less
than 3.1 cm, 5.3° and 4.4 cm, respectively. The root mean square
errors (RMSEs) between the simulated and measured
amplitudes, phases and vectors are smaller than 3.6 cm, 7.1°,
and 5.1 cm, respectively. The MAEs and RMSEs of the three
parameters meet the requirements, and thus the model is valid
(Cheng et al., 2007; Pan et al., 2021).

2.2.6 SLR

A polygonal vector that can describe a unified range of sea
level change is needed to characterize SLR. In this work, it is
assumed that the eustatic sea-level in China is similar to the global
SLR projected by IPCC in the 5th assessment report (IPCC, 2013).

2.2.7 Calculation of CVI
The CVI of the i-th section in the coastal wetland ecosystem
is then calculated with Eq. (2).

CVI=\L+L+L+L+++ )

where “I” is the exposure rank of each variable.

2.2.8 Spatial visualization of CVI

The obtained CVIs are visualized by the GIS analysis method
and equal interval breakpoint method with the vulnerability
ranks of very low (0-1.39), low (1.40-2.79), medium (2.80-4.19),
high (4.20-5.59) and very high (5.60-7.0). The amplified risks of
natural hazards can lead to life-threatening storm surge and
flooding and destruction of ports, villages, roads and other
coastal infrastructures, which alarms the low-lying of SCBHS.

TABLE 2 The comparison of the calculated and measured.

10.3389/fmars.2022.1015781

To accommodate spatial heterogeneity, the visualization is
extended 20 km inland from the edge of the coastline.

2.3 Human activity intensity

HAI refers to the degree of disturbance of an area affected by
human activities (Wen, 1998; Xu et al., 2015). At present, the
quantification of HAI based on the comprehensive indexes and
land-use change has become the most widely used method with
its advantages of simplicity and universal (Feng et al., 2017; Liu
et al, 2018). In this study, HAI is calculated with the areas and
influence coefficients of different types of land within a specific
region to evaluate the disturbance of human activities to the
nature (Chi et al., 2017; Chi et al., 2018a).

2.3.1 Remote sensing data processing

Landsat products of 1985, 1997, 2010, and 2020 (cloud cover: 0-
5.46, resolution: 30 mx30 m) were obtained from the Geospatial
Data Cloud site (http://www.gscloud.cn). Based on the remote
sensing images, the landscapes in the study area are classified as
natural landscape or artificial landscape. Wetland vegetation, tidal
flats, bare lands, and water areas are natural landscapes. Farmland,
aquaculture pond, saltern, and building land are considered as
artificial landscapes (Sun et al., 2016; Chi et al., 2018a). The
information of the remote sensing images (Table A1) and specific
interpretation signs of different land cover types (Table A2) can be
found in the Supplementary Material.

The verification method of remote sensing data: accurate
control of landscape types is through corresponding Google
Earth map with a resolution< 1 m, a total of 2145 validation sites
(one site is set every 4 km) are selected, the contrast between our
land cover types and the Google Earth map is conducted using
an error matrix, the overall accuracy is 92.1%, which achieves a
good performance (Chi et al., 2018b).

2.3.2 Spatial visualization of HAI

To characterize the spatial heterogeneity of HAI in the study
area, the impact intensity of different types of landscape are
estimated. The maximum impact intensity is applied to the
center of the landscape. Each type of landscape is assigned with a

AD (cm) PD (°) VD (cm)
MAE RMSE MAE RMSE MAE RMSE
1985 2.9 3.2 4.4 7.1 40 48
1997 3.1 3.4 53 7.7 3.9 45
2010 3.0 3.0 45 5.8 40 4.4
2020 3.1 36 45 5.0 4.4 5.1

AD, amplitude difference; PD, phase difference; VD, vector difference; MAE, mean absolute error; and RMSE, root mean square error.
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human impact value, 1 for building area, 0.4 for saltern and
aquaculture pond, and 1 for farmland (Chi et al., 2018b).

The spline function can interpolate points onto a grid
surface by the 2D minimum curvature spline method to form
a smooth surface passing exactly through the input points (Shi
et al., 2020). Herein, the evaluation indexes are spatially
interpolated. HAI is ranked from low vulnerability (0-0.33),
medium vulnerability (0.34-0.66) to high (>0.67) vulnerability
and visualized by the equal interval breakpoint method and the
GIS analysis method.

