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Abstract: The radial sand ridges consist of more than 70 sand ridges that are spread out radially on
the continental shelf of the South Yellow Sea. As a unique geomorphological feature in the world,
its evolution process and characteristics are crucial to marine resource management and ecological
protection. Based on the multi-source remote sensing image data from 1979 to 2019, three types of
geomorphic feature lines, artificial coastlines, waterlines, and sand ridge lines were extracted. Using
the GIS sequence analysis method (Digital Shoreline Analysis System (DSAS), spatial overlay analysis,
standard deviational ellipse method), the evolution characteristics of the shoreline, exposed tidal
flats, and underwater sand ridges from land to sea were interpreted. The results demonstrate that:
(1) The coastline has been advancing towards the sea with a maximum advance rate of 348.76 m/a
from Wanggang estuary to Xiaoyangkou Port. (2) The exposed tidal flats have decreased by 1484 km2

including the reclaimed area of 1414 km2 and showed a trend of erosion in the north around Xiyang
channel and deposition in the southeast around the Gaoni and Jiangjiasha areas. (3) The overall sand
ridge lines showed a trend of gradually moving southeast (135◦), and the moving distance is nearly
4 km in the past 40 years. In particular, the sand ridge of Tiaozini has moved 11 km southward,
while distances of 8 km for Liangyuesha and 5 km for Lengjiasha were also observed. For the first
time, this study quantified the overall migration trend of the RSRs. The imbalance of the regional
tidal wave system may be one of the main factors leading to the overall southeastward shift of the
radiation sandbanks.

Keywords: radial sand ridges; morphological evolution; remote sensing; sand ridge lines; waterline

1. Introduction

The radial sand ridges (RSRs), which are located on the continental shelf of the South
Yellow Sea, have outstanding geological value because of their unique radial landform
structure and large area of tidal flats [1]. The two largest Chinese rivers, the Yangtze River
and the Yellow River, have supplied huge quantities of sediment since early Cenozoic
times [2]. Due to abundant sediment and nutrients, it is very suitable for the reproduction
and habitat of wetland creatures, especially birds. As an irreplaceable fortress on the East
Asia–Australian bird migration route, it is the core plate of the world’s natural heritage and
China’s migratory bird sanctuaries along the coast of the Yellow Sea–Bohai Gulf (Phase I) [3].
In the past 40 years, the RSRs have withstood pressure from land and sea. On the one hand,
land reclamation activities on the Jiangsu coast are very frequent and high intensity. From
2007 to 2014, the reclamation area steeply increased from 118 to 533 km2 in the onshore
coast of radial sandbank [4]. On the other hand, the incoming sand from the Yangtze River
in the south dropped sharply due to the Three Gorges Project [5], and the underwater
delta of the abandoned Yellow River in the north was eroded out [6,7]. As a result, the
source of sediment in the RSRs is insufficient and shows a rapid and active morphological
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change, and the erosion of the northern tidal flats, led by both sides of Xiyang tidal channel,
is obvious [8]. Under the changing macroenvironment, what is the future trend of the
RSRs? To solve this problem, we need to study the characteristics of changes in the past
few decades. In addition, monitoring the geomorphological evolution of RSRs is therefore
essential for local ecological protection, resource management, and coastal sustainable
development.

A field survey based on ship-based echo sounding and real-time kinematic (RTK) is a
traditional and direct method used to analyze the geomorphic evolution of the coast or sea
floor [9]. Since the 1980s, several large-scale field surveys have been carried out, covering
hydrology, coastal climate, geological history, sediment composition, suspended solids,
and geomorphic characteristics [10–12]. Cross-sectional measurement is more common in
the analysis of geomorphological changes. Wang et al. [13] recognized that the intertidal
flat has become narrower and steeper, following sequential reclamations using seabed
elevation data along profile and corresponding grain size parameter variations from May to
December 2008. Based on 15 monthly field surveys along a transect from September 2012 to
November 2013, Gong et al. [14] indicated that the cross-shore profile shows a clear double-
convex shape. Field survey data are mostly analyzed from a local, short-term, and historical
perspective, while the macro-integrated, long-term, and current observations are often
limited by technology and natural environmental conditions [15]. In addition, numerical
models are also used to simulate sediment transportation, and the dynamic mechanism is
also discussed. Xu et al. [16] suggest that the northern and southern channel shoals may be
treated as two relatively independent geomorphological systems characterized by different
tidal flows and sediment compositions. Tao et al. [17] constructed an ideal morphological
dynamics model of RSRs and predicted the geomorphological evolution trend over a long
timescale. Zhang et al. [18] used a hydrodynamic model applied to an idealized fan-shaped
basin to explore the morphology and dynamics of radial sand ridges in a convergent coastal
system. Due to the limitations of grid resolution and measured seabed topography data,
at present, the numerical model method mostly involves an ideal model and mechanism
analysis [19].

