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Abstract: Over the past 40 years, increasing coastal reclamation and natural sedimentation has
changed coastline positions and resulted in variation in the hydrodynamic environment in the Bohai
Sea (BHS), China. Based on the Landsat series images, an interpretative identifier for identifying the
coastline was proposed to assess the hydrodynamic changes caused by the coastline change and was
applied to a typical case of the Bohai Sea (BHS), China. We combined a grid-based coastline position
with an adjoint data assimilation method to seamlessly map the distribution of the amplitude, phase
lag, and tidal current of the M2 tidal constituent along the BHS’s coast from 1985 to 2018. Our findings
reveal that the coastline change at long time scales dominated reclamation, and around 72.9% of the
coastline of the BHS mapped in 2018 had seaward movement compared with its position in 1985.
From 1985 to 2018, the BHS volume decreased by 0.17%, the sea surface area decreased by 4.54%, and
the kinetic energy increased by 2.53%. The change in the coastline increased the amplitude of the M2

tidal constituent in the Bohai Bay by 6–14 cm and increased the residual current in the eastern coast
of the Liaodong Bay by up to 0.07 (0.01) m/s.

Keywords: reclamation; coastline change; tidal modeling with data assimilation

1. Introduction

A coastline is a physical boundary between land and water and provides a fundamen-
tal proxy to measure coastal variability and change [1]. However, multiple natural factors,
including coastal erosion [2], coastal subsidence [3], and sea level rise [4], result in the spa-
tially heterogeneous and complex change in coastlines [5]. In addition, the intensive human
interferences, including mariculture pond [6], port [7], and bridge construction [8], can
result in irreversible changes in coastal morphology and the loss of natural characteristics.
The coastline changes induced by human interference not only directly modify the local
morphology but also result in rapid changes in the hydrodynamic regime. Studies showed
coastline change can alter the tidal current velocity [9,10], reduce the tidal prism [11], alter
the water and salt transport processes [12], and result in tidal amplitude variations [13,14].

The Bohai Sea (BHS) is a semi-enclosed sea situated in Northeast China and may be
described as a hotspot among the world’s marginal seas with respect to its large natural and
anthropogenic coastline changes [15]. In recent years, the BHS has faced threats from large-
scale development, reclamation, sea level rise, and coastal erosion. These threats will lead
to a significant loss of coastal wetland and the degradation of natural coastline [16,17]. In
particular, the Yellow River Estuary is well-known for its rapid erosion–deposition variation,
which is caused by dramatic changes in river flows and ocean tides [10]. Consequently,
the effect of the BHS’s environment due to coastline change has recently drawn special
attention from many coastal scientists and managers [18]. A study confirmed that harbors,
seawalls, industrial complexes, and urban districts constructed on the reclaimed land will
permanently change the geomorphology of the coastline and the physical processes in
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the coastal system, resulting in more impacts on coastal hydrodynamics and sediment
processes [9,10,19,20]. With the exploitation of the ocean, the study of the hydrodynamic
variation caused by coastline change is much more important in coastal regions and
marginal seas [21–23].

Previous numerical-simulation-based tidal studies have either explicitly or implicitly
assumed that local shoreline positions have a negligible impact on tides in the BHS [24–26].
Coastline changes can effectively reduce or increase long-term temporal variability in
tidal range, energy, and current velocity. Pelling et al. [15] investigated the effects of rapid
coastline changes and sea level rise on the tides. They found that the change in the coastlines
changes the amplitude of M2 by up to 20 cm in some areas, but the coastline changes in
the Liaodong Bay were not considered in the numerical models. The long-term temporal
variability of the coastline in the Liaodong Bay may effectively alter coastal topography and
subsequently reduce or increase the tidal range, energy, and current velocity. Zhu et al. [27]
further investigated the responses of hydrodynamics to changes in coastlines. However,
studies on the effects of the space-varying bottom friction coefficient (BFC) on its numerical
tidal model remain insufficient. The space-varying BFC is important for ocean modeling
and the calculation of energy dissipation [28]. Fortunately, recent studies indicated that the
precision of a numerical simulation is efficiently increased by optimizing the space-varying
BFCs in an ocean tidal model. Qian et al. [26] used this method to obtain a more specific
spatial distribution of BFCs in the BHS, and it should be noted that the values of BFCs in
shallow water are usually larger than those in deep water.

More recent remote sensing images provide us with a unique opportunity to investi-
gate if we can relate the observed changes in coastlines to changes in tides. We combined a
grid-based coastline position with an adjoint data assimilation method to seamlessly map
the distribution of the amplitude, phase lag, and tidal current of the M2 tidal constituent
along the BHS’s coast from 1985 to 2018. The objective of this paper is to comprehensively
evaluate the impacts of coastline change on the tidal currents, residual currents, sea sur-
face area, and kinetic energy. This study provides a new method and perspective for the
assessment of coastline changes caused by hydrodynamic forces. The results of this study
are expected to provide some references for the development and protection of changing
coasts that are subject to strong human interventions.