2.4 Social vulnerability index

SoVI emphasizes the different burdens of disaster losses
within and between places (Chen et al., 2014). It has been well
recognized, and can be adapted to other different contexts
(Boruff and Cutter, 2007; Holand and Lujala, 2013). The most
frequently used SoVI methods are based on composite indicators
(Boruff and Cutter, 2007). This paper aims to provide the
empirical analysis of the spatial distribution of SoVI and its
underlying social, economic, and political causes in SCBHS
region at the local scale.

2.4.1 SoVI identification

The rapid economic development and population growth
have caused more natural hazards in the SCBHS (Feng et al.,
2018). With the focus on assessing the social vulnerability and
responses of coastal cities to natural hazards, we identified 7
secondary indexes from the most recent Statistical Bulletin of
Shandong Province and placed them into three first level indexes,
e.g., population, informatization level, and social security
(Table 3). The population index is composed of two variables.
Young children (under 14 years old) and older adults (over 60
years old) are commonly regarded as the most vulnerable
members of the population. The urban areas with higher
population densities are more challenging in evacuation after a
disaster. The informatization level index is composed of two
variables, e.g., the number of mobile telephone subscribers and
the number of broadband internet subscribers, that reflect the
accessibility to disaster information for timely rescue. The lack of
access to these services indicates a lower capability of hazard
warning. The social security index is composed of three
secondary indexes. The lack of access to basic social security
services, such as health institutions and hospitals, may
compromise the health and safety of the local population
(Siagian et al., 2013; Mesta et al., 2022).

Given the unique local characteristics of the study area, we
only chose the 7 variables from those leveraged by Mesta et al.
(2022) for further analysis. The study area has undergone rapid
urbanization and substantial economic growth since the Chinese
economic reform. The nine-year compulsory education has been
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TABLE 3 Evaluation system of SoVI.

First level Second level indexes

indexes

Population Ig: Percentage of population under age 14 and over age 60
Ly: Population density f(cap/km?)

Informatization I,: Average number of mobile telephone subscribers per

level person

I;;: Average number of internet broad band subscribers
per person

Social security I;,: Average number of participated in social insurance

per person
I,5: Number of health institutions per square kilometers

I,4: Number of hospitals beds per square kilometers

The indicators may be positive or negative, depending on their properties. The greater the
positive indicators, the higher the SoVI. The negative indicators are the opposite. I and Iy
are positive. Iy, I, I12, I13 and I;4 can be negative.

implemented since 2006, which provides basic safety education
and training for all minors. Therefore, the economy and
education indexes are excluded, but the indexes of health
institutions and hospital beds proposed by Holand and Lujala
(2013) are included in our study.

Previous studies suggest that social vulnerability remains in a
stable state over time. Zhou et al. (2019) reported that only 18%
of counties in China underwent significant increases/decreases
in social vulnerability in the past 30 years. However, the
potential changes in social vulnerability can occur gradually
due to the influences of population changes, such as aging and
family planning policy, or take place almost instantaneously
owing to typhoon and flood disasters that cause casualties, losses
of constructions, and decreases in crop land. These changes are
ongoing, which makes it more difficult to measure and quantify
social vulnerability. Therefore, this paper excludes the effects of
potential changes in indexes.

2.4.2 Calculation of SoVI

Each index value (I,,,) is normalized into the score range of
0-1.0, where the minimum index value (min,,) is 0 and the
maximum index value (max,,) is 1. Max,, and Min,, are the
maximum value and minimum value, respectively, of indicator I
within each administrative unit. The normalized value (NV,) is
calculated with the equations below.

NV,, = max,, - I,,/max,, - min,, (is the positive indicator)
(3)

NV,, = I, — min,,/max,, — min,, (is the negative indicator)
(4)

The score of each index is defined as the arithmetic mean of
the corresponding NV, values. The overall SoVI is obtained as
the weighted average of each of the first level indexes, i.e.:
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SoVI = Iy + 1o +110+I11 +112 + 13+ 1y
2 2 3

)/3 (5)

2.4.3 Spatial visualization of SoVI

The obtained SoVIs were then ranked from low vulnerability
(rank=0) to high vulnerability (rank=1) and visualized by the
equal interval breakpoint method and the GIS analysis method.