Remote sensing combined with geographic information system (GIS) technology
has been an effective method for studying the morpho-hydrodynamics of coastal ar-
eas [15,20,21]. Numerous satellite images with increasing spatial, temporal, and spectral
resolution have been archived since the launch of the Landsat-1 satellite in 1972 [22]. Mur-
ray et al. [23] tracked losses of tidal wetlands in the Yellow Sea using Landsat images. Jia
et al. [24] produced an up-to-date 10-m spatial resolution tidal flat map of China using time
series Sentinel-2 images. The widely adopted waterline method—using a time series of
satellite images to construct a digital elevation model (DEM) of tidal flats—is an established
technique for the measurement of tidal flat topography from macro- to meso-scale [25–28].
Wang et al. [8] implemented three-dimensional terrain analysis to estimate the trend of tidal
flat evolution of Jiangsu middle coast based on a time series of digital elevation models
(DEMs). However, previous studies in Jiangsu coast have mostly focused on the evolution
of exposed tidal flats but have lacked simultaneous analysis of the supra-tidal zone and
the unexposed underwater sandbanks. The overall geomorphic evolution of the RSRs still
needs further quantitative discussion and historical comparison.

From the perspective of geomorphology, the RSRs from land to sea can be divided
into three parts: land bounded by artificial shoreline, exposed tidal flats bounded by
waterline, and sand ridges submerged by sea water. The coastline, tidal flat waterline, and
sand ridge line in all kinds of geomorphic units have clear recognition and representation.
Therefore, in this study, we attempted to extract the shoreline, waterline, and sand ridge
line using multi-source and multi-temporal remote sensing images from 1979 to 2019. With
GIS technology, the spatial and temporal characteristics of shorelines, waterlines, and
sand ridge lines in the past 40 years were quantitatively analyzed, revealing the overall
geomorphic evolution characteristics of the RSRs.
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2. Study Area

The RSRs bordered by the Old Yellow River mouth in the north and the Yangtze River
estuary in the south located in the northern coast of Jiangsu province, China (Figure 1).
From Sheyang estuary to Tanglugang estuary, it covers a sea area of more than 20,000 km2

with a length of about 200 km and a width of about 90 km. More than 70 sand ridges
with various dimensions radiate from the Tiaozini towards the open sea. The water depth
ranges from 0 to 30 m (theoretical depth base) [29]. The exposed tidal flats with an area
of more than 2000 km2 are typically dozens of kilometers wide with an average slope
of approximately 0.2% and an increase in slope to 1.5% near the tidal creeks [27]. The
bottom sediment of the RSRs mainly consists of fine sand [30], with a mean grain size of
62.5–250 µm, and the sediment mixture is well-sorted [31].
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Figure 1. Location and topographic map of the RSRs.

The RSRs area is affected by two tidal wave systems. One is the advancing tide wave
from the East China Sea, which enters the Yellow Sea from south to north. The other is the
counterclockwise rotating tide wave, which is formed by the reflection of the East China
Sea advancing tide through the Shandong Peninsula. The two tidal waves meet in the RSRs,
where the crest lines of the two tidal waves meet, forming a ‘standing wave’ area in the
fan-shaped area outside the Tiaozini [32]. Therefore, tidal ranges are normally 4–6 m but
can reach up to 9.36 m in the Tiaoyugang south of Tiaozini [33].

3. Materials and Methods
3.1. Dataset

Considering the characteristics of the sea area and the research needs of the RSRs,
remote sensing images need to be carefully selected. On the one hand, tidal conditions
should be considered so that the water line extraction of exposed tidal flats can be carried
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out at a low tide condition. On the other hand, the boundary between sandbanks and
tidal creeks should be obvious in the image to facilitate the extraction of sub-water sand
ridges. Meanwhile, in order to facilitate the analysis of the long-term sequence of landform
changes, we selected the optical multispectral image data from the 1970s to the present as
the main data source, such as Landsat, HJ-1, and GF-1. (Table 1). With 1979, 1989, 1999,
2009, and 2019 as time nodes, remote sensing images for 1–2 years before and after the
nodes were collected. The remote sensing images were preprocessed by band composition,
strip-stripping, image enhancement processing, and geometric correction. A topographic
map (1:50,000) of the Jiangsu coastal zone was used as the reference image for geometric
correction. The correct accuracy was controlled within a pixel. All images were projected
onto ‘WGS_1984_UTM_Zone_51N’ datum planes. The Chinese National Height Datum
1985 (CNHD 1985) was adopted for the five tide stations shown in Figure 1.

Table 1. Remote sensing images and corresponding tide level data.

