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Abstract: Monitoring shoreline movements is essential for understanding the impact of anthropogenic
activities and climate change on the coastal zone dynamics. The use of remote sensing allows for large-
scale spatial and temporal studies to better comprehend current trends. This study used Landsat 5
(TM), Landsat 8 (OLI), and Sentinel-2 (MSI) remote sensing images, together with the Otsu algorithm,
marching squares algorithm, and tidal correction algorithm, to extract and correct the coastline
positions of the east coast of Laizhou Bay in China from 1984 to 2022. The results indicate that 89.63%
of the extracted shoreline segments have an error less than 30 m compared to the manually drawn
coastline. The total length of the coastline increased from 166.90 km to 364.20 km, throughout the
observation period, with a length change intensity (LCI) of 3.11% due to the development of coastal
protection and engineering structures for human activities. The anthropization led to a decrease in
the natural coastline from 83.33% to 13.89% and a continuous increase in the diversity and human
use of the coastline. In particular, the index of coastline diversity (ICTD) and the index of coastline
utilization degree (ICUD) increased from 0.39 to 0.79, and from 153.30 to 390.37, respectively. Over
70% of the sandy beaches experienced erosional processes. The shoreline erosion calculated using
the end point rate (EPR) and the linear regression rate (LRR) is 79.54% and 85.58%, respectively. The
fractal dimension of the coastline shows an increasing trend and is positively correlated with human
activities. Coastline changes are primarily attributed to interventions such as land reclamation,
aquaculture development, and port construction resulting in the creation of 10,000.20 hectares of new
coastal areas. Finally, the use of Kalman filtering for the first time made it possible to predict that
approximately 84.58% of the sandy coastline will be eroded to varying degrees by 2032. The research
results can provide valuable reference for the scientific planning and rational utilization of resources
on the eastern coast of Laizhou Bay.

Keywords: spatiotemporal changes; coastal erosion; shoreline extraction; DSAS; Google Earth Engine;
Laizhou Bay

1. Introduction

Global land- and ocean-dominated natural and induced processes combine and in-
teract in the transition zone between the land and the sea. The reaction to this interaction
is reflected in the long- and short-term changes in the coastline [1]. Climate change and
human activities make coastal areas increasingly vulnerable to flooding and coastal erosion,
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with significant impacts on socio-economic conditions [2,3], ecosystem degradation [4-6],
the ecological environment [7-9], and landscape changes [10-12]. In coastal planning
and management, the monitoring and prediction of coastline changes are of great impor-
tance [13-16], as they help understand processes such as erosion, sedimentation, and sea
level rise and make decisions [17,18].

Over the last decade, significant progress has been made in the field of remote sensing
(RS) [19] thanks to the continuous availability of new platforms equipped with various
sensors, the development of new algorithms for data processing and the support of in-
creasingly powerful geographic information systems (GIS), cloud platforms, and machine
learning techniques. Studies of coastal areas have benefited greatly from RS, especially
those focusing on coastline dynamics, because of the advantages of more continuous data
coverage, high accuracy, near real time data availability, and cost-effectiveness [20-23].

As a cloud platform, Google Earth Engine (GEE) provides developers with extensive
data resources and powerful computational capabilities, as well as flexible tools for data
analysis and visualization. The use of Google Earth Engine (GEE) is a good compromise in
terms of long time series data, accuracy and resolution, and revisiting time for monitoring
coastal changes with large coverage. As a result, an increasing number of people are using
GEE to monitor long-term changes in coastlines [21,24-26].

Laizhou Bay, which lies south of the Bohai Sea and on the northern side of the Shan-
dong Peninsula, is part of China’s Bohai Sea Economic Rim. Previous studies on this region
have shown that Laizhou Bay has undergone significant coastal changes over the last half
century. These changes are mainly due to human activities, such as land reclamation, aqua-
culture development, and beach sand mining [27-29], resulting in a decrease of 1253.2 km?
in the marine area, which mainly occurred in the last 40 years [27]. Specifically, the eastern
part of Laizhou Bay, which is largely characterized by a sandy coastline, has suffered severe
erosion. In contrast, the western part at the mouth of the Yellow River, mostly formed by a
muddy coast, no recognizable changes in the shoreline have been revealed [27,30]. Most
previous studies relied mainly on the visual interpretation of the coastline extraction, or
considered the instantaneous waterline shown on satellite images as the actual position of
the coastline, and no results on long-term coastal changes were presented [27].

The aim of this study is to take a step forward in the long-term analysis of the spa-
tiotemporal characteristics of coastline changes and the associated driving forces on the
eastern coast of Laizhou Bay. An automated procedure was developed to extract and
correct the positions of the coastline based on nine satellite images spanning from 1984 to
2022 and available from GEE. The modified normalized difference water index (MDNWI)
combined with the Otsu method was used together with a tidal model. The integrated
analysis of the coastline changes was based on calculating specific indices, while Kalman
filtering [31,32], applied here for the first time, was used to predict the coastline change for
the year 2032. To summarize, compared to previous studies, here we used a large dataset of
RS images, new coastline extraction methods achieving relatively low errors, and Kalman
filtering to predict the evolution of the sandy coastline. This enabled us to analyze this
region more comprehensively than before.