3 Results
3.1 Coastal vulnerability index

3.1.1 Evaluation results of sub-indexes
3.1.1.1 Changes in reclamation and change rate

Figure 3A shows the three development stages of
reclamation in the SCBHS which have resulted in 1139.5
km? increase in the cumulative reclamation area. During the
study period, reclamation activities mainly occurred on the
north coast of the Yellow River estuary (36.5%) and the south
coast of the Laizhou Bay (28.0%). The activities caused the
mean net coastline movement of 184.8 m/yr (median, 73 m/
yr). Most coastline movements were distributed on the north
coast of the Yellow River and the south coast of the Laizhou
Bay, with the mean net values of 344.8 m/yr and 263.2 m/yr,
respectively. 81.3% of the SCBHS coastline mapped in 2020 is
within 0-140.4 m from their positions in 1985, and more
than 52.3% of coastline expands more than 1 km to the
sea (Figures 3B-D). In particular, the reclamation in 1985-
1997 is much more aggressive than those in other periods, and
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the reclaimed lands are mainly used for agriculture
and mariculture.

3.1.1.2 Changes in hydrodynamics

In the past 35 years, the coastline in SCBHS has already
undergone significant spatial-temporal changes. Marine
constructions, such as ports and wharves, rapidly bulge along
the coast and extend toward the ocean. In addition, a ginormous
amount of sediment from the loess region has formed a mega-
delta in the Yellow River Estuary (Figures 4A-D).

Figure 4 shows the co-tidal charts in 1985, 1997, 2001, and
2020. The M, tidal constituent was stable in 1985, and only slight
movements were observed on the amphidromic points, but its
amplitude increased in 1997, 2010 and 2020 as the coastline
changed (Figures 4A-D). It is worth noting that, compared with
that in 1985, the amplitude of the M, tidal constituent in the
north of the Yellow River Estuary increased by 14-20 ¢cm in 2020,
equivalent to the 14-20 cm rise of seabed (Figures 4E-G).

3.1.2 Spatial-temporal changes in CVI

From 1997 to 2020, the high-intensity urban construction,
reclamation and the corresponding hydrodynamic changes led
to the rapid natural habitat loss and significantly increased the
coastal vulnerability. In particular, the very high vulnerability
area increased by 3.6-folds in 2010 (Figure 5D). The CVI on the
coast is 1.1 (very low vulnerability) in 1997, 3.4 (medium
vulnerability) in 2010, and 4.1 (medium vulnerability) in 2020
(Figures 5A-C). In terms of spatial distribution, most locations
in the central of less elevated wetland plains, especially the
western area of the SCBHS, show very low or low
vulnerabilities. In contrast, the vulnerabilities of many artificial
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FIGURE 3

Spatial distribution of reclamation activities (A) and coastline change rates determined by DSAS from 1985 to 1997 (B), 2010 (C) and 2022 (D).
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landscapes, mostly in the southeastern areas of the SCBHS, are
high or very high.

The spatial distribution of CVI in 2020 reveals that 35.8% of the
study area with the total area of 3082 km? is moderately vulnerable,
and the highly vulnerable areas with the CVI values of 4.1-6.0
account for 11.4% of the total area. These highly vulnerable areas are
mainly distributed along the eastern coastline of the Laizhou Bay.

Frontiers in Marine Science

3.2 Spatial-temporal changes in HAI

3.2.1 Natural landscape degradation

Figures 6, 7 summarize the spatial and temporal distributions
and area changes of artificial landscape in the SCBHS during
1985-2020. The artificial landscape area including saltern,
aquaculture ponds and building land increased from 504 km*
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Temporal-spatial distribution of CVI in 1997 (A), 2010 (B), and 2020 (C), and the area proportions of different ranks of CVI visualized by the equal
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vulnerability, low vulnerability and very low vulnerability (D).

(6% of the total area) to 2647 km? (31% of the total area) in the 35
years. The changing trends of the areas of different types of
artificial landscapes are different. The total building land area
showed an obvious increasing trend, especially an increase of 17%
from 1997 to 2010, due to the rapid urbanization. The areas of
aquaculture pond and salt pan consistently increased by 5% and
11%, respectively, from 1985 to 2020. On the contrary, the areas of
farmland, wetland land and tidal flat consistently decreased by
16%, 6% and 11%, respectively.