Object Extraction Date Satellite Sensor
Tide Level/m (CNHD 1985)

DFG DSG DDG TYG YKG
waterline 1978/05/11 Landsat-2 MSS −1.98 −2.03 −3.12 −2.25 −1.94
waterline 1978/08/09 Landsat-2 MSS −2.37 −2.00 −2.89 −1.79 −2.40
waterline 1978/08/10 Landsat-2 MSS −2.32 −1.86 −2.45 −1.42 −2.40
waterline 1978/09/05 Landsat-2 MSS −1.49 −2.07 −3.30 −2.73 −1.49
shoreline 1979/09/09 Landsat-2 MSS −2.17 −2.1 −2.33 −1.32 −1.75

waterline/sand ridge line 1979/09/10 Landsat-2 MSS −2.45 −2.36 −2.30 −2.04 −2.24
waterline 1980/09/30 Landsat-2 MSS −2.05 −1.34 −2.99 −2.29 −1.9
waterline 1980/10/28 Landsat-2 MSS −1.85 −1.55 −3.26 −2.62 −1.82
waterline 1980/12/12 Landsat-2 MSS −1.89 −1.54 −2.08 −1.42 −1.83
waterline 1988/03/08 Landsat-5 TM −2.09 −1.31 −2.60 −1.89 −1.85
waterline 1988/06/05 Landsat-5 TM −2.27 −1.81 −2.82 −1.84 −2.56
waterline 1989/03/27 Landsat-5 TM −2.34 −1.20 −2.94 −2.10 −2.05

shoreline/sand ridge line 1989/12/01 Landsat-5 TM −1.49 −1.06 −1.46 −1.20 −2.25
waterline 1990/04/15 Landsat-5 TM −1.91 −1.15 −3.32 −2.77 −1.89
waterline 1990/07/13 Landsat-5 TM −2.65 −2.06 −3.21 −1.91 −2.81
waterline 1998/01/31 Landsat-5 TM −1.47 −3.02 −3.06 −3.14 −1.63

shoreline/sand ridge line 1999/02/19 Landsat-5 TM 0.95 −2.59 −2.33 −3.93 −1.53
waterline 2000/03/09 Landsat-5 TM −2.02 −1.36 −2.66 −1.97 −1.34
waterline 2000/03/26 Landsat-7 ETM+ −2.22 −1.21 −2.57 −1.80 −2.21
waterline 2000/04/10 Landsat-5 TM −2.42 −1.65 −3.05 −2.02 −2.53
waterline 2000/06/06 Landsat-5 TM −2.32 −1.89 −2.53 −1.49 −2.33
waterline 2000/09/18 Landsat-7 ETM+ −1.59 −1.72 −2.78 −2.25 −1.51
waterline 2000/10/04 Landsat-7 ETM+ −1.39 −0.61 −2.56 −2.50 −1.2
waterline 2008/02/12 Landsat-5 TM −1.92 −1.58 −2.89 −2.12 −2.35
waterline 2008/05/11 Landsat-5 TM −2.34 −2.36 −2.53 −1.33 −2.02

shoreline/waterline 2009/04/28 Landsat-5 TM −2.25 −0.83 −2.57 −1.90 −1.52
sand ridge line 2009/05/29 Landsat-7 ETM+ −2.39 −1.85 −1.57 −1.50 −2.42

shoreline 2009/06/14 Landsat-7 ETM+ −2.11 −1.7 −1.36 −1.51 −2.23
waterline 2009/08/26 Landsat-5 ETM+ −2.18 −1.51 −1.09 −2.26 −1.89
waterline 2010/12/26 Landsat-7 TM −1.65 −1.77 −1.46 −1.88 −2.2
waterline 2010/12/27 Landsat-7 TM −1.02 −1.74 −1.42 −1.25 −2.17
waterline 2018/03/23 HJ-1 CCD −2.52 −2.25 −2.97 −1.70 −2.79
waterline 2018/07/18 Landsat-7 ETM+ −2.21 −2.24 −3.25 −2.84 −2.73
waterline 2019/03/13 HJ-1 WFV −2.43 −2.14 −2.73 −2.89 −2.42
shoreline 2019/03/15 GF-1 CCD −1.73 −1.7 −2.06 −1.88 −1.57

sand ridge line 2019/05/21 HJ-1 CCD 0.02 −1.09 −2.43 −2.45 −1.46
waterline 2019/06/08 GF-1 WFV −0.66 −1.18 −2.82 −2.93 −1.92
waterline 2019/08/21 Landsat-8 OLI −0.72 −1.42 −2.62 −2.51 −1.56

Tide gauge data were obtained from five tide level stations: Yangkougang, Tiaoyugang,
Dongdagang, Dongshagang, and Dafenggang in the sea area of RSRs (Figure 1). Because
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the five tide level stations were built in 2012 [33], the historical data of each station is
calculated by the harmonic analysis. The formula is as follows:

hp(t) = A0 +
Q

∑
q=1

fqHqcos[σqt + (v0 + u)q − gq] (1)

where t is time; hp(t) is the tide height; A0 is the height of the annual or annual mean
sea level; q is the serial number of the tidal constituent; Q is the total number of tidal
constituents; fq is the intersection factor of the tidal constituent; Hq is the amplitude of
the tidal constituent; σq is the tidal angular velocity; v0 is the tidal phase angle; u is the
correction angle of fractional tide intersection; and gq is a special late angle for tidal
separation.