2. Materials and Methods
2.1. Study Area

The study area is the eastern part of Laizhou Bay, which is located northwest of the
Shandong Peninsula, south of the Bohai Sea (37°11'23"N to 37°41'54"N and 119°44/58"E to
120°20'08"E). More precisely, it is the coastline that stretches from northeast to southwest,
between Qimu Island and Hutouya. Qimu Island is a sandy spit of land bordering the
northern part of Longkou Bay and the Longkou Artificial Island (Yantai Province). Sanshan
Island and Diaolongju are in the middle of the study area. The most important watercourses
flowing directly into the coastal section under investigation are the Wang and Jie rivers.
In addition, there is the Yellow River, which, although its mouth is in the west, influences
the southern part of the studied coast. The coastal strip from Qimu Island to Diaolongju
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consists mainly of sandy beaches characterized by the upper modern deposits of a yellow-
brown alluvial fine sand layer and lower lagoon facies of yellow-green and dark gray fine
sand, silt, and clay layers (Figure 1).
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Figure 1. Regional framework of the study area: (a) Bohai Bay and Shandong Province; (b) Laizhou
Bay and Yantai. (c) The analyzed coastline.

The study area is characterized by an irregular mixed semi-diurnal tide. The residual
currents near Longkou Bay and Sanshan Island have velocities between 0.01 and 0.03 m/s.
The distribution of residual currents is generally consistent with the distribution of tidal
currents. In the sector of Longkou Bay (Longkou Wave Observation Station), the strong
wind directions in the region are NNE and NE, with a maximum wind speed of 20 m/s.
The prevailing wind direction is south, with a frequency of 15%. The wind waves are 90%
with a predominant NE direction, an average wave height of 0.6 m (height 7.2 m), and a
frequency of 14%. In the Sanshan sector (Sanshan Island Wave Observation Station) wind
waves predominate with a predominant NNE direction, an average wave height of 1.3 m
(maximum height 3.9 m), and a frequency of 11%.

2.2. Data Sources

The remote sensing data sets originate from GEE and comprise the atmospherically
corrected TOA (top of atmosphere) data from the Landsat 5 (TM), Landsat 8 (OLI), and
Sentinel-2 (MSI) sensors. An interval of five years was chosen between the satellite images,
except for 2012, which was replaced by 2011 due to the lack of Landsat images. Specifically,
the selected images refer to the years 1984, 1987, 1992, 1997, 2002, 2007, 2011, 2017, and 2022.
The criteria for image selection were primarily low cloud coverage and clear land-water
boundaries. The CoastSat toolkit was used to calculate the percentage of cloud cover
and to filter the images with a threshold of 5% [33]. The visible bands (red, green, blue),
the near-infrared band (NIR), and the shortwave infrared band (SWIR 1) were used for
shoreline extraction and the “min_size” value in CoastSat was adjusted to maximize the
selection of original images that meet the criteria. Landsat 5 images with 30 m resolution
were upsampled to 15 m by bilinear interpolation. A data fusion method based on the
principal component was used for Landsat 8 (OLI) images. The multispectral bands with a
resolution of 30 m were upsampled to 15 m using the panchromatic 15 m band [34]. For the
Sentinel-2 images, the 20 m SWIR 1 bands was upsampled to 10 m resolution by bilinear
interpolation.
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The yearbooks of the local authorities of the surrounding towns, such as sand mining,
land use, coastal engineering development, and economic information, were used to
analyze the causes of the changes in the coastline.

2.3. Extraction of the Coastline Position

The modified normalized difference water index (MNDWI) [35] in combination with
the Otsu algorithm [36] is used to extract the instantaneous waterline. The mathematical
expression is:

MNDWI = LGreen — LMIR, 1)
LGreen + LmIr
where Lg,e.;, and Lyjjg represent the pixel brightness values in the green and mid-infrared
(MIR) bands, respectively. The shortwave infrared 1 (SWIR1) band is used to correspond to
the MIR band. For water bodies, their MNDWI values are generally greater than 1, and for
non-water bodies, they are less than 1.

Using the Otsu algorithm and combining it with the water and non-water grid gener-
ated by a neural network model, we obtain the optimal segmentation threshold for water
and non-water on the MNDWI image. Once the threshold for segmentation is determined,
the marching squares algorithm is used to extract the contour line corresponding to this
threshold on the MNDWI image under the subpixel resolution. This contour line represents
the instantaneous water boundary in the remote sensing image [33,37].

The extracted shoreline position represents the instantaneous water boundary recorded
by the satellite sensor and not the actual coastline at the MHWL, i.e., the intersection of the
plane of the MHW tidal datum with the shore. Therefore, a tidal correction is performed to
determine the actual coastline position (Figure 2).

Mean High Water Mark
(Lhign)

(b)

Figure 2. (a) Tidal correction schematic diagram: L; and L, represent the instantaneous water
boundary extracted at two different time points and Li;gp, is the position of the average high tide line,
H;, Hp, and Hhigh refer to the corresponding tide levels for Ly, Ly, and Lhighr 0 is the slope angle of
the beach. Al is tidal range. Al is vertical distance; (b) schematic diagram of the coastline correction
process (The bottom image shows the image of Sentinel-2 in 2022).

According to the tidal range Ahy and Ahy, as well as the vertical distance Al between
the two instantaneous coastlines, the correction distance Al; is calculated as:
Ahy

All = Alz X A_hz (2)
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Due to the lack of long-term tidal measurements, the Finite Element Solution 2014
global tidal model (FES2014) [38] is used to simulate tidal data per 15-min interval from
1984 to 2022. FES2014 provided the values of Hy and Hj. The high water levels during each
spring tide period (with the largest tidal range) for three consecutive days and calculated
their average value, which was taken as the Hy;g, value. To ensure the accuracy of the
coastline extraction, the study area was divided into 6 subregions. A total of 1300 available
remote sensing images were selected. For each year’s coastline, two images with significant
tidal differences within the same month or in neighboring months were selected to reduce
the effects of seasonal variations and errors caused by image quality.

2.4. Shoreline Classification

Considering the actual situation of the study area and the technical regulations for
coastal surveying and mapping under the Special Marine Comprehensive Survey Project
(Project 908), the shoreline was divided into three primary and nine secondary categories
(Table 1) based on visual interpretation.