3.2.2 Spatial-temporal changes of HAI

The spatial distributions of HAI in SCBHS during different
periods of time are obtained by the spatial analysis in GIS. It is
found that the HAI of SCBHS in 2020 is highly intense with the
average value of 0.74, and its spatial change is dramatic. From
1985 to 2020, the total area of moderate and high vulnerabilities
increased from 935 km? (11% of the total area) to 1532 km?
(18% of the total area) and the high HAI areas were mainly
distributed in the western and central regions (Figure 8). The
HALI of urban expansion is 0.92 in Yantai City, 0.70 in Weifang
City, 0.85 in Qingdao City, 0.58 in Dongying City, and 0.46 in
Binzhou City. From 1985 to 1997, building land experienced the
highest annual growth rate of 7.6% during the three periods,
showing a very high HAIL The comparison of the spatial
distribution maps of CVI and HAI suggests that the increases
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in artificial landscape area cause the rise of HAI to 0.78, and 77%
of artificial landscape area show high or very high CVIs.

3.3 SoVI

The SoVIs of the 5 cities involved in the study area are then
calculated with the socio-economic data. (Figures 9) shows the
distribution of SoVI and those of the 7 second level indexes over
the five cities. The overall SoVI of the study area in 2020 is 0.49,
suggesting that the area is moderately vulnerable. The SoVI of
Weifang City is the highest with the value of 0.84 and that of
Dongying City is the lowest (0.32). Yantai City is ranked the
second highest with the SoVI of 0.51, followed closely by
Binzhou City (0.41) and Qingdao City (0.40). The score of
each secondary index is calculated with the normalization Eq.
(5). Weifang City is scored the highest in health institution and
the number of telephone subscribers, which explains its high
vulnerability. The index sores of Dongying City are low in
population under age 14 and over age 60, hospitals beds, and
number of mobile telephone subscribers, suggesting its low
vulnerability, which is consistent with its low SoVI. The
relatively high SoVT of Yantai City can be attributed to its high
scores in the indexes of population density and number of
telephone subscribers.
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3.4 Overall assessment

The CVI and SoVTI of the entire study area in 2020 are 4.1
and 0.49, respectively, with distinct spatial heterogeneity, which
both are classified as moderate vulnerability. The overall HAI is
determined to be 0.74, suggesting that the area is highly
vulnerable. In terms of the specific regions, the CVI of Yantai
City is the highest and the SoVI of Weifang City is the highest.
Both cities show very high HAIs. Figure 5, Figure 8 and Figure 9
summarize the spatial-temporal changes in the CVI, HAI and
SoVI of SCBHS. In the spatial scale, the CVI values along most
parts of the coastline are low, except for the western coastline of
the Laizhou Bay that is the most vulnerable to the impact of
natural hazard. Yantai City shows the highest score of SoVI,
which is highly vulnerable to coastal flooding.

4 Discussion

4.1 CVI model validation

The natural hazard susceptibility of SCBHS is characterized
by a comparative spatial assessment of the regional response to
coastal hazards using a modified CVI model that integrates the
changes in reclamation activities, coastline and hydrodynamics
between 1985 and 2020. The modeling reveals that the M,
amplitude constituent in the northern coast of Yellow River

10.3389/fmars.2022.1015781

Estuary increased by 20 cm-40 cm, consistent with the results of
previous studies (Pelling et al, 2013). The increases in M,
amplitude constituent mostly occur around the coastline, and
thus are directly related to mean tidal range (I,). In addition, the
CVI assessment results of the studied area are compared with the
coastal natural hazard index under current sea level scenario
published by Sajjad et al. (2018) over the same period. Sajjad
et al. predicated that the eastern coast region of the Laizhou Bay
would meet the high-risk criteria by 2020. Their simulated CVI
values in the SCBHS are also similar to our modeling results,
except that their predicated values of the northern coast of
Yellow River Estuary are generally greater possibly due to
insufficient evaluation of the numerical tidal model.

4.2 Interactions among HAI, CVI
and SoVI

The recent severe storm surges and occurrence of extensive
floods that cause numerous casualties and significant economic
losses in the SCBHS have reignited the need to understand the risks
resulting from the intersection of vulnerable populations and
marine hazards (Wang et al, 2018). It has been evidenced that
the populations with higher social vulnerabilities, such as low-
income and less support from social security and communication
technology (insurance, mobile phone and internet),
disproportionally suffer from the impacts of natural hazards.
Therefore, our study includes these indexes to portray the
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FIGURE 9

Social vulnerability score per index in 2020: (A) lg: percentage of people under age 14 and over age 60; (B) lg: population density; (C) l;o:
average number of mobile telephone subscribers per people; (D) Iy;: average number of internet broad band subscribers per people; (E) 1,:
average number of participated in social insurance per people; (F) l;3: number of health institutions per square kilometers; (G) l34: number of

hospitals beds per square kilometers; and (H) SoVI.
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dynamic representation of risks from natural hazards that affect
local social vulnerability.