3.2. Methods
3.2.1. Shoreline Extraction and Analysis

An artificial shoreline is a borderline formed by artificial buildings, including reclama-
tion seawalls, wharves, fishponds, and salt pans. From the Sheyang to Tanglugang estuary,
large-scale exposed tidal flats are an extremely active area for reclamation activities. In
recent decades, more than 1000 km2 of tidal flats have been reclaimed. The shoreline has
gradually advanced to the sea, and the natural shoreline has almost been replaced by artifi-
cial shoreline. The artificial shoreline is the edge line of the outermost artificial structures
on the beach. Because of different uses, artificial structures include tidal dikes, breakwaters,
ports, docks, protruding dikes, breeding ponds, and salt pans. They are generally straight
and clear and not affected by the water level. These ‘standard false color composite images’
(R: near-infrared band; G: red band; B: green band)—such as Landsat MSS (654); Landsat
TM/ETM+ (432); Landsat OLI (543); HJ−1 CCD (432); GF−1 WFV (432)—were used to
extract historical artificial shorelines in RSRs area. As shown in Figure 2, artificial structures
such as tide dikes or breakwaters are generally bright in the image, appearing white, with
long and narrow extensions and smooth textures; outside the dikes are silt mud flats with
dark colors. The position of the shoreline is the outer edge of the white border. For ports
and docks, there are mostly residential areas or factories, etc., with uneven brightness and
clear mesh textures, which are easy to confirm. The position of the coastline is determined
at the line connecting the root of the protruding dike to the land. The breeding ponds are
elongated and distributed more concentratedly. The color of the breeding ponds on the
images is close to sea water, and looks gray or off-white when it dries up. For the estuary,
the sharp narrowing of the channel at the small estuary and the maximum curvature of the
two headlands are defined as the shoreline. Therefore, in this study, visual interpretation of
remote sensing images was carried out to extract historical artificial shorelines in RSR areas.

Based on historical artificial shorelines, evolution analysis was executed using the
Digital Shoreline Analysis System (DSAS) version 5.0 [34]. DSAS is a quantitative analysis
system developed by The United States Geological Survey to calculate the temporal and
spatial change rate of the shoreline that works within the Esri Geographic Information
System (ArcGIS) software. The specific process is as follows: (1) Extraction of shorelines.
All shoreline positions that are to be used in the change-rate analysis must reside in a
single feature class in the geodatabase. (2) Baseline creation. Baselines are created using a
buffer method with the same curved shape as the shoreline. (3) Generating transects. Set
the spacing of crosscutting lines as 1 km, generating a total of 257 crosscutting lines that
intersect all shorelines. (4) Selection of statistics to calculate. Shoreline change information
can be calculated by DSAS, such as shoreline change envelope (SCE), net shoreline move-
ment (NSM), linear regression rate (LRR), and end point rate (EPR). NSM is the distance
between the oldest and youngest shorelines in a certain period, which can scientifically and
effectively simulate the temporal and spatial change rate of the shoreline.
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3.2.2. Waterline Extraction and Analysis

The ‘waterline’ is defined as the boundary between a water body and an exposed tidal
flat in a remotely sensed image. The tidal flat was characterized by a low reflectance from
the exposed surface, a high seawater turbidity, and a variation in moisture content that was
in turn governed by grain size, local slope, and the existence of tidal channels or creeks [35].
Therefore, in different areas, different bands or spectral digital number values of remote
sensing image should be determined to extract waterlines over the entire region [33]. In
this study, a method based on object-oriented classification was used to extract waterlines.
The object-oriented classification method makes use of the features of shape, texture, and
landscape to realize high-precision classification results using the technologies of images
segmentation, multiple feature analysis and extraction, sample selection, and supervised
classification [36]. At the same time, object-oriented classification can establish different
segmentation thresholds for different images and can directly obtain the vector surface
of each object, so it can effectively avoid the problem of broken lines in the process of
waterline extraction.

