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Abstract: With the rapid development of wind power generation, many marine wind farms have been
developed on the offshore intertidal sandbank (OIS) along the coastal regions of Jiangsu Province,
China during the last decade. In order to quantitatively assess the stability of offshore wind turbines
and their induced topographic changes on the OIS, a digital elevation model (DEM)-based analysis
supported by satellite remote sensing is adopted in the present study. Taking the Liangsha OIS at
the middle of Jiangsu coast, China as the research area, we first used an enhanced waterline method
(EWM) to construct the 30 m resolution DEMs for the years 2014 and 2018 with the embedment of
tidal creeks to effectively express the detailed characteristics of the micro-terrain. Then, a hypothetical
sandbank surface discrimination method (HSSDM) was proposed. By comparing the height difference
between the hypothetical and the real terrain surface during the operation period, the wind turbine-
induced topographic change rate (TCR) was estimated from the DEM of 2018. The results show
that 73.47% of the 49 wind turbines in the Liangsha OIS have an erosional/depositional balanced
influence on the intertidal sand body, 8.16% show a weak depositional influence, and 18.36% lead
to weak erosion. The average erosional depth, 58.6 cm, reached nearly 6% to 10% of the maximum
possible erosion estimated by the hydrodynamic model. Furtherly, using two DEMs for the years
2014 and 2018, the topographic change depths at the location of wind turbines were calculated. By
comparing the wind turbine-induced terrain change with the naturally erosional/depositional depths
of the OIS, the average contribution rate caused by the wind turbines achieved 42.17%, which meant
that the impact of wind turbines on terrain changes could not be ignored. This work shows the
potential of utilizing satellite-based remote sensing to monitor topographic changes in the OIS and to
assess the influence of morphological variations caused by wind turbines, which will be helpful for
offshore wind farm planning and intertidal environment protection.

Keywords: offshore intertidal sandbank (OIS); wind turbine; enhanced waterline method (EWM);
digital elevation model (DEM); hypothetical sandbank surface discrimination method (HSSDM);
topographic change rate (TCR)

1. Introduction

With the rapid development of the global economy, a great number of fossil resources
are consumed yearly, which has led to increasingly serious global warming and energy
security problems [1–3]. In recent years, alternative sources of energy, especially clean
and renewable energy, such as hydropower, solar power, and wind power, have drawn
significant interest worldwide [4,5]. Among them, wind power technology developed very
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fast and has become one of the power-generating technologies with the greatest potential
in large-scale and commercial development applications [6,7]. China has abundant wind
power resources in the northeast, northwest, and northern regions of the mainland and in
the coastal area. Along its 18,000 km long coastline, many offshore wind farms have been
developed over the last decade. The development of offshore wind power has become an
important strategic support for China’s energy structure transformation.

In China, rich offshore wind power resources are mainly distributed in a nearly 10 km
wide stripe along the coastal regions with water depths of 5 to 50 m [4]. Therefore, most
offshore wind power plants that have been built or are under construction are located in
intertidal zones and shallow water areas. As these wind turbines are constructed on the
offshore intertidal sandbank (OIS), they inevitably impact local tidal currents and waves,
leading to erosion or deposition around the piles, and alteration of sandbank topography.

To determine the morphological changes that occur in the OIS and to quantitatively
evaluate the erosional/depositional influences of wind turbines on sandbanks, hydro-
dynamic simulation is a commonly used method [8]. According to the hydrodynamic
model simulation in the Huaneng Rudong intertidal wind power project located in the
middle-eastern region of Jiangsu coast, the estimated erosional depth at the site of the wind
turbine on the OIS is between 5.93 and 9.15 m, and the maximum radius of the scour pit
is 12.64 to 17.90 m [9]. Hydrodynamic analyses can present extreme or final situations of
sandbank erosion/deposition caused by wind turbines, but it is difficult to reveal the real
spatial topographic change status during the wind farm operation period.