2. Materials and Methods
2.1. Study Area

The BHS is a semi-enclosed continental shelf sea in the Northwest Pacific between
37–41◦N and 117–122◦E (Figure 1). It is connected with the Yellow Sea through the narrow
Bohai Strait between Shandong and Liaodong Peninsulas. Its sea area is about 77,000 km2,
with a coastline of close to 3800 km, a maximum depth of 70 m, and a mean depth of
18 m [29]. Additionally, the BHS has three bays, including the Liaodong Bay (north of
40◦N), Bohai Bay (west of 118◦E), and Laizhou Bay (south of 37◦N). Most of the BHS has a
mixed semidiurnal tide. The tides are predominately semidiurnal, with a maximum range
of 4 m and surface tidal currents reaching maximum values of 0.7–2 ms−1 during neap and
spring tides, respectively [30]. The M2 tidal constituent is the principal tidal constituent in
the BHS. There are two amphidromic points: one close to the coast near Qinhuangdao city
and the other off the Yellow River Delta [31].

2.2. Data Source and Technological Route

The data used in this study are mainly from the following three groups: The first
group was the multispectral remote sensing images from the Landsat satellite, which was
launched by the Geospatial Data Cloud (http://www.gscloud.cn (accessed on 20 September
2021)) (Table 1). Based on a time interval of 10 years to represent the temporal changes,
the existing data that are cloudless could not always meet the demand of exactly 10 years.
Thus, the five scenes at 1985, 1994, 2001, 2009, and 2018, were selected. From the four
individual periods of analysis covered by the images (1985–1994, 1994–2001, 2001–2009,
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and 2009–2018) we constructed a BHS diagram of the spatiotemporal coastline change.
The Google Earth Engine is a web-based platform that provides numerous analysis-ready
Earth observation datasets at a global scale as a geographic reference for identifying and
correcting marine constructions such as ports, wharves, and dams. The second group was
the ETOPO1 ocean bathymetry and land topography data, which were downloaded from
https://data.nodc.noaa.gov (accessed on 20 September 2021). They are currently among
the global land–sea topography data with the highest spatial resolutions. In this study, the
land–sea grid (the spatial resolution was 1/60◦ × 1/60◦) rendering using ETOPO1 data
was realized. The third group was the primary missions of altimeters, including the tidal
harmonic constants derived from 25 years of TOPEX/Poseidon (T/P) observations, which
were used for a two-dimensional tidal model in the BHS.
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Figure 1. Location (a), bathymetry (b), T/P crossover points (c), and land–sea grid construction (d)
of the study area in 2018.

Table 1. List of land satellite image data of the BHS.

Region Year Image Sensor Path/Row

BHS
1985, 1994 Landsat5 TM, 120/034, 121/034, 122/033,
2003, 2011, Landsat7 ETM, 121/033, 121/032, 120/032,

2018 Landsat8 OLI. 120/033, 119/033

In this study, based on GIS and remote sensing technologies, a coastline interpretation
identifier for identifying the coastline in the BHS was proposed, and a two-dimensional
tidal model with a data assimilation method was used to simulate the hydrodynamic
changes. Herein, the technological framework is shown in Figure 2. The goals were: (1) to
establish the coastline interpretation identifier for identifying the extent of the existing
coastal reclamation; (2) to reveal the characteristics of the spatiotemporal changes in the

https://data.nodc.noaa.gov
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coastline and reclamation; and (3) to simulate the responses of the hydrodynamic changes
in the coastline.
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2.3. Classification and Extraction of Coastlines
2.3.1. Coastline Classification

Considering the actual situation of the BHS, its coastline was divided into seven
categories: estuary coastline, bedrock coastline, sandy coastline, lagoon coastline, pond
coastline, protective dam coastline, and marine construction coastline. Human structures
included those built in the marine environment for a wide range of purposes, such as
foreshore defense (for example, breakwaters and protective dams), transport infrastructure,
and commercial developments (for example, bridges and ports) as well as fisheries (aqua-
culture ponds). Hence, the artificial coastline was divided into protective dam coastline,
marine constructions coastline, and pond coastline. The tidal correction was not considered
in this study. Although the coastlines we obtained were instantaneous waterlines based on
Landsat images, only part of which were natural coastlines whose positions were slightly
affected by the tides, this did affect the subsequent analysis and research on the historical
evolution of the coastline.