Table 1. Classification of shorelines and their intensity index.

Primary Classification Secondary Classification Intensity Index

—_

sandy coastline
natural coastline bedrock coastline
silty coastline

construction of embankments
harbor and wharf
artificial coastline aquaculture embankments
groynes
artificial islands

N |G Wk =

estuarine coastline estuary surface

For the subsequent analysis of the driving forces, different intensity indices are as-
signed to different types of coastlines. The intensity index for natural coastline is set to
1. Due to its uniqueness, the estuarine surface is distinguished from natural shorelines
and set to 2. Aquaculture embankments, which have a relatively low impact on ecological
changes, are set to 3. The construction of embankments and groynes are set to 4. Harbors,
wharfs, and artificial islands, due to their construction often involving land reclamation
and significant ecological impacts over a large area, are set to 5 (Table 1).

2.5. Coastline Diversity

The diversity of coastline development patterns can be assessed by the ICTD (index of
coastline type diversity) [39]:

ICTD=1-Y" 1%/ (Zle Li)z ICTD € (0,1), 3)

where n represents the number of coastline types at Laizhou Bay and L; is the coastline
length of type i.

An ICTD value close to 0 indicates the presence of a single coastline type, whereas
values close to 1 mean that the coastline types are complex, and the diversity is high. The
ICTD is low if there are fewer coastline types and if the percentage of the length of one
coastline type is significantly greater than that of the others.

This study combines the number and length of coastline types in the Laizhou Bay
region for each corresponding year to analyze the changing trends and reasons for the ICTD.
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2.6. Coastline Changes

Length change intensity (LCI), end point rate (EPR), and linear regression rate (LRR)
represent the coastline changes [40-42].

The LCl is the annual average percentage change in the length of the coastline within
a certain period. The mathematical expression is:

Li—L

K = LGy

(4)
where LCI;; represents the intensity of coastline length change from year i to year j, L; and
L; are represents the coastline length in year i, and in year j, respectively. The closer the LCI
value is to 0, the lower the intensity of shoreline length change. A positive and negative
LCI indicate an increase and decrease in coastline length, respectively.

EPR and LRR are calculated through digital shoreline analysis system (DSAS) [43].
The EPR is calculated by dividing the distance the coastline has moved by the time between
the most recent and the oldest coastlines. The mathematical expression of EPR is:

Dy — ij

EPRyij) =~ (5)

where EPR,,(; ) represents the end point rate of shoreline changes from profile i to j. Dy,
and D,;; are the distances between the intersection points of the shoreline and profile at
time i and time j, respectively, with respect to the baseline. T,,(; i represents the time
interval between time i and time ;.

The LRR is calculated by linear regression using the least squares method, fitting a line
to the intersection points of the profile line and the shoreline. The slope of the fitted line
represents the LRR of the shoreline at that location. The mathematical expression of LRR is:

Y = amx + by, (6)
by — nyy xiyi — i Xk Vi 7)
2 4
nyf xf — (L i)
Yy — XY Xy
- 2
nyxf — (L xi)
where a,, represents the slope of the regression line for the intersection points on the
mth profile, by, is the intercept of the regression line for the intersection points, x; is the
x-coordinate value of the intersection point on the m profile at moment i, y; is the distance
between the intersection point and the baseline on the m’th profile at moment i (y-coordinate

value), and n represents the number of intersection points between the profile and the
shoreline.

(8)

am

2.7. Coastline Utilization

The degree of utilization can simply and effectively reflect the degree of impact of
human activities on the ecological landscape, with utilization gradually increasing. The
index of coastline utilization degree (ICUD) [44] is a comprehensive index that measures
the extent of coastline utilization. Assigning different indices of human activity intensity to
different coastal segments (Table 1). The mathematical expression of ICUD is:

ICUD =Y " | (A; x C;) x 100, ©9)

where A; represents the human impact intensity index of category i utilization, C; represents
the length percentage of category i utilization, and n represents the total number of shoreline
types. A higher ICUD value indicates a higher level of human impact on the shoreline.
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2.8. Coastline Complexity

The fractal dimension of a coastline refers to the length of the coastline and does not
change with scale. It can reflect the degree of curvature and complexity of the coastline [45].
A higher fractal dimension indicates a higher degree of curvature and complexity of the
coastline and can also reflect the intensity of human modification or the erosion and
sedimentation status of the coastline. This study uses the grid method to calculate the
fractal dimension of the coastline. The basic idea of the grid method is to cover the coastline
with nonoverlapping square grids of different lengths. As the length of the grid square,
denoted as r, changes, the number of grid squares N(r) covering the entire coastline changes
accordingly. The relationship between them is:

N(r) cr7P, (10)
taking the logarithm of both sides of the equation:
InN(r) = —Dinr + A, (11)

where A is an unknown constant, and D is the measured fractal dimension of the coastline.
A higher value for fractal dimension indicates a more complex shape of the coastline. Grid
lengths from 10 m to 90 m are used in this study, with increments of 10 m. A total of 9 grid
length indices was obtained for the corresponding grid lengths and the number of grids.
The least squares method was employed for fitting and regression analysis to calculate the
fractal dimension.