As shown in Table 1, multi-source images such as Landsat (MSS, TM, ETM+, OLI),
HJ−1, GF−1 were used to extract the waterlines. The spatial resolution of MSS image
is 79 m, TM, ETM+ 30 m, HJ−1 30 m, and GF−1 16 m. In addition, the ‘standard false
color composite image’, that is, the near-infrared band corresponds to R (red), the red
band corresponds to G (green), and the green band corresponds to B (blue) as the initial
image to be processed. As shown in Figure 3, the steps of the extraction method mainly
include image segmentation based on multi-scale, region merging, and artificial visual
modification. eCognition software (version 9.1) was used to complete waterline extraction.
Multi-scale segmentation is one of the most used segmentation algorithms, and the scale-
level parameter in this study was set to 30. The normalized difference water index (NDWI)
was used for region merging to combine small segments into groups. Finally, the waterlines
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were output and further modified manually. In order to study the overall movement trend
and area change of the tidal flat, we converted the waterlines into polygons. Different
polygon layers in one year before and after the time node (1979/1989/1999/2009/2019)
were merged to obtain a maximum outsourcing polygon which was used as the exposed
tidal flat layer at a specific time node in subsequent analysis. In addition, GIS spatial
overlay analysis was implemented to analyze the area variation and spatial stability of
exposed tidal flats from 1979 to 2019.
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3.2.3. Sand Ridge Line Extraction and Analysis

In this study, based on radiation contours, the sand ridge lines in the RSRs were
extracted through visual interpretation. The extraction process is briefly described by
taking the HJ−1 image on 26 April 2012 as an example (Figure 4). It mainly includes
four steps: image selection, characteristic band (red band + near-infrared band: B3+B4 in
HJ−1) determination, piecewise linear enhancement processing, and contour extraction.
1© Image selection: Through the analysis of the tide situation corresponding to the historical

satellite images, it was found that the image about 2 h after the lowest tide should be
selected as the data source. After the ebb tide, flow velocity is small, and the sediment
is not easily suspended. At this gap time, the concentration of suspended sediment is
low, and the underwater sand ridges are clearly visible on the acquired remote sensing
image. 2© Characteristic band determination: A previous study made it apparent that the
correlation coefficients between spectral band and total suspended matter (TSM) become
larger as the wavelengths shift from the blue to the near-infrared bands [37]. In this study,
the correlation between the measured topographic data and various band combinations
was analyzed. It was found that the ‘red band + near-infrared band’ (B3+B4 in HJ−1)
combination has the greatest correlation, which is suitable for distinguishing deep channels
and underwater sand ridges. 3© Piecewise linear enhancement processing: Piecewise
linear contrast stretching can zoom in on the area where the digital number (DN) value
distribution is more concentrated, highlight the fine structure, and realize the extraction of
subtle features. 4© Contour extraction: The characteristic band image after enhancement
processing was used to extract the contours. Finally, according to the distribution of contour
lines, the underwater sand ridge lines were drawn through visual interpretation. As shown
in Figure 5, comparing the 2012 remote sensing image with this surveyed DEM, it was
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found that the distribution of the sand ridges was very consistent. The DN contour of the
remote sensing image can refer to the terrain contour.
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Figure 5. Comparison with surveyed data and extracted image of sand ridge lines; (a) digital elevation
model (DEM) based on surveyed data; (b) overlay map of image and contours of DEM.

In order to understand the overall evolution trend, we introduced a standard devi-
ational ellipse [38] to quantitatively analyze the central trend dispersion and direction
trend of sand ridge lines based on GIS spatial analysis technology. Firstly, the sand ridge
line of five periods was converted into point sets (1 km per point), and then the standard
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deviational ellipse and geographic center point were obtained based on these calculation
formulas.
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where SDEx and SDEy are the calculated center positions of the ellipse, xi and yi are the
spatial position coordinates of each element, X and Y are position coordinates of the
arithmetic mean center, xi and yi are the difference between the mean center and the x
and y coordinates, σx and σy are the lengths of the semi-major and semi-minor axes of the
ellipse, and θ is the direction of the ellipse measured clockwise from due north.

4. Results
4.1. Shoreline Evolution

Long-term change of artificial shorelines from 1979 to 2019 was analyzed based on
DSAS, as shown in Figure 6. According to the net shoreline movement (NSM) result, the
coastline has been advancing towards the sea from Sheyang to Tanglugang estuary. The
maximum advance rate was 348.76 m/a, and the average was 136.98 m/a. In general, the
shoreline changed dramatically from Wanggang to Xiaoyangkou estuary compared with
other areas. The annual change rate of the coastline from 1979 to 1989 was 65.92 m/a, from
1989 to 1999 it exceeded 150 m/a, from 1999 to 2009 it was about 226.58 m/a, and from 2009
to 2019 it was 102 m/a. The period from 2009 to 2019 showed the fastest rate of advance to
the sea, due to frequent reclamation activities.