2.3.2. Coastline Extraction

Currently, coastline extraction is mainly realized with automatically detection algo-
rithms or traditional visual interpretation based on the land-sea boundary [32]. However,
different interpretation standards are applied for different coast types [33]. Many hard struc-
tures (e.g., ports, breakwaters, and groynes) aimed at stabilizing coastlines or protecting
infrastructure are specifically designed to create physical barriers to the movement of water
and sediments, which are often not incorporated into the numerical models. Therefore,
it is necessary to establish a new coastline marking method to study the hydrodynamic
changes caused by the coastal changes. The method for identifying the coastline followed
these three steps:
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The first step was satellite remote sensing image processing, in which the image
cutting, radiometric calibration, geometric correction, image mosaic, and band fusion of the
land satellite image data were conducted according to ENVI 5.3. Thus, a remote sensing
image database of coastal water in the study area in multiple years was established.

The second step was visual interpretation. The regional physical geography, topogra-
phy, vegetation types, the development and utilization status, field surveys, and auxiliary
data (elevation vector data, etc.) were used to establish the relationships of the remote sens-
ing image shape, size, color or tone, shadow, location, structure, texture, and other features
with the corresponding interpretation types, and thus to form a unified standard for the
description of the characteristics of all types of remote sensing images and to determine
their interpretation signs (Figure 3). The original materials were very important to quantify
the spatial locations of the offshore architecture (Table 2).

The third step was coastline extraction. With the interpretation signs as references,
the human–computer interaction identification method was used to describe the spatial
position of the coastline in the near coastal water in ArcGIS 10.1.

2.3.3. Coastline Change Evaluation

To compute the rates of change in coastline position, we used the ArcMap extension
module Digital Shoreline Analysis System (DSAS 5.0), which generates a landward baseline
from which orthogonal transects are cast at 3 km intervals, and the intercepts between
transects and coastlines were recorded [34]. A total of 1414 change rates, each corresponding
to a DSAS transect, were thus determined. The end point rate was calculated by dividing
the distance of the total coastline movement by the time period between the initial and
newest measurements at every transect [35]. In this study, DSAS was employed for analysis
of the coastlines by end point rate. This was further analyzed in DSAS with an add-on
tool [36] that is downloaded from the USGS website.
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Figure 3. Coastline interpretation. (a) Jiutou Mountain, located at Dalian City; (b) A band of sand
deposits that are parallel to the coastline; (c) Daliao River Estuary, located in Liaodong Bay; (d) A
lagoon barrier coast, located in Bohai Bay; (e) A mariculture pond; (f) Gudong oilfield, located in
the north of the Yellow River Estuary; (g) Dongying Part, located in Bohai Bay; (h) A 4.5 km curved
groyne, connected to the land and aimed to protect it. Port coastline and groynes coastline belong to
marine construction coastline.
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Table 2. Coastline types and interpretation rules in the BHS.

Coastline Types Spatial Location Description of Interpretation Identifier (543 Band)

Bedrock coastline Trace line of direct meeting of
land and water

The widths of the headland angle and the upright cliff (base rock) are
small, generally within 20 m. High-reflectivity white tone and
vegetation coverage near them.

Sandy coastline
Trace line at the high-tide level
on a sandy beach or gravel
beach

High reflectivity of sandy gravel bank and beach, which were formed
through a long-term process, and their textures are white and
uniform.

Estuary coastline

The first water gate, dam,
connection line of turning points
on both sides of an estuary, or
first bridge near the sea

Located at the mouth of a river, usually forming a silty beach, which
can be easily identified on remote sensing images. The presence of
estuary dams along the coast resulted in a relatively high sediment
suspension in the estuary area. Subsequently, the water is relatively
cloudy and gray, while the water around the lagoon dams is blue.

Lagoon coastline

The extracted contour line of a
physical dam or physical gate
when there is a physical dam or
gate in the tidal channel

A clear internal texture with a flake or strip shape in the sea water
area, separated from the open sea by a gray strip of sand spouts and
dams.

Protective dam
coastline and pond
coastline

Contour line of the dam on the
sea side

An aquaculture pond is dark blue with a uniform color, clear texture,
flaky or striped distribution, and without vegetation coverage. A
protective dam has clear and gray textures with generally small
widths, and industrial/urban development is located around the
protective dam.

Marine construction
coastline

Seaward edge of construction if
there is a port wharf or an
impervious offshore structure.

Near urban and industrial areas, the textures of offshore structures
are blurred, gray, mostly in strips, and perpendicular to the land.

2.3.4. Coastline Validation

To verify the method of coastline extraction, a total of 100 control coordinate sites that
covered all coastline types were collected from Google Earth images to verify the accuracy
of the visual interpretation of the coastline. The overall accuracy was 13.4 m, which was a
good performance [37].

2.4. Land–Sea Grid Construction

The grid construction was implemented with the following steps:
Step 1: A two-dimensional (2D) hydrodynamic model with medium-resolution square

meshes (the spatial resolution was 1/60◦ × 1/60◦) fitting the coastline was constructed
using the Arakawa C grid.