From the perspective of spatial analysis, the digital elevation model (DEM), a rectan-
gular grid dataset interpolated by points of known elevation from sources, such as ground
surveys or photogrammetric data capture to represent the relief of a terrain surface, pro-
vides an ideal solution for OIS terrain change detection [10,11]. Compared with different
intertidal sandbank DEM data collection methods, such as ship-based echo sounding, air-
borne stereo-photogrammetry, and airborne light detection and ranging (LiDAR), satellite
remote sensing provides a safe and cost-effective way for the topographic monitoring of
the OIS located in places that are poorly accessible or potentially hazardous [12–14]. By
interpolating a time series of waterlines with height information extracted from remote
sensing images at different tidal periods, the conventional waterline method can quickly
construct the DEM of the intertidal sandbank and show its surface undulations [15–18].
However, the resulting DEM has some shortcomings in explaining the terrain changes
caused by small targets (e.g., wind turbines), both in the DEM construction and in the
expression of terrain details.

Firstly, as a massive number of multi-temporal and multi-source satellite remote
sensing image data are available, the waterlines precisely extracted from these images
densely cover the whole intertidal flat surface. Some of the waterlines inevitably intersect
others due to slight changes in the terrain or shift on the position of tidal creeks. They
fragment the DEM and make it difficult to describe the overall terrain variation trend [18,19].
Secondly, the height differences on muddy coasts are relatively small. Several waterlines
with similar heights easily cluster together, especially under low tidal conditions. A suitable
method is needed to determine a characteristic line to represent the spatial location and
elevation information contained in these small tidal-height intervals [20]. Thirdly, the
DEMs constructed by the conventional waterline method usually has a relatively coarse
spatial resolution. It cannot effectively express the morphological changes caused by
tidal creeks of various widths and shapes on the surface of sandbanks. However, these
kinds of micro-topographical characteristics are important to reveal the terrain change
impacts of small targets, such as wind turbines, exerting on the sandbanks. Finally, a DEM
interpolated by shorelines with height characters cannot take into account the presence of
wind turbines during its construction process. Therefore, using the DEM to determine the
terrain differences caused by wind turbines and analyzing the inter-influence between the
variation in sandbanks and wind turbines is a great challenge.
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The main objective of this paper is to provide a feasible way to evaluate topographic
changes caused by the construction of offshore wind turbines on their located OIS based on
the support of satellite remote sensing and DEM spatial analysis techniques. The innovation
points are: (1) modify the conventional waterline method to allow the constructed DEM
to better describe the detailed terrain character in the quick and easily changed OIS,
(2) propose a novel method to quantitatively estimate the topographic changes caused
by the construction of wind turbines from the remote sensing constructed DEM, and
(3) understand the contribution rate and manner for wind turbine-induced terrain changes
to the natural topographic variations at the offshore sedimentary environments.

The remainder of the paper is structured as follows. In Section 2, we present the natural
conditions of the study area. Section 3 describes the data used in this paper. In Section 4,
we introduce the methodologies adopted in this paper, including OIS DEM construction,
wind turbine-induced OIS topographic change estimation, and OIS topographic change
intensity judgement. Section 5 shows the corresponding results and analysis obtained.
Sections 6 and 7 are our discussions and conclusions.

2. Study Area

Jiangsu Province is located on the middle-eastern coast of China. Along its open
coast facing the southern Yellow Sea, a unique radial sandy ridge system with more than
70 sand ridges and tidal channels extending approximately 200 km from north to south
and 90 km from east to west has developed [21,22]. In the last decade, wind power has
made rapid progress in the core region of the radial sandy ridge outside of JiangGang town.
In this study, the Liangsha area (Figure 1), especially the Jiangjiasha and Zhugensha sand
bodies, was selected as a test site for the DEM generation and wind turbine-influenced
morphological change analysis.
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Figure 1. Location map of the Liangsha offshore intertidal sandbanks with the distribution of three
tidal gauge stations. The background image is a Sentinel-2 false-color image acquired on 9 April 2018.