2.9. Prediction of Shoreline Evolution

A Kalman filter [31,32] was used to predict the future evolution of the shoreline by 2032
combining the observed shoreline with the modelled shoreline. The prediction recursion
equations of the Kalman filter are generally derived using the orthogonal projection theorem
and mathematical induction [46]:

X(k+1lk+1) = &(k+1,k) X (k|k)+

K(k+1)[Z(k+1) — H(k+1)®(k + 1, k)X (k[k)], (12)

P(k+1|k)HT (k+1)
(k+1)P(k+1]k)HT (k+1)+ R(k+1)’

P(k+1Jk) = &(k+1,k)P(k|k) T (k+1,k) + T(k+1/k)Q(k) I'T (k+1,k), (14)
P(k+1k+1) = [ — K(k+1)H(k +1)]P(K + 1]k), (15)

(13)

K(k+1) = —

where X (k + 1|k + 1) represents the state estimate at time k + 1. The Kalman gain matrix
at time k + 1 is denoted by K(k + 1). The state transfer matrix from time k to k + 1 is
denoted by @(k + 1, k). The incentive transfer matrix from time k to k + 1 is denoted by
I'(k + 1|k). The one-step ahead prediction error covariance matrix from time k to time k + 1
is denoted by P(k + 1|k). The error covariance matrix of the filtering prediction at time k + 1
is represented by matrix P(k + 1|k + 1). Q(k) is the covariance matrix of the p-dimensional
system noise vector, while R(k) is the covariance matrix of the m-dimensional measurement
noise vector. “I” refers to the identity matrix.

The main steps for running a Kalman filter for shoreline prediction are as follows: From
the earliest observed coastline, predict the position of the coastline for each subsequent
time step until the next observed coastline is encountered. Whenever an observed coastline
is encountered, the Kalman filter updates the velocity and uncertainty, aiming to minimize
the error between the modelled coastline position and the observed coastline position. This
helps to improve the accuracy of the predictions. After updating the velocity, the Kalman
filter uses it to predict the position of the coastline for each subsequent time step until it
encounters the next observed coastline. At that point, the new data is assimilated into the
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model once again. This process is repeated until the desired forecast date is reached. The
Kalman filter allows the rate of change of the coastline to vary over time, resulting in a
better simulation and prediction of the coastline. It helps to distinguish the differences
from long-term linear regression.

3. Results
3.1. Coastline Accuracy Analysis

The accuracy of the positions of the extracted coastlines was assessed using a buffer
analysis and an overlay analysis against the existing publicly available coastline dataset
(EPACD) [22]. Buffers of 10 m, 15 m, 30 m, and 60 m were used to calculate the length of
the extracted coastlines that fell within the buffer zones.

The global multiple scale shorelines dataset based on Google Earth Images 2015 (2015-
Liu) [47], which includes the highest spatial resolution (<10 m) remote sensing images,
was used to compare the shoreline automatically extracted in 2017. Validation results
showed that 28.11% of the extracted shorelines have an error of <10 m, 21.63% an error
of 10-15 m, 39.89% an error of 15-30 m, and 7.76% an error of 30-60 m. Only for 2.61%
of the extracted shoreline did the error exceed 60 m (Figure 3). This indicates that the
shoreline extracted using this method has good accuracy and can be used to analyze the
spatiotemporal changes in the eastern shoreline of Laizhou Bay.

380.419 776% 201%

350.085
194325 ‘
I 10.176
|

<10m

® 10m #10-15m = 15-30m
30-60m ®=>60m

<15m <30m <60m >60m

(a) (b)

Figure 3. Results of the accuracy assessment of the extracted shorelines: (a) length of overlap in
different buffer zone ranges; (b) proportion of overlap length.

3.2. Analysis of Spatio-Temporal Changes in the Coastline

The extracted shorelines from nine periods were classified according to the classifi-
cation criteria in Table 1. The lengths of the different types of the shorelines were then
calculated for each corresponding year, resulting in the spatiotemporal distribution char-
acteristics of shoreline types in the different periods (Figure 4). The results show that the
shoreline length on the eastern coast of Laizhou Bay generally increased from 166.90 km to
364.20 km, between 1984 and 2022. The total length of natural shorelines shows a decreasing
trend by 63.62% from 139.09 km in 1984 to 50.60 km in 2022. On the other hand, the total
length of artificial shorelines increased by 1024.82% from 27.81 km in 1984 to 313.60 km
in 2022.
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Figure 4. The spatiotemporal changes in the nine shoreline types between 1984 and 2022.

The presence of artificial coastal structures such as harbors, wharfs, and the construc-
tion of embankments, aquaculture embankments, and artificial islands have increased over
the last 40 years.

An important growth has been seen in the last decade with the construction of the
artificial island of Longkou, which began in 2011. The length of the new harbor and wharf
increased from 12.22 km in 1984 to 98.45 km in 2022, an increase of 705.37%. The overall
length of the outer edge of the Longkou Artificial Island increased from 86.18 km in 2011 to
106.08 km in 2017. In 2022, when the area was still under construction, the length of the
artificial structures was reduced to 88.61 km due to reclamation activities.

The construction of embankments, mostly in Longkou Bay, Sanshan Island, and Shihu
Mouth, have also increased by 444.44%, with the length increasing from 9.09 km in 1984 to
49.51 km in 2022.

The aquaculture areas, which are mainly located near Diaolongju, have led to an
increase in the length of the embankments by 1015.63%, i.e., from 6.29 km in 1984 to
70.15 km in 2022. The construction of artificial groynes near residential areas from Longkou
City to Sanshan Island became more frequent after 2007, and their development increased
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100%

from a total length of 1.11 km in 2007 to 12.22 km in 2017, with a reduction to 6.8 km in 2022.
Finally, the coastline of estuaries has remained fairly constant and has changed significantly
less compared to the other coastal types.

The overall distribution of the nine coastline types has changed considerably between
1984 and 2022 and the ICTD trend has increased (Figure 5). In the period 1984-1997, the
proportion of sandy coasts, which almost always represents natural beaches, exceeded 50%,
and human activities were relatively limited, resulting in a lower ICTD level. Over time,
human activities increased, leading to a strong diversification of coastline types, with the
proportions of various coastline types becoming more balanced and resulting in a gradual
increase in ICTD.