Step 2: The ETOPO1 bathymetric data were matched to the grids, and the values of
the rest nodes were interpolated.

Step 3: The coastline in each grid versus the water depth was matched, and the grids
were divided based on the dryness and wetness to obtain the control field of the land–sea
distribution (Figure 1d).

2.5. Numerical Adjoint Model

Through a numerical adjoint model, the T/P altimeter data could be directly assim-
ilated into the model under the constraints of dynamical equations. In this study, the
distributions of the M2 tidal constituent in the BHS in 1985, 1994, 2003, 2011, and 2018 were
simulated.

• Governing equations of forward model

The governing equations for vertically integrated equations of continuity and momentum [35]:

∂ζ
∂t +

1
a

∂[(h+ζ)u]
∂λ + 1

a
∂[(h+ζ)v cos φ]

∂φ = 0,
∂u
∂t +

u
a

∂u
∂λ + v

R
∂u
∂φ −

uv tan φ
R − f v + ku

√
u2+v2

h+ζ − A∆u + g
a

∂(ζ−ζ)
∂λ = 0,

∂v
∂t +

u
a

∂v
∂λ + v

R
∂v
∂φ + u2 tan φ

R + f u + kv
√

u2+v2

h+ζ − A∆v + g
R

∂(ζ−ζ)
∂φ = 0.

where t is the time, λ and φ are the east longitude and north latitude respectively, ζ is the
sea surface elevation above the undisturbed sea level, u and v are the east and north compo-
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nents of fluid velocity respectively, ζ is the adjusted height of equilibrium tides, R is the ra-
dius of the earth, a = R cos φ, f = 2Ω sin φ, where Ω represents the angular speed of earth’s
rotation, g is the acceleration due to gravity, h is the undisturbed water depth and h + ζ
denotes the total water depth, k is the BFC, A is the coefficient of horizontal eddy viscosity,
∆ is the Laplace operator and ∆(u, v) = a−1[a−1∂λ(∂λ(u, v)) + R−1∂φ(cos φ∂φ(u, v))].

• Adjoint equations

The cost functions, which are measured as the differences between observations and
simulation results, were minimized by optimizing the control variables. The numerical
schemes for the cost function and the Lagrangian function in this section are based on Lv
and Zhang [37]. The cost function is defined as:

J(ζ) =
1
2

Kζ

∫
∑
(ζ − ζ̂)

2dσ,

and the Lagrangian function is defined as:

L =
∫ [

µ
(

∂u
∂t +

u
a

∂u
∂λ + v

R
∂u
∂φ −

uv tan φ
R − f v + ku

√
u2+v2

h+ζ − A∆u + g
a

∂(ζ−ζ)
∂λ

)
+

ν
(

∂v
∂t +

u
a

∂v
∂λ + v

R
∂v
∂φ + u2 tan φ

R + f u + kv
√

u2+v2

h+ζ − A∆v + g
R

∂(ζ−ζ)
∂φ

)
+

τ
(

∂ζ
∂t +

1
a

∂[(h+ζ)u]
∂λ + 1

a
∂[(h+ζ)v cos φ]

∂φ

)
+ 1

2 W(ξ − ξ̂)
2
]
dS + J(ζ),

• Correction equations

The correction relation of the Fourier coefficients on an open boundary is:

Kb

(
ai,l − a′i,l

)
+

J

∑
j=1

T j
l cos(ωi j∆t) = 0, i = 0, . . . , M0

Kb

(
bi,l − b′i,l

)
+

J

∑
j=1

T j
l sin(ωi j∆t) = 0, i = 1, . . . , M0

where {ωi : i = 1, . . . , M0} is the angular frequency of the considered tide and{
ai,l , bi,l : i = 1, . . . , M0

}
are the Fourier coefficients derived from assimilation.

2.6. Estimation Algorithm of Spatially Varying BFCs

The satellite observations from TOPEX/Poseidon were assimilated during the BFC
optimization in this study with an enhancement in the spatial resolution of the numerical
model. In the estimation of BFCs, some grid points were appointed as independent
coefficients, and the values of BFCs in the entire area could be obtained through linear
interpolation using these independent coefficients. Assuming bm,n is a series of independent
BFCs and k j,k are the result of linear interpolation with bm,n, we adopted the following
relation [38]:

k j,k = ∑
m,n

φj,k,m,n ∗ bm,n,

where φj,k,m,n is the coefficient of linear interpolation (φj,k,m,n = Wj,k,m,n/ ∑
m,n

Wj,k,m,n),

Wj,k,m,n is the weighted coefficient (Wj,k,m,n = (R2 − r2
j,k,m,n)/(R2 + r2

j,k,m,n)) of the Cress-
man form, rj,k,m,n is the distance from grid point (j, k) to (m, n), and R is the influence
radius, taken as 2◦ here.