The Liangsha area is macro-tidal with a semi-diurnal tidal range of 3.9 m to 5.5 m [21].
Due to wave energy attenuation on shallow water sandbanks, the wave action is extremely
weak. Maximum currents over the intertidal sandbank range from 0.5 to 1.0 m/s [23].
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Over the last decade, the Liangsha OIS has shown obvious and continuous topographical
variations under the effects of natural and anthropogenic processes [12,18,19,24,25]. With
the coastal land reclamation of the Tiaozini sandbank on the west side, two large tidal
channels in the north part of the Liangsha sandbank, namely the Dongdagang channel and
Xidagang channel, were forced to swing and broaden towards the seaside. They control the
shape, position, and movement of the Liangsha OIS. On the OIS surface, many dendritic
tidal channels are observed on the Jiangjiasha sand body and through-type tidal channels
on the Zhugensha sand body. These channels affect the undulations of the sandbank
surfaces and lead to micro-topographic variations in these areas.

3. Materials and Data

In this study, a DEM-based analysis with the support of remote sensing was adopted to
assess the morphological changes of the OIS induced by the construction of wind turbines.
Four datasets were collected, and the processing details are described below.

3.1. Satellite Image Data

Near the Liangsha OIS, the Jiangjiasha 300-MW and the Huaneng Rudong 300-MW
offshore wind farms were developed in 2017 and 2016, respectively (Figure 2). To compare
the topographic changes that occurred in the sandbanks during the construction processes
of these two wind farms, satellite remotely sensed image data covering the years 2014
and 2018 were collected. For 2014, 21 scenes of 16 m spatial resolution images acquired
by the Chinese-launched GF-1 satellite were selected. Additionally, for 2018, a total of
80 scenes of Landsat 8 OLI satellite image data and Sentinel-2 satellite image data with
spatial resolutions of 30 m and 10 m were used. All these collected images were first
atmospherically corrected using the Envi5.3 FLAASH atmospheric correction tools [26].
Then, they were geometrically registered to the WGS84 coordinate system and the Universal
Transverse Mercator North 51st zone projection system. Finally, all the collected images
with different spatial resolutions were re-sampled to 30 m to match the maximum diameter
of the scour pits around the wind turbine piles.
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3.2. Tidal-Height Data

Waterlines extracted from the re-sampled remote sensing images had no associated
height information. Data representing the tidal heights at the image acquisition times would
be helpful in assigning heights to them [16]. In the present study, we used a classical tidal
harmonic analysis, which was a kind of location-based estimation method for tidal-height
simulations [27]. From north to south, three tidal gauge stations, namely, Dafenggang
(DFG), Jianggang (JG), and Yangkougang (YKG), surrounding the Liangsha OIS area were
selected. Their locations are shown in Figure 1. Hourly tidal-height data collected at these
stations for the year 2018 were acquired. Then, T_TIDE, a MATLAB-version tidal harmonic
analysis software package, was applied to obtain the harmonic parameters for each gauge
station [28]. Eight fundamental tidal constituents, K1, O1, M2, S2, N2, K2, M4, and MS4,
were selected to represent the effects of tidal forcing in the Liangsha area [29,30]. As the
tidal harmonic constituents, station latitudes, and satellite overpassing times were input
into the T_TIDE package, the tidal height at each image acquisition time, together with the
error estimation, was obtained. After validation by the actual tidal heights measured at the
DFG tidal gauge station during 17–19 July 2018, the root-mean-square error (RMSE) was
found to be less than 20 cm, with a correlation coefficient reaching 0.98.

3.3. DEM Validation Data

At the end of the year 2018, during the period of high water level, an underwater
topographic survey covering the Liangsha sandbank (Figure 1) was carried out by using a
combination of ship-based echo sounding and GPS-RTK (global positioning system-real-
time kinematic) positioning. The spacing between the elevation points observed on site
was 100 to 300 m. An interpolated DEM with a spatial resolution of 250 m was generated
by the Ordinary Kriging interpolation method and used to validate the accuracy of the
resulting intertidal DEM generated by remotely sensed waterlines.

3.4. Wind Turbine Data

The analysis of Sentinel-2 high-spatial-resolution satellite remote sensing images for
the years 2016 to 2018 revealed many offshore wind turbines within the offshore sandbanks.
Taking the common scope of the Liangsha OIS area in 2014 and 2018 as a reference, the
locations of 49 wind turbines on the Liangsha OIS were automatically extracted from the
geo-rectified Sentinel-2 satellite data imaged on 9 April 2018. Figure 2 shows their spatial
distribution. These wind turbines were arranged in eight rows, of which seven rows were
located in the Jiangjiasha sea area and labeled from JJS-1 to JJS-7, and one row was located
in the Baxianjiao sea area with the label of RD-1.