0.9

Estuary surface
0.8 Silty coastline
7 0% |
I Bedrock coastline
X E 0.7 Sandy coastline
D 60%
2 [a) Groyne
z 0.6 &
o = Artificial islands
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B 200 |
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Figure 5. Evolution of the percentages of the nine coastlines types from 1984 to 2022 and its relation-
ship with the ICTD.
3.3. Analysis of Coastline Change Rate
Looking at each of the nine intervals and for each of the nine coastline types, the LCI
shows considerable variability between 1984 and 2022 (Table 2). The lowest change in
coastlines relates to the period 1987-1992 with a LCI value of —0.31%, while the highest
value is between 2007 and 2011, resulting in a LCI value of 17.24%. The LCI calculated for
all shorelines and for the entire period 1982-2022 is 3.11%.
Table 2. Length change intensity of different types of coastlines from 1984 to 2022.
LCI/%
Time
Period All Aquaculture Construction of Harbor Estuary Sandy Silty Bedrock Grovne Artificial
Shorelines Embankments Embankments and Wharf Surface Coastline Coastline Coastline Y Islands
1984-1987 0.45 27.68 11.36 16.34 120.29 —3.48 3.40 —1.02
1987-1992 -0.31 22.32 271 2.97 -17.27 —2.87 ~5.86 0.33
1992-1997 0.25 0.46 6.49 10.33 —448 ~1.64 ~20.00 3.50
1997-2002 1.66 6.45 12.96 5.56 28.10 -3.25 —2.81
2002-2007 2.71 3.23 6.90 9.42 —5.89 —2.83 —0.92 58.68
2007-2011 17.24 8.3 1.95 16.96 4133 -2.22 —25.00 183.76
2011-2017 1.78 5.77 2.38 —0.70 -9.37 ~1.80 5.36 3.85
2017-2022 -1.21 0.44 -0.22 0.53 ~12.28 ~147 -0.03 ~8.86 -3.29
1984-2022 3.11 26.73 11.70 18.56 ~1.65 -1.63 -217

The LCI for the costal type with aquaculture embankments is 26.73% for the entire
period 1984-2022. The highest value of 27.68% and the lowest of 0.46% relate to the periods
1984-1987 and 1992-1997, respectively. The LCI calculated between 1984 and 2022 for the
coastal type with harbors and wharfs is 18.56%. The highest value of 16.96% refers to
the period 2007-2011 and the lowest of 0.53% to the period 2017-2022. The coastal type
protected by the construction of embankments has an LCI of 11.70% for 1984-2022. The
highest LCl is for the period 1997-2002 with a value of 12.96% and the lowest for 2017-2022
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with a value of —0.22%. The LCI for the coastal type with artificial islands is 3.85% for the
period 2011-2017 and —3.29% for the subsequent period 2017-2022.

From 1984 to 2022, the LCI for sandy coastlines was consistently negative, with the
greatest change occurring from 1984 to 1987 at —3.48%, and the smallest change from 2017
to 2022 at —1.47%. For silty coastline and bedrock coastline, the LCI was calculated only
on the basis of the duration of their existence. The proportion of estuaries and groynes is
relatively small, and their extent is correspondingly small.

Since the proportion of sandy coasts in the natural coastlines exceeds 90% each time,
the accumulation and erosion processes on sandy shorelines were analyzed using EPR and
LRR as key indicators of these processes to understand the development of sandy coasts.

By setting baselines and transects using DSAS, with a transect interval of 100 m, the
EPRs of sandy beaches were calculated in each of the nine periods (Figure 6). Positive and
negative EPR values indicate that the sandy shoreline experienced accretion and erosion,
respectively, while zero values indicate that no changes have taken place. The average EPR
value at the intersection of all profile lines was calculated to reflect the overall change rate
of the sandy shoreline during the specified period. The same method was used to calculate
the LRR of sandy beaches overall from 1984 to 2022 (Figure 7).
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Figure 6. The EPR of the sandy shoreline from 1984 to 2022 in the (a) northern, (b) central, (c) southern
of the survey area, and (d) rate of change (m-a~1).

The results indicate that 79.54% of the sandy shoreline segments were affected by
erosion between 1984-2022, while only 20.08% experienced accretion (Table 3) and 0.38%
of them showed no significant change. The average erosion rate is —1.34 m-a~!, while
the average accretion rate is 1.20 m-a~—!'. The most severe period of erosion took place
between 1997 and 2002, when 79.88% of the sandy coastline segments were affected. In the
last decade, the construction of groynes has effectively mitigated erosion along the sandy
shoreline, resulting in a transition from strong erosion to accretion in the surrounding
sandy shoreline segments. Between 2017 and 2022, the percentage of accretion segments in
the sandy shoreline reached 74%, which was significantly higher than that in other time
periods (Table 3).
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Figure 7. The LRR of the sandy shoreline from 1984 to 2022 in the (a) northern, (b) central, (c) southern
of the survey area, and (d) rate of change (m-a~1).

Table 3. EPR and LRR of the sandy shoreline from 1984 to 2022.