The gradients of the Lagrangian function with respect to an independent BFC are
as follows:

∂L
∂bm,n

= ∑
i,j,k

(
φj,k,m,n+φj+1,k,m,n

2 ×
ui+1

aj,k ri
j,k(αui+1

j,k +(1−α)ui
j,k)

hj+1/2,k+ξ i
j+1/2,k

)

+ ∑
i,j,k

(
φj,k,m,n+φj,k+1,m,n

2 ×
vi+1

aj,k si
j,k(αvi+1

j,k +(1−α)vi
j,k)

hj+1/2,k+ξ i
j+1/2,k

),
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where i is the index of time. Because the cost function decreases along the opposite direction
of the gradient, we can obtain the correction of the independent BFC as:

Kc(bm,n −
∧
bm,n) +

∂L
∂bm,n

/
‖∂L

∂b
‖

2
= 0,

i.e.,

bm,n =
∧
bm,n −

1
Kc

∂L
∂bm,n

/
‖∂L

∂b
‖

2
= 0,

where:

‖∂L
∂b
‖

2
=

(
∑
m,n

∂L
∂bm,n

2
)1/2

,

where
∧
bm,n and bm,n are the prior and optimized values of an independent BFC, respectively,

and Kc is a constant. In our model, the ∂L/∂bm,n, i.e., the gradient of the Lagrangian function
with respect to the independent BFC, was unitized first, which means that only the direction
of the gradient was used when the optimization was performed. A small positive value
was assigned to 1/Kc in order to ensure that the cost function could decrease continuously
without fluctuations. In our model, the initial value was set to 0.002, and 1/Kc was taken
as 10−4, i.e., Kc = 104, which was obtained through a trial-and-error procedure.

2.7. Model Configuration

The computing area was the Bohai Sea, covering from 37◦N–41◦N and 117.5◦E–122.3◦E.
The spatial resolution in this model was 1/60◦ × 1/60◦, and the gridded topography was
based on the ETOPO1 data, while the deepest water depth of the computing area was 85 m.
Additionally, the model adopted the Arakawa C grid, where the water level was defined at
the center, and the two velocity components were defined to be perpendicular to the edges
of the cell.

The closed boundary conditions for our model were zero flow normal to the coast.
That is,

→
u ·→n = 0 for the grid points at the closed boundary, where

→
n is the outward unit

vector and
→
u = (u, v) is the velocity vector. In the present study, Beijing standard time

(referring to the meridian of 120◦E) was adopted throughout.
Along the open boundaries, the water elevation of the M2 tide at the jth time step

was given as ζ
j
ml ,nl = a0,l + [al cos(ωj∆t) + bl sin(ωj∆t)], where (ml , nl) stands for the grid

points at the open boundaries, ω is the frequency of the M2 constituent, and al and bl are
the Fourier coefficients. The open boundary conditions of water elevation were obtained by
assimilating the T/P data using the adjoint method and were fixed in all experiments [31].

2.8. Model Validation

The harmonic constants at 108 T/P satellite altimeter crossover points, as shown in
Figure 1c, were used as observations to verify the model’s fidelity and the evaluation
criteria, including the amplitude difference, phase-lag difference, and vector difference [28].
The model’s performance was evaluated by the root-mean-square errors (RMSE) and mean
absolute errors (MAE), which are widely used to represent the discrepancy between the
simulated and observed harmonic constants [37]. As listed in Table 3, The deviations
between the simulated results and observations are listed in M2. The MAE in the amplitude
and phase between the simulation and measurements were smaller than 3.1 cm and
5.4◦, respectively, and the vector difference was smaller than 5.1, implying a successful
simulation [26]. The RMSEs between the simulated results and measurements were also
calculated. The averaged absolute differences in amplitude were only 2.9 cm, 2.8 cm, 2.8 cm,
2.8 cm, and 3.1 cm for the 1985, 1994, 2003, 2011, and 2018 tides, respectively. The averaged
absolute differences in phase lag were 8.1◦, 7.2◦, 7.7◦, 5.8◦, and 5.7◦ for the five tides,
respectively. The MAEs and RMSEs of the five parameters met the requirements [37].
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Additionally, for the R2 results for five years, the simulated results had a significant
correlation with the measurements (Figure 4).

Table 3. The deviations between the simulated results and observations at T/P points in different periods.