4. Methodology

The assessment of marine wind turbine-induced topographical changes in the OIS
involves two main methods: (1) the enhanced waterline method (EWM), to construct
the high-accuracy DEM, which can meet the need to monitor variations of small targets
spatially, and (2) the hypothetical sandbank surface discrimination method (HSSDM), to
analyze the topographical changes caused by the wind turbines based on the DEM dataset.
The overall methodology of the study is shown as a flowchart (Figure 3).
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4.1. OIS DEM Construction

Compared with the wide and flat OIS spreading for several square kilometers, the
slender wind turbines with small bases erected on sandbanks can be regarded as tiny
targets. In order to reveal the topographic changes caused by these kinds of tiny targets, a
more accurate DEM with better-detailed terrain characters is needed. The EWM is proposed
here for OIS DEM construction and the improvements of the method are presented in these
main ways:

(1) Dense waterline filtering and height assignment

An offshore intertidal sandbank is commonly characterized as broad and gentle, with
many shallow tidal channels radially distributed to show the rhythmic undulation of the
flat surface. Even though the height differences among the studied sandbanks were usually
small, the waterlines also obeyed the overall variation trend of diminishing elevation from
the top of each sandy ridge to its low tidal edge. After the waterlines from 80 remote
sensing scenes in the year 2018 were extracted, they were first roughly filtered by their
shapes and locations. Those waterlines with obviously chaotic locations or intersecting
with other regularly distributed ones were removed to keep the rest spatially separable.
Then, the consistency of the tidal-height relations of the remaining waterlines was checked
to ensure the rationality of their indicated terrain variation trends. Since each reserved
waterline had three estimated tidal heights calculated from the DFG, JG, and YKG stations
by T_TIDE tools, they were sorted by their tidal heights, and a linear fitting analysis was
performed. By comparison, we chose tidal heights with a relatively good linear fit at all
three tidal gauge stations as the candidate scenario. The tidal heights with the best linear
fitting effects among the three stations were temporarily assigned to their corresponding
waterlines. Judging by the tidal level relation, if the height relationship between a given
waterline and either of its neighbors was wrong or did not match the gentle variation
trends of the terrain, it would also be removed. Finally, qualified waterlines from 37 scenes
were kept.

(2) Image composition and synthetic waterline extraction
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After sorting the 37 retained waterlines by their tidal heights, it was found that four,
three, five, five, and seven waterlines were spatially crowded in five narrow plane strips,
and were all clustered in small tidal-height intervals ranging from 13 cm to 40 cm. The
remaining 13 waterlines were spatially distributed among the wide intertidal flat. Aside
from introducing interpolation errors and leading to the fragmentation of the resulting
DEM, such a number of waterlines gathered together is not beneficial for the construction
of the DEM. Hence, an improved image compositing approach [20] was applied to obtain
the representative synthetic waterline from the generated composite image to solve this
problem. For the five selected remote sensing image datasets corresponding to the grouped
waterlines, the modified normalized difference water index (MNDWI) was adopted for the
image composition owing to its ability to effectively enhance the characteristics of open
water and suppress the soil noise in exposed offshore sand bodies [30,31]. Considering that
there were less than 7 images participating in the layer stacking process and no extreme
values existed, the average-value calculation of the MNDWI was more suitable than the
median-based calculation. Therefore, combined with the average value of the MNDWI for
each pixel, five stacked images were respectively generated. By detecting the land–sea edges
from the threshold-segmented MNDWI compositing images using a Sobel operator [30],
the corresponding synthetic waterlines were produced. They could effectively represent
the average locations and height characteristics of these clustered waterlines.

(3) Tidal channel embedment

All the waterlines, including directly extracted and synthetic, were then separated into
discrete points with an interval of 30 m. After assigning tidal-height values to these discrete
points, the initial DEM for the studied OIS could be interpolated using an inverse distance
weighting method [12,30]. However, the interpolation process for the generation of DEM
smoothed the tiny undulations of the intertidal flat surface, especially within the height
difference of 30 to 50 cm, which was equivalent to the depth of the small tidal channel
winding on the sandbank. Therefore, tidal channels with varied shapes and widths on
the sandbank surface are ideal candidates with which to express the rhythmic oscillation
characteristics of the terrain.