Sedimentation Rate/(m-a~71) Erosion Rate/(m-a~?) Unchanged
ame Number of Standard P ti Mini Standard P ti P ti

Period Profiles  Maximum Average Median Deirl;atagm 1'0};00/: lon 1\1;;11: :m Average Median DeavI;ataifm I‘OP/OO/:‘ ton r°173/: ton
1984-1987 933 27.22 8.11 7.35 5.26 71.28 —21.46 —6.94 —6.05 4.83 28.72 0.00
1987-1992 893 21.69 6.13 4.30 5.07 39.87 —18.81 —5.09 —4.43 3.66 59.80 0.33
1992-1997 820 36.39 5.00 3.67 5.00 57.07 —14.03 -3.21 —2.49 2.68 4293 0.00
1997-2002 691 27.80 3.62 2.19 5.03 20.12 —26.63 —4.48 —3.88 3.21 79.88 0.00
EPR  2002-2007 634 8.61 2.11 1.69 1.66 36.75 —15.42 -3.39 —3.00 2.63 63.25 0.00
2007-2011 497 14.76 2.77 2.16 271 23.34 —29.25 —6.09 —4.77 528 76.66 0.00
2011-2017 476 25.85 3.71 243 412 25.84 -19.3 —4.94 —4.54 3.36 74.16 0.00
2017-2022 504 27.71 2.63 2.10 227 74.00 —6.02 —1.64 -1.25 1.45 25.60 0.40
1984-2022 513 4.05 1.20 0.71 1.05 20.08 —5.06 —1.34 -1.19 0.89 79.54 0.38
LRR 1984-2022 513 4.13 1.50 1.33 1.10 14.42 —5.34 —1.56 —14 1.00 85.58 0.00

The LRR results show that 85.58% of the sandy coastline segments experienced erosion
between 1984 and 2022, while only 14.42% of the sandy coastline segments accreted.
The average erosion rate is 1.56 m-a~!, while the average accretion rate is 1.50 m-a~!.
Compared to the EPR, the LRR statistics show a higher percentage of sandy coastline

segments experiencing erosion and a larger average erosion rate (Table 3).

3.4. Spatiotemporal Characteristics of the Fractal Dimension

The measure of the degree of geometric irregularity present in the coastline is assessed
using fractal dimensions for the nine intervals. The highest fractal dimension is 1.0322 and
refers to 2017, while the lowest is 1.0072 for 1992. The largest difference in coastline fractal
dimensions is between 2011 and 2017, with a difference of 0.01. The smallest difference
results pertain to the period of 1984-1987, with a difference of 0.0009. The linear regression
between the length of the coastline and the fractal dimension (Figure 8) highlights a
significant positive correlation with Pearson’s r value of 0.971.
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Figure 8. Analysis of the linear fit of shoreline length to fractal dimension.

Different types of coastlines have their own characteristics in terms of fractal dimen-
sions. Rocky coastlines are the most irregular and have relatively high fractal dimensions.
Artificial coastlines exhibit a regular pattern of bending over a large scale and straight lines
over a small scale, with fractal dimensions lower than those of rocky coastlines. Sandy
coastlines are generally formed by the accumulation of weathered small particles and
exhibit slight curvatures but no prominent irregularities, resulting in the lowest fractal
dimensions.

Since the study focuses mainly on sandy and artificial coasts, the variation in fractal
dimensions reflects to some extent the changes in the length ratio of these two types of
coastlines over time. Periods with significant changes in fractal dimensions correspond
to periods of intense human activity that altered the natural morphology of the coastlines,
resulting in new, more complex, and intricate coastlines. This lead to an increase or decrease
in fractal dimensions, which is consistent with the mathematical definition of the fractal
dimension.

3.5. Analysis of the Reasons for Coastline Changes

The 1984 and 2022 coastlines were compared, and the differences were interpreted
and classified using remote sensing images (Figure 9). The results show that the eastern
coastline of Laizhou Bay gained a land area of 12,025.42 hectares and experienced erosion
of 261.21 hectares from 1984 to 2022. The anthropogenic factors that have contributed to
the coastal changes between 1984 and 2022 include the construction of artificial islands,
aquaculture facilities, ports, coastal sand mining, and other development projects. Natural
factors include sea level changes and a decrease in sediment supply from rivers.

The coastlines of Longkou city, Sanshan Island, and the Diaolongju area have been sig-
nificantly impacted by human activities. The construction of artificial islands, aquaculture
embankments, and harbors have contributed most to the changes in the coastlines. From
1984 to 2022, these activities added 5802.73 hectares, 2846.27 hectares, and 1985.63 hectares,
accounting for 47.04%, 23.07%, and 16.10% of the total changes, respectively. The increased
construction land is mainly concentrated in Longkou City, with an additional area of
1351.20 hectares, accounting for 10.95% of the total changes. The newly added area of
groynes is 49.67 hectares, accounting for 0.4% of the total area. The area from the Jie Reiver
to Sanshan Island is mainly characterized by natural coastline. In this region, the coastline
is experiencing natural erosion and deposition. From 1984 to 2022, the total area of erosion
is 261.21 hectares, while the total area of deposition is 39.60 hectares, accounting for 2.12%
and 0.32%, respectively (Table 4).
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Figure 9. Coastal land-sea changes along the eastern coast of the Laizhou Bay from 1984 to 2022 (the
background is a Sentinel-2 images from 2022).

Table 4. Coastal change types from 1984 to 2022.

Human Activities Natural Activities
Type Artificial Aquaculture  Harborand  Construction Grovne Erosion Accumulation
Islands Water Bodies Wharf Land y
area/ha 5802.73 2846.27 1985.63 1351.20 49.67 261.21 39.60
percentage/ % 47.04 23.07 16.10 10.95 0.40 2.12 0.32

The ICUD, which reflects the intensity of human activity development at different
times (Figure 10), shows a consistent increase from 1984 to 2022, which was slow from
1984 to 2007 and fast between 2007 and 2011, while remaining relatively stable since 2011.
Coastal aquaculture, port terminals, and other coastal activities have caused the coastline
to expand unnaturally towards the sea. The speed and intensity of coastline changes are
also much greater than natural shoreline development. Morphological changes in the
coasts impacted by human activities have gone hand in hand with the socio-economic
development of the surrounding cities.
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Figure 10. Evolution of the percentage of the nine coastline types from 1984 to 2022 and its relationship
with ICUD by time from 1984 to 2022.