YR
AD (cm) PD (◦) VD (cm)

MAE RMSE MAE RMSE MAE RMSE

1985 2.9 3.5 5.4 8.1 4.0 4.8
1994 2.8 3.2 5.2 7.2 3.9 4.6
2003 2.8 3.4 5.3 7.7 3.9 4.7
2011 2.8 3.2 4.4 5.8 4.0 4.5
2018 3.1 3.6 4.5 5.7 4.4 5.0

Note: amplitude difference (AD), phase-lag difference (PD), vector difference (VD), mean absolute error (MAE),
root-mean-square error (RMSE).
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3. Results
3.1. The Changing BHS Coast
3.1.1. Reclamation and Sedimentation

Figure 5a shows the spatial distribution of reclamation and sedimentation from 1985
to 2018, which were mainly concentrated in the Bohai Bay (36.5%), Laizhou Bay, (20.6%)
and the southern side of the Liaodong Bay (18.0%). A huge amount of sediment from the
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loess region has formed a megadelta in the Yellow River Estuary with an area of 250.4 km2.
Additionally, this phenomenon also occurred in the Liao River and Hai River Estuary.
Artificial reclamation was widely distributed along the whole coastline of the BHS; coastal
projects such as ports, ponds, and bridges bulged along the coast; and large-scale industrial
areas from reclamation settled down and were scattered in the coastal water of the BHS
(Figure 5b–d).
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Figure 5. The BHS’s reclamation (a). Natural sedimentation mainly occurred on the estuary of
the Yellow River, Liao River, etc. Rivers carry a large amount of sediment to form sedimentation
zones at the estuary, and the land extends to the sea. the area of sedimentary bodies in the Yellow
River was 250.4 km2 from 1985 to 2018, with an average annual rate of 7.36 km2/yr, and that in the
Liao River was 80.1 km2, with an average annual rate of 2.35 km2/yr. Artificial reclamation was
widely distributed along the whole coastline of the BHS and was mainly caused by human activities,
including a coastal industrial and urban area involving a large coastal reclamation project, that is, the
new Tianjin coastal area (b); a large breeding pond on the south side of Laizhou Bay (c); and Yingkou
Port (d), part of the substantial development around the BHS.

3.1.2. Change in Coastline

In the past 34 years, the BHS has already shown significant spatiotemporal changes
in its coastline (Figure 6). Our findings reveal that reclamation projects such as ports and
wharves are bulging along the coast, moving the coastline seaward at an average accretion
rate of 29.3 m/yr and a maximum accretion rate of 492 m/yr, which occurred near the coast
of Tianjin City. The coastline change at long time scales was dominated by reclamation.
Around 72.9% of the coastline of the BHS mapped in 2018 had seaward movement occur
compared to its position in 1985. This phenomenon was mainly distributed in the Laizhou
Bay, Liaodong Bay, and Bohai Bay (Figure 7).
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3.1.3. Analysis of Coastline Movement

Between 1985 and 2018, the average net coastline movement reached 996 m (29.3 m/yr),
and the maximum reclamation distance into the sea was 492 m/yr. In terms of different
periods, the net result of the coastline changes between 1985 and 2003 was artificial recla-
mation and natural sediment deposition. The mean net coastline movement of the former
was 359 m, that of the latter was 260 m, and the mean of both was 318 m (17.6 m/yr). The
maximum annual average reclamation distance to the sea was 384 m/yr, which was located
in the coastal waters of Dalian City (Figure 8a). Between 2003 and 2018, the mean net
coastline movement of artificial reclamation was 2003 m, that of natural sedimentation was
184 m, the mean of both was 815 m (45.3 m/yr), and the maximum reclamation distance
into the sea was 1214 m/yr, which was located in the new Tianjin coastal area.
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Figure 8. Coastline changes recorded over 1985–2003, 2003–2011, and 2003–2018. Topography of
the land extracted from the remote sensing image (a); a total of 1414 coastline change rates, each
corresponding to a DSAS transect (b).

The results revealed that around 66.3% of the coastline of BHS mapped in 2003 was
within 99~129 m of its position in 1985, which was mainly distributed in the northwest,
northeast, and southeast of BHS. However, only 31.3% of the coastline of BHS mapped
in 2018 was within 0~140.4 m of its position in 1985, and more than 30% of the coastline
expanded more than 1 km to the sea (Figure 8b). Furthermore, there has been a significantly
decrease in the proportion of stable boundary (currently 27.1% compared to 57.5% prior to
1985). In contrast, the annual average net coastline movement since artificial reclamation
commenced was about 2.1 times faster than the rate prior to 2003.

3.2. Responses of Hydrodynamics to Changes in Coastline
3.2.1. Sea Surface Area, Kinetic Energy, and Sea Water Volume

As shown in Table 4, the sea surface area and sea water volume of the BHS in 1985,
1994, 2003, 2011, and 2018 both show decreasing trends, while the kinetic energy shows a
fluctuating upward trend within the five periods. From 1985 to 2018, the volume decreased
by 0.17%, the surface area decreased by 4.54%, and the kinetic energy increased by 2.53%.
Among them, the three parameters show the largest difference changes during 2003–2011.
Meanwhile, the seaward expansion of artificial reclamation and natural sedimentation
reached a peak value (2639.5 km2), especially the expansion of marine buildings such
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as ports and wharves, which contributed to the obvious spatial changes in the coastline
(Figure 6).