4.2. Evolution Analysis of Exposed Tidal Flat
4.2.1. Area Change of Exposed Tidal Flats

Based on the extraction of the waterlines and the vector polygon merging, five distri-
bution surfaces of the exposed tidal flats were obtained during the period of 1979–2019
(Figure 7a–e). Based on GIS spatial statistical analysis, the area of exposed tidal flats in the
RSRs was calculated. As shown in Figure 7f, over the past 40 years, the area has decreased
by 1484 km2. The change of tidal flat area was rapid in the first 30 years but relatively slow
in the last 10 years. Except for the reclaimed area of 1414 km2, the area of exposed tidal flat
has decreased only by 70 km2. The results showed that in the past 40 years, the exposed
tidal flats of RSRs have not changed much under natural conditions, and the decrease in
area is mainly due to reclamation activities in high tidal flats.
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4.2.2. Stability Analysis of Exposed Tidal Flats

Based on five-period tidal flat polygon layers (Figure 7a–e), spatial overlay analysis
was executed to analyze the stability of exposed tidal flats using ArcGIS software. The
overlay map between 1979 and 2019 (Figure 7g) bounded by the black dotted line showed a
trend of erosion in the north around Xiyang channel and deposition in the southeast around
Gaoni and Jiangjiasha sand ridges. Tidal flats have shown a trend of moving southwest
in the past 40 decades. For example, Erfenshui of Tiaozini has moved 11 km southward,
while distances of 8 km for Liangyuesha and 5 km for Lengjiasha were also observed.

In addition, based on five polygon layers of exposed tidal flats (Figure 7a–e), the
number of occurrences was used as the main indicator of stability assessment, and the union
tool was used to obtain the stability map of tidal flats (Figure 7h). The more occurrences,
the higher the tidal flat stability; the fewer occurrences, the worse the tidal flat stability.
The result showed that regarding the large-scale sandbanks of the RSRs, the stability of
Dongsha and the coastal beaches (outside Doulong Port, Xiaoyangkou−Daiyang Port) is
relatively high. Tiaozini and Gaoni are obviously affected by tidal creeks, and their stability
plaques are more fragmented.

4.3. Analysis of Geomorphic Evolution of Sand Ridge
4.3.1. Spatial Distribution Characteristics of RSRs

The sand ridge lines of five different periods (1979–2019) were extracted, and the
overlay map is shown in Figure 8. The average length of the ridgeline and the average
direction angle were calculated and are shown in Table 2. The result showed that radial
sand ridges (RSRs) spread in a fan-shaped pattern over the seabed of the Southern Yellow
Sea are divided into two regions, the south and the north, which are bounded by the
Huangshayang channel. The northern region can be further divided into the northeast
region and the northwest region. In the northeast, there are large-scale sandbanks in the
northeast, such as Macaiheng, Mozhusha, Waimozhusha, and Jiangjiasha, which are more
than 100 km in length. The direction of the sand ridges in this area varies from 10◦ to 71◦,
with an average of 30◦. In the northwest area, the sand ridges mainly include Dongsha,
Gaoni, and Xiaoyinsha with a length of around 80 km. The direction of the sand ridge
is basically true north. In the southern region, shorter sand ridges (within 50 km) are
distributed here. The main sand ridges are Hetunsha, Taiyangsha, Lengjiasha, and Yaosha
with direction varying from 80◦ to 120◦, with an average of 100◦.

Table 2. Statistical table of morphological parameters of sand ridges.

Sand Ridges Length (km) Direction (◦) Sand Ridges Length (km) Direction (◦)

Gaoni−Dongsha 96 350 Tiaozini−Jiangjiasha 135 71
Macaiheng 70 10 Hetunsha 38 80
Maozhusha 111 26 Tangyangsha 60 95

Waimaozhusha 185 18 Lengjiasha 51 105
Jiangjiabeisha 156 27 Yaosha−Wulongsha 54 120

The comparison of sand ridge lines in five different periods shows that, in the past
40 years, the sand ridges of the RSRs have been radiating out to the sea. With the passage
of time, the sand ridge lines in the RSRs are generally in the north–south direction, among
which Tiaozini and Yaosha were the most typical ones. The outer sea sand ridge is bounded
by Kushuiyang, the north–south fan angle has a trend of increasing, and the southern
sandbar of Kushuiyang has an obvious trend of southward movement.