3.6. Prediction of Coastline Evolution

The data from the seven periods between 1984 and 2011 were imported into the
Kalman filter and used to predict the variation in the sandy shore segment in the central
sector of the study area in 2021. The predicted shoreline for 2021 was compared with the
actual extracted shoreline for 2021 in the format given in Section 3.1 to validate the accuracy
of the model’s prediction. The results indicate that the percentage of shoreline predictions
within a deviation range of less than 60 m from the actual measured shoreline is 94.31%.
The percentage within 30 m is 59.72%, within 15 m is 28.93%, and within 10 m is 18.51%.

The 9-period coastline and its linear regression rate between 1984 and 2022 were used
as the input data for initializing the Kalman filter. The predicted positions of the sandy
coastline segments in 2023 are shown in Figure 11. Erosion and deposition between 2022
and 2032 were calculated for 1699 profiles positioned at 30 m intervals between the two
coastlines. By 2032, 1437 profiles located in sandy coastline sections will be affected by
erosion, which corresponds to 84.58% of the total number. The average erosion rate is
—2.53 m-a~!. Only 262 profile lines highlight sand sedimentation, accounting for 15.32% of
the total. The average sedimentation rate is 2.66 m-a~!.

According to the prediction for 2032, the area from Longkou Artificial Island to
Sanshan Island will be affected by significant erosion. This erosion is expected to be most
severe on both sides of the Jie River, with an average coastline retreat of 90 m along the
coastline. The southeastern section of Shihu Mouth will also be affected by significant
erosion, and it is predicted that the coastline will retreat by 50 m between 2022 and 2032.
The construction of the new harbor on Longkou Island, which changed the hydrodynamic
conditions of the surrounding waters, will lead to significant erosion on the southwest
side of the harbor. Relatively weak erosion is expected on the sandy shoreline on the right
side of Qimu Island, as human activities in this area are relatively low and the coastline is
less developed compared to other areas. From Diaolongju to Sanshan Island in the east,
future changes to the coastline are expected to be relatively small. In particular, the sandy
shoreline near Diaolongju will experience varying degrees of sedimentation in the next
10 years. This could be due to the presence of aquaculture ponds on the left side of this
shoreline.

The erosion intensity of the shoreline increases towards Sanshan Island. The southern
bank of the Wang River will experience the most severe erosion in the next 10 years. This
can be attributed to the nearest coastal villages and towns, leading to frequent human
activities. In addition, the construction of the Sanshan Island port has changed the direction
of coastal currents and reduced the balance of sediment supply in the surrounding waters.
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Figure 11. Prediction of the sandy coastline evolution in 2032 for (a) Shihu Mouth, (b) Longkou
Artificial Island, (c¢) Sanshan Island.

4. Discussion

In recent decades, many studies have addressed the environmental consequences of
the rapid economic development of Laizhou Bay, most of them focusing on the problems
of pollution and hydrogeological hazards [48-50]. The research on the changes in shoreline
morphology lacks uniform standards for shoreline extraction, and the observation period
is relatively short [27-29].

This study adopts a novel approach that captures shoreline changes at a regional scale
and with high frequency during a long-term observation period. Impressive changes have
been caused by the superimposition of anthropogenic activities and the resulting processes
together with the effects of climate change. From 1984 to 2022, the coastal area of Laizhou
Bay has expanded seaward by 12,025.42 hectares and eroded by 261.21 hectares (Table 4).
These changes were accompanied by an increase of the shoreline length from 166.90 km to
364.20 km. All nine coastal types were affected, albeit to varying degrees, both in terms of
percentage distribution and in the different time periods analyzed.

The expansion of coastal areas and the resulting increase in coastal length are the direct
result of the ongoing anthropization of the Laizhou Bay, which includes the construction
of new ports, wharf, piers, islands, embankments for coastal protection and aquaculture,
and groynes in the Longkou Bay, Sanshan Island, Shihu Mouth, and Diaolongju areas.
This statement is supported by the ICTD (Figure 5) and ICUD (Figure 10), which refer
to the diversity of coast-line development patterns and the intensity of human activity
development. Their quantification makes it clear that the changes on the Laizhou Bay coast
have gone hand in hand with the socio-economic development of the surrounding cities.
After a significant increase until 2011, coastal development remained almost stable until
2022. This status is also support-ed by the analysis of the rate of the change in the coastline
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using the LCI and the analysis of the degree of geometric irregularity using the fractal
dimension that show that both have the highest values between 2007 and 2011 (Table 2).

The new coastal structures altered the hydrodynamic environment of the former
natural marine area, including tidal currents and waves, which disrupted the sediment
balance and triggered erosion or deposition along the coast (Figure 9). The construction
of the Longkou artificial island has resulted in an increase in the current velocity of the
western coastal waters by 0.24-0.46 m/s [51]. A comparison of the coastal section west of
the artificial island before and after construction shows that erosion was more severe than
in previous cases.

The changes in the coastline are also due to the rapid development of coastal reclama-
tion and aquaculture (Figure 9), the latter being driven by robust economic development
and continued population growth [52]. According to the Yantai Statistical Yearbook for
2021, in the 37 years of China’s opening-up from 1985 to 2021, the average growth rates
of primary and secondary industries were 104.7% and 114.1%, respectively, the average
growth rate of aquaculture production was 106.2%, and the average growth rate of port
cargo throughput was 111.2%. Compared to other provinces, Shandong Province exhibits a
higher intensity of coastal land reclamation, with beaches being converted into industrial
and urban land on a large scale [53].