Table 4. The sea surface area, volume, and kinetic energy of the BHS in different periods.

Yr/Indexes Area (1012 m3) Volume (1010 m2) Kinetic Energy (1014 J)

1985 2.0710 8.4294 1.4957
1994 2.0703 8.3911 1.4937
2003 2.0706 8.3778 1.4910
2011 2.0679 8.2147 1.5248
2018 2.0674 8.0564 1.5343

3.2.2. Effect on the M2 Tidal Constituent

The cotidal charts in 1985, 1994, 2003, 2011, and 2018 are shown in Figure 9. From
Figure 9, we can see that the M2 tidal constituent propagated mainly from the Bohai strait
into the BHS, and then a main branch of it propagated northeastwards into the Liaodong
Bay though the area adjacent to the southeast of Qinhuangdao City, while the other branch
propagated westwards into the Bohai Bay though the Yellow River Estuary. The smallest
amplitude of the M2 tidal constituent (lesser than 80 m) appeared at the central Bohai
Straits. In the five periods of the simulation, the amplitude of the M2 tidal constituent in
the BHS had obvious temporal and spatial variations, but the difference in the phase lag of
the M2 tidal constituent was not significant.
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Figure 10 shows the differences in the amplitude and phase lag of the M2 tidal con-
stituent in the BHS under four work conditions during 1985–1994, 1985–2003, 1985–2011,
and 1985–2018. Due to the change in the coastline, the amplitudes of the M2 tidal con-
stituent retained their increases in the four cases. In the 1985–2011 simulation, the coastline
changes in the Bohai Bay caused by artificial reclamation (e.g., the Tianjin port and the
Tangshan coastal industrial zone) were the major factors that remarkably altered the M2
tide amplitude. Compared with the 1985 case, the amplitude increase of the M2 tidal
constituent in the Bohai Bay was 6–14 cm in 2018, and the deviation in the position of the
amphidromic point was significant, which led to the drastic change in the phase lag on the
northern coast of the Yellow River Estuary and the adjacent sea area of Dalian.
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3.2.3. Effect on Residual Current (RC)

From Figure 11, the RC’s changes in spatiotemporal characteristics were not significant
in the cases of 1994, 2003, 2011, and 2018. RC (>0.05 m/s) was mainly concentrated in the
central basin of the BHS and the adjacent sea area of Dalian.

In order to identify the residual current change effected by coastline changes, the
simulation results of 1994, 2003, 2011, and 2018 were subtracted from 1985. The RCs
displayed an overall increasing trend from 1985 to 2018 in the Bohai Bay, Laizhou Bay, and
Liaodong Bay (Figure 12). Due to the construction of reclamation projects, the residual flow
velocities in the waters near the Yellow River Estuary and the eastern coast of Liaodong
Bay increased considerably, with a maximum increase of 0.11 m/s. The increases in the
residual flow velocities in the waters near the Laizhou Bay and Bohai Bay were generally
between 0.01 and 0.03 m/s.
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4. Discussion
4.1. Evaluation of Coastline Change

This study presents a systematic analysis of coastline change movements along the
BHS coastal area during the period of 1985–2018. According to our statistics, only 16.1%
of the coastline exhibited statistically significant sedimentation, which occurred in major
estuaries. The high-intensity human activities, such as reclaiming land from the sea,
continue to disturb the coastline and caused the proportion of coastline change to increase
sharply from 42.5% in 1985 to 72.7% in 2018. We compared the results over the same period
and found that the overall error was 5.0–12.1% [33,39] (pp. 101–105). Factors affecting the
coastline’s changes included reclamation and coastal sedimentation. Based on the result for
the area, reclamation was the dominant factor leading to the change in the coastline, and its
contribution rate reached 94.2% (Figure 8a). We compared the results over the same period
and found that the overall error was 5.3–5.7% [22].

Studies showed that high-intensity coastal reclamation is mainly driven by the boom-
ing economy and growing population [40]. Since 2000, a number of national coastal
economic zones, including the Tianjin Binhai New Area, the Liaoning Coastal Economic
Zone, and the Shandong Peninsula Blue Economic Zone, have been implemented, and the
population density in coastal areas has increased, leading to land shortages on the coast
of the BHS [18]. In order to have more land for residence and commercial development,
a series of reclamation activities have been launched in the coastal area of the BHS, and
the natural coastline was used for ports, followed by the aquaculture pond, while some
sea areas are also used for the salt industry. Meanwhile, many ports have been built up in
this area to meet the need for the large trade throughput. Affected by industrial and port
construction, from 1985 to 2018 the rate of coastline change in the Bohai Bay was the fastest
in the BHS. A total of 1826 km2 was reclaimed from the sea, which resulted in the entire
coastline moving seaward by 6.8 km.