The CVI modeling indicates that the CVI of SCBHS has
been increasing from 1985 to 2020, and the increasing trend is
related to the HAI in the area. With the acceleration of human
activities, such as industrialization and urbanization, large areas
of natural wetlands are occupied by aquaculture pond, saltern,
and building land in the south coast of the Laizhou Bay, which
destructs natural habitats and results in the higher CVIs. Natural
habitats, such as marshes, coastal dunes, and so on, play a vital
role in resisting the impacts of coastal hazards that erode
shorelines and harm coastal communities. Low revetments and
seawalls are classified as highly vulnerable as they have limited
abilities in preventing inundation and may fail during extreme
events (Gornitz, 1990).

The second influencing factor to be considered is storm surge in
the area. Studies have confirmed the significant inter-decadal
variations of storm in the Bohai Sea, and the extreme storm surge
events have been intensifying since 2010 (Feng et al.,, 2018). The
visualization of the spatial distributions of HAI and SoVT facilitates
the identification of the critical areas where disaster risks tend to
increase drastically, and potential hazard events are likely to occur
in the future. It is found in our study that the building land area in
the north coast of Yantai City has dramatically expanded, and its
exposure to storm surge risk has been increasing, which challenges
the habitat stability of the surrounding areas.

The coastal region is a complex area with land-ocean
interactions. Changes in coastline and artificial reclamation, as
well as coastal landscape, can intensify marine hazards. The
relationships of coastal land, offshore areas, and the ocean should
be considered in the coastal vulnerability assessment, and it is
necessary to study the human activities, natural processes, and
social-economic aspects as one system. Attentions should be
particularly paid to the coastal development regulation in disaster
risk management and control. Understanding and identifying the
populations vulnerable to natural hazard risks can improve future
mitigation measures and reduce potential impacts of
natural disasters.

4.3 Implications for coastal management

By providing a relative ranking of coastal areas in terms of CVI,
the outcome of this study can be used by the coastal managers to
define and prioritize risk management and adaptation measures.
First, banning destructive economic activities and coastal
development can improve the restoration of coastal natural
habitats in the SCBHS. Second, man-made engineering structures,
such as sea dikes, breakwaters, and spur dams, should be
constructed along the western coast of the Laizhou Bay. For the
CVI assessment model, dams are undoubtedly stronger for
the resistance to marine hazards than rocks and high cliffs. Third,
the coastal projects should be regulated to cause minimum changes
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in tidal regime and thus lower flood risk. Importantly, the most
stringent management and control measures should be
implemented on reclamation projects in the future.

By providing a relative ranking of coastal areas in terms of
the SoV1, the outcome of this study can be used by the coastal
managers to understand the underlying social, economic, and
political context, and consequently address the factors that
increase risk and vulnerability of the area. Based on the
regional assessment, special attentions should be paid to the
most vulnerable study units including Yantai City and Weifang
City, as well as the identification of the driven indexes of the
social vulnerability. By gradually bridging the gap between rural
and urban areas in income, social and medical service levels,
overall societal vulnerability is likely to be reduced (Chen
et al., 2014).

5 Conclusion

Our study has made the following contributions: 1) An
InVEST coastal vulnerability model including the influences of
human activities is put forward; 2) the changes in coastline and
hydrodynamics caused by reclamations are integrated into the
model. 3) The spatial interactions between natural hazards and
social vulnerability in the south coast of Bohai Sea are revealed.

The comprehensive evaluation of the vulnerability of SCBHS
suggests that: 1) Coastal reclamation changes the coastline
position and alters marine hydrodynamics, which influences
the CVI; 2) The rapid coastal urbanization increases the artificial
landscape area and causes high HAIs, which results in
irreversible natural-hazard risks and thus increases the CVI; 3)
The spatial distributions of HAI and SoVT obtained in this study
can help to identify the critical locations where natural hazards
related disasters likely occur and potentially cause great losses in
the future.
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