4.3.2. Movement Trend of Sand Ridges

The standard deviational ellipse method was used to analyze the change of sand ridge
lines. As shown in Figure 9, standard deviation ellipses and geographic centers in different
periods were obtained, and morphological parameters were counted (Table 3). Overall,
the shape of the directional ellipse has not changed much in the past 40 years, and the



Remote Sens. 2022, 14, 287 12 of 18

change range of the major axis and the minor axis are both within 5%, indicating that the
overall radial shape of the sand ridge group is relatively stable. However, the center point
of ellipse showed a trend of gradually moving southeast (Table 4). From 1979 to 2019, the
moving distance is nearly 4 km, and the direction is southeast (135◦), with an average
annual movement of 100 m. Compared with other periods, the movement of sand ridges
has accelerated in the last 10 years (2009–2019).
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Table 3. Statistics of standard deviation ellipse parameter.

Time Semi-Major Axis
(km)

Semi-Minor Axis
(km) Area (km2)

1979 83.01 45.99 11,993.42
1989 80.95 45.95 11,684.94
1999 82.18 44.08 11,333.23
2009 82.73 44.56 11,580.01
2019 81.95 44.50 11,452.49

Table 4. Statistics of decadal elliptic center changes.

Time Angle (◦) Distance (m) Speed (m/a)

1979–1989 157.47 1035.65 103.57
1989–1999 125.80 1009.03 100.90
1999–2009 124.69 606.01 60.60
2009–2019 130.54 1354.39 135.44
1979–2019 135.31 3899.62 97.49

5. Discussion
5.1. Causes and Future Trend of the Shoreline

From 1979 to 2019, the shoreline of the RSRs has shown a clear trend of advancing
toward the sea. Undoubtedly, the reclamation of tidal flats is the main reason. More than
1400 km2 of tidal flats have been gradually reclaimed in the past 40 years, and the next
1 million mu (667 km2) tidal flats reclamation plan was launched in 2010 [39] (Figure 10a).
However, in the past 10 years, with the background of the construction of China’s marine
ecological civilization, more attention has gradually been paid to the protection of tidal
flats. In 2018, the State Council of China issued the ‘Notice on Strengthening the Protection
of Coastal Wetlands and Strictly Controlling Reclamation’ (hereinafter referred to as the
‘Notice’) [40]. The ‘Notice’ requires that the total control of the total amount of reclamation
be improved and the annual plan targets for local reclamation and reclamation will be
cancelled. Except for strategic projects, the approval of new reclamation projects will be
completely stopped. Immediately afterwards, in 2019, China’s migratory bird sanctuaries
along the coast of the Yellow Sea–Bohai Gulf (Phase I) were inscribed on the World Heritage
List as a natural site at the forty-third session of the UNESCO World Heritage Committee
in Azerbaijan’s capital [6]. Therefore, in this context, it is unlikely that the shoreline will
be pushed to the sea due to reclamation in the future, except for certain large-scale port
constructions (such as Tongzhouwan Port).