4.2. Evaluation of Hydrodynamics Change

The numerical simulation results showed that the reclamation projects led to a slight
increase in tide RCs and enhanced the amplitude of the M2 tidal constituent. Additionally,
a part of the tidal energy was dissipated by the reclamation projects, which resulted
in an increase in kinetic energy. The assessment results of the tidal model in the BHS
were compared with the spatial distribution of the amplitudes of the M2 tidal constituent
published by Zhu et al. [27] over the same period. According to the comparison of the
spatial distribution, the amplitudes of the M2 tidal constituent changed up to 10 cm in the
Bohai Bay. Their simulated results in the BHS between 1987 and 2016 were similar to the
present ones. However, their response for RCs was generally larger in the western coast of
the Bohai Bay. This discrepancy may have been caused by an insufficient optimization of
the BFCs. To our knowledge, studies on the effects of coastline change on its tidal dynamics
in the BHS remain insufficient, mainly in space-varying BFCs. Zavala-Garay et al. [41]
investigated the effects of bottom topography on the tides. They found that the tidal current
velocity was mainly driven by residual currents produced by space-varying bottom friction.
Qian et al. [26] further estimated the spatially varying BFCs in the BHS. They found that
bottom friction plays an important role in the performance of numerical models in the BHS.
Therefore, regional-scale Earth observation studies that compare tidal dynamics without the
effects of bottom topography may be inadvertently exposed to these spatial and temporal
tidal biases, potentially resulting in misleading estimates of tidal changes [42]. In this study,
by combining remote sensing technology and hydrodynamic simulation technology, we
were able to build a land–sea grid (the spatial resolution was 1/60◦ × 1/60◦) where the
coastline migrating process adequately adapted to tide effects. Figures 9–12 demonstrate
the effectiveness of this technique, with extensively affected tide coastlines within the
coastal water of the BHS.
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4.3. Suggestions for Management of Coastal Reclamation

Long-term coastline change indicates that the embayment of the BHS is undergoing
reclamation. The rapid expansion of the coastal economy and accelerated coastal population
growth has caused a sharp increase in land reclamation, especially on the western coast
of the Bohai Bay and the north coast of the Laizhou Bay, with silty, sandy shoals and
low-level terrain. In order to obtain more space for further development in agriculture
and industry, intensive reclamation projects have taken place there (Figure 6). We suggest
that the establishment of a sea area dynamic monitoring system, the implementation of the
most stringent management and control measures for sea reclamation, should be carried
out to gradually restore and improve the sea water dynamic conditions [43,44]. In addition,
our results show that >50% of the natural coastlines have been replaced by seawalls,
breakwaters and other hard structures, and large-scale natural waters have been developed
into aquaculture and salt fields, impacting the movement of water and sediments. We
suggest focusing on economizing sea utilization and scientifically planning the pattern of
reclamation projects and the use of marine space. A well-conceived reclamation scheme is
very important for the sustainable development of the coastal system [45,46].

5. Conclusions

In this paper, we revealed the spatiotemporal evolution of the coastlines in the Bohai
Sea based on a 5-year record of remote sensing images in the last 40 years. From 1985
to 2018, due to the construction of ports and ponds, the BHS coastline has undergone
considerable changes. Approximately 40–45% of the water area of the shore has been
affected by reclamation projects, most recently in the Tianjin area. The main result of this
study is that nearly 30 m/yr is being built out into the bay near the Tianjin City and that
this trend is having an effect on the M2 tidal rate by between 6 and 14 cm/yr in the Bohai
Bay. The detailed findings of our study are:

1. The coastline showed an overall advancing trend over the 34-year period from 1985 to
2018, which was particularly obvious on the south coast of Laizhou Bay and Bohai Bay.
According to the statistics, the average net coastline movement was 996 m (29.3 m/yr),
and the maximum reclamation distance into the sea was 492 m/yr. Around 72.9% of
the coastline of the BHS mapped in 2018 moved compared with its position in 1985,
and more than 30% of the coastline expanded more than 1 km into the sea.

2. During the simulation, reclamation projects have had a great influence on the tidal
velocity and direction across the coastline extension. However, the influence is limited,
and the inner bay area receives a greater impact, especially in Bohai Bay and Liaodong
Bay. The model results show that the change in the coastline increased the amplitude
of the M2 tidal constituent in the Bohai Bay by 6–14 cm and increased the RC on the
eastern coast of the Liaodong Bay by up to 0.07 (0.01) m/s.
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