In addition to the causes described above, the changes in the shoreline can also be
partly attributed to changes in sediment transport by the rivers, which are the main source
of sand accumulation on the beaches along the east coast of Laizhou Bay. In the 1950s, the
decline of forest cover on the Jiaozhou Peninsula to only 0.5% promoted the erosion of soil
and topsoil in the upstream regions and the accumulation of sediments in the bay and on
the beaches. The extensive construction of large-scale reservoirs from the 1950s to the 1960s
caused a continuous decrease in sediment transport in the Jie River and has almost come
to a complete standstill. This led to a shift in the balance of sediment supply along the
coastline and triggered an erosion process [54]. The lack of sediment supply is consistent
with the analysis of the coastline (Figure 4). In the period 1987-1992, the maximum retreat
distance of the Jie River Estuary’s shoreline reached an impressive 90.81 m and between
1992 and 1997, the coast reached the maximum retreat of an astounding 181.9 m.

Excessive sand mining on the beaches is another factor that caused the disruption
of the balance of sediment along coastal area and contributes to shoreline erosion in the
eastern coast of Laizhou Bay (Table 3). According to statistics, since 1982, 455 tons of sand
have been mined annually on the Shandong Peninsula since 1982. In 1983, there were
67 large-scale sand mining sites along the coast, with a total sand mining volume of 695 tons
per year. Although laws and regulations have been enacted in the region in recent years
to strengthen ecological protection and promote sustainable economic development in
relation to the extraction of sand and gravel resources, illegal sand mining activities persist.
According to statistics, as of October 2023, there have been 13 cases of illegal sand mining
in Zhaoyuan City (in the central area of the study area), ranking first in Shandong Province.
Beach sand mining not only alters the shape of the beaches, but also increases the depth of
the water in the nearshore, resulting in greater wave energy and increasing erosion.

Sea level rise and land subsidence are both processes that lead to the elevation loss
of the coastal area with respect to the mean sea level. These processes caused an upward
migration of nearshore underwater slopes and increased wave energy and the amount of
sand transported from the beaches into the sea, leading to coastal erosion. The effects of sea
level rise often unfold slowly and persist over a long period of time in the Laizhou Bay [55].
According to the “2022 China sea level bulletin”, the sea level on the Chinese coasts rose at
a rate of 3.5 mm-a~! from 1980 to 2021. In 2022, the sea level was 94 mm higher than the
average year and the Laizhou Bay experienced the highest sea level rise since 1980, with a
deviation of 108 mm from the average. Based on an analysis of the actual morphology of
the beaches on the eastern coast of Laizhou Bay, the estimated shoreline retreat sea level
rise is 45 mm-a~!. Leatherman et al., and a sea level rise of 108 mm would result in an
average shoreline erosion of approximately 16.2 m [56]. Although these data suggest that
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sea level rise does indeed affect the morphology of the eastern coast of Laizhou Bay, leading
to gradual shoreline erosion, it is not the primary driver driving of the shoreline erosion in
this area.

The Kalman filter has shown good applicability in predicting regional coastline
changes by 2032. However, the model did not account for the effects of the expected
relative sea level rise and therefore underestimated erosion. For example, coastal mineral
extraction, aquaculture, and reclamation cause varying degrees of land subsidence, which
can be up to 1-3 cm-a~ ! [57,58]. Liu et al. [59] calculated a sea level rise trend of about
5 mm-a~! (for the period 1980-2015) in Bohai Bay due to global climate change. Therefore,
the erosion of 2.53 m-a~! predicted by 2032, which will affect 84.58% of today’s sandy coast,
will be greater. Note also that sea level rise simultaneously undermines the effectiveness
of seawalls and alters sediment transport along the coasts [59,60]. Appropriate planning
measures will be crucial to mitigate the future erosion of the Laizhou Bay coastline [61,62].

5. Conclusions

This study proposes an innovative approach to studying coastline changes by quanti-
fying a set of morphological indicators at a regional scale and with high temporal frequency
over a long observation period. GEE has been used to extract coastline positions every
5 years from 1984 to 2022 in the eastern coast of Laizhou Bay (China). Impressive changes
have been observed on the coasts, the causes of which are attributed to the overlap of
anthropogenic activities and the induced associated processes with the effects of climate
change. The main conclusions are as follows:

e  The coastal area expanded seaward by 12,025.42 hectares and eroded by 261.21 hectares,
resulting in an increase in coastal length from 166.90 km to 364.20 km. All types
of coasts were affected, although to varying degrees, both in terms of percentage
distribution and over the different time periods analyzed.

e  The proportion of the natural coast continuously decreased leading to an increasing
diversity of coastline types over the whole observation period.

e  Coastline diversity and the intensity of the development of human activity show a
consistent increase from 1984 to 2022, which was slow from 1984 to 2007 and fast
between 2007 and 2011, while remaining relatively stable since 2011.

e  The change in the intensity of the coastline between 1984 and 2022 is 3.11%. The
highest value is 17.24% and relates to the period 2007-2011.

e  The fractal dimension of the coastline showed an upward trend between 1984 and
2022. A positive correlation with the length of the coastline indicates the influence of
human activities on the changes in the coastline.

e In the coastal erosion recorded in 2022, the proportion of sandy coastline erosion
calculated by EPR is 79.54%, while the proportion calculated by LRR is 85.59%, which
indicates a severe extent, especially in the central part, where natural factors and
human intervention interact.

e  The prediction of coastline evolution by 2023 shows that 84.58% of the sandy coastal
sections will be affected by varying degrees of erosion, with the most severe condition
being reached at a retreat rate of —2.53 m-a~!. Conversely, only 15.32% of sandy
beaches will increase due to sedimentation, with the progradation rate reaching
2.66m-a~!.
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