5.2. Driving Forces for the Southeastward Movement of the RSRs

According to the previous results, in the past 40 years, the RSRs including exposed
tidal flats and underwater sand ridges have shown a trend of moving to the southeast
direction, such as Tiaozini where the center area of the RSRs has moved south by 11 km
as shown in Figure 8. What caused this obvious trend of RSRs? For thousands of years,
the coast of Jiangsu has undergone tremendous changes in the sea [41], but the convergent
and divergent tidal wave system has always existed. With a huge amount of sediment
replenishment [6], it has been transforming the landform of the RSRs. The evolution of RSRs
is the result of both external and internal influences. Firstly, from the perspective of the
external macro-dynamic conditions of the Yellow Sea, for decades, it has been believed that
there is a southward coastal current in the southwestern part of the Yellow Sea (Figure 11),
which is called the Yellow Sea Coastal Current (YSCC). It is the common direction of
coastal currents under geostrophic balance and is also the downwind direction under the
prevailing East Asian monsoon in winter [42]. Secondly, in the inner RSRs, the north area
around Xiyang channel, the tidal currents almost follow a straight route also because of
the narrower troughs. Measured tidal current velocities can reach 3.12 m/s [12]. In the
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south area around Lanshayang−Huangshayang, the tidal current vector ellipses are mostly
egg-shaped and tidal velocity is 0.5~0.8 m/s. The residual flow value varies from 0.007
to 0.37 m/s, and the direction of residual flow is not obvious, but it is consistent with the
direction of the sandbank and the tidal channel. Due to poor depth measurements, complex
tides, and harsh sea conditions, there are few direct measured data. The dynamic conditions
and mechanisms of this sea area need further discussion. However, previous studies have
revealed that tidal currents play a dominant role in the formation and development of the
RSRs, while the contributions of storms/waves are secondary [7,17]. The convergent tidal
wave system (propagating tidal wave from the south and the rotational tidal wave system
from the north [32]) is the inevitable result of tide waves propagating under the unique
boundary formed by the Korean Peninsula, Shandong Peninsula, and Jiangsu coastline
(Figure 11). Large changes in ocean tidal waves, Coriolis force, deep sea topography
and friction coefficients were unlikely to change much in the past 40 years. Existing
numerical simulation studies have shown that this convergent−divergent tidal wave
system has existed stably for thousands of years. The local changes of Jiangsu coastline
and topographical changes only affect the local tidal wave energy [43,44]. The Yellow
River seized the Huaihe River into the sea in 1128, the Jiangsu coast was silted out for
60 km overall as shown in Figure 11. Before the Yellow River returned to the north in
1855, the abandoned Yellow River coastline protruded to the sea more than 20 km. In
addition, there was a huge underwater delta (Wutiaosha and Dasha sandbank are shown as
of 1875–1905 [6]), which blocked the rotating tidal wave propagating from north to south,
and the hydrodynamic force was relatively weak. After the Yellow River returned to the
north, as the shoreline retreated and the underwater delta eroded, deposition continued
along the Dafeng–Dongtai line [45], the rotating tidal wave became smoother, and the
hydrodynamic force of the RSRs sea area was further strengthened. In addition to the
changes in coastal location, in the past 40 years, under the influence of human activities,
the coastline of Central Jiangsu has gradually evolved from its original natural rough shape
to an artificially straight shape [13], making the reflection of tidal waves stronger and
more direct. Furthermore, from the perspective of hydrodynamics, Ni et al., proposed that
tidal waves propagate in the offshore tidal channel−sand ridge system and generate a
residual current circulation around the sand ridge [46]. Residual currents drive sediment
transport. There is a spatial gradient between tidal channel and sand ridge, which leads
to accretion on the south side and erosion on the north side. As a result, the sand ridges
migrate southward.
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Therefore, we infer that the strengthening of this regional tidal wave system to the
south and east may be one of the leading factors that caused the radiation sandbank to
move southeast. In the future, the trend of southeastward movement of the radial sand
ridge group will still exist. With the background of enhanced dynamics, the topographic
difference between sand ridges and deep troughs will further increase, and the topography
will become steeper. For example, in the northern section of Tiaozini in the Xiyang Channel,
the multi-year elevation curve shows great changes. The interaction between hydrodynamic
changes and coastal evolution has existed for a long time, and coastal changes cause tidal
wave changes. At the same time, the changed tidal wave system distribution will also
reshape coastal landforms.

5.3. Limitations for the Geomorphic Evolutionary Analysis of the Radial Sand Ridges

In terms of image processing, atmospheric correction was not performed in this study,
because the parameters of the radiation transfer model were difficult to obtain. In the future,
we will increase observations and develop the atmospheric correction model suitable for
Jiangsu offshore waters. In addition, the time span of this study was 40 years, but there
were only five-time nodes, and the interval of each time node was 10 years, which is too
long to obtain detailed geomorphic information of RSRs. In the future, we can shorten
the time interval and refine the analysis of the evolution characteristics of the RSRs. In
addition, due to the lack of measured topographic data, this study used the waterlines
and underwater sand ridgelines to characterize the entire seabed and lacks a quantitative
analysis of three-dimensional erosion and deposition. In the future, we will try to build
an underwater terrain remote sensing inversion model and quantitatively analyze the
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geomorphic evolution of RSRs by constructing serial digital elevation models of tidal flats
and underwater sand ridges.

6. Conclusions

The RSRs of the South Yellow Sea, as a sensitive zone, are bearing the dual pressure
from land and sea. This study made full use of the multi-source remote sensing data
from 1979 to 2019, took the geomorphological feature line (shoreline, waterline, and sand
ridge line) as the description object, and analyzed the geomorphic evolution of the RSRs
quantitatively and finely using GIS spatial analysis technology.

The main findings are as follows:

(1) The coastline has been advancing towards the sea from the Sheyang to Tanglugang
estuary. The maximum advance rate was 348.76 m/a, and the average was 136.98 m/a.
The section from Wanggang to Xiaoyang Port advances the most to the sea, and
1999–2009 is the period with the fastest advancing rate. The large-scale reclamation in
Jiangsu province is the main driving force;

(2) The exposed tidal flat area has decreased sharply, and the offshore sandbars have
moved significantly to the southeast. Over the past 40 years, the exposed tidal flats
have decreased by 1484 km2 including the reclaimed area of 1414 km2 and have
showed a trend of erosion in the north around Xiyang channel and deposition in the
southeast around the Gaoni and Jiangjiasha areas;

(3) RSRs have been spread in a fan-shaped pattern over the seabed of the Southern
Yellow Sea in the past 40 years with pronounced differences between the northern and
southern channel−sand ridges. From 1979 to 2019, the sand ridge lines showed a trend
of gradually moving southeast, the moving distance is nearly 4 km, and the direction
is southeast (135◦), with an average annual movement of 100 m. The enhancement of
the northern rotating tidal wave system may be one of the leading factors.
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