From the Sentinel-2 satellite remote sensing image acquired during the mean spring
low-tidal level, we precisely delineated the plane boundary lines of the tidal channels on
the OIS and simultaneously extracted their middle lines. The boundary lines were adopted
to control the spatial locations and the width variations of the tidal channels. Additionally,
the middle lines were used to help construct the inner terrain of the tidal channels. Since
the middle lines only had associated location information and no elevation information, the
lowest tidal heights estimated at the three tidal gauge stations during the year 2018 were
treated as the base height values. Additionally, for the boundary lines, the tidal heights
at the image acquisition time could be directly used. Then, the height information was
assigned to the spatially discrete points of the middle lines and the boundary lines by the
inverse distance weighted (IDW) interpolating method, and a tidal channel DEM showing
the basic flow network structures was generated. By embedding the tidal channel DEM
into the initially constructed DEM, the final OIS DEM with detailed tidal surface terrain
fluctuations could be obtained.

Another way to obtain the final OIS DEM was to put all elevation discrete points
representing tidal channels and waterlines together for DEM construction. However, after
comparing the resulting DEM obtained by this processing method with the tidal chan-
nel embedding method, it was observed that the latter result performed more naturally
in its illustration of micro-terrain fluctuation variations. Therefore, the OIS DEM con-
structed by the tidal channel embedding method was adopted for the subsequent terrain
change analysis.

4.2. Wind Turbine-Induced OIS Topographic Change Estimation

A hypothetical sandbank surface discrimination method (HSSDM) was proposed
to detect the wind turbine-induced topographic change and its contribution to terrain
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variation from DEM constructed by remote sensing. Using the HSSDM to calculate the
wind turbine-induced OIS topographic change, two surfaces of different elevations are
needed. The surface from the OIS DEM at the central location of the wind turbine (red
line in Figure 4a) can be treated as the real terrain surface. However, another surface is
missing. Here, we assume that a hypothetical sandbank surface (black, dashed line in
Figure 4a) exists to represent the virtual sandbank situation at which there is no wind
turbine constructed. Then, by calculating the height difference, ∆H, between these two
surfaces, we can evaluate the erosional/depositional variations caused by the construction
of the wind turbine. The formula for the topographic change height (∆H) calculation is
as follows:

∆H = Hr − HH , (1)

where Hr is the elevation of the real sandbank surface, which can be directly extracted from
the DEM, and HH is the hypothetical sandbank surface elevation (HSSE).
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Figure 4. The schematic diagram for the HSSDM. (a) Topographic change height (∆H) calculation
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Figure 4b shows the HSSE estimation method by the smooth-window averaging
process. Taking the central location of a given wind turbine as the center of the terrain
smoothing window, we can set a series of windows with different sizes, Ri. These windows
cover different areas of the sandbank surface that may contain tidal ridges, tidal channels,
or both, and have varied mean elevations. Naming the mean elevation of the window
i as the variable H′i , it shows the undulation of the background terrain under different
sizes around the wind turbine. Therefore, if the sizes and number of the windows are
determined, the average value of H′i can be treated as the HSSE to represent the mean
variation of the background terrain as there is no wind turbine built.

In the Liangsha OIS area, considering that the spatial resolution of the DEM was
30 m and the minimum distance between two adjacent wind turbines was less than 480 m,
10 groups of windows were preliminarily set to have sizes of 45 m, 60 m, 75 m, 90 m, 105 m,
120 m, 150 m, 240 m, 300 m, and 480 m. By resampling the spatial resolution of the DEM to
these pre-defined window sizes, we could obtain a series of mean elevations, H′i (i = 1,2, . . . ,
10), for all the wind turbines in the wind farm under these specified smoothing window
areas. These mean elevations for each wind turbine were then plotted orderly in a line
graph to illustrate their terrain variation trends with increasing window sizes. It was found
that the H′i showed small oscillations, especially when the window size was less than 120 m,
reflecting the tiny topographic undulations of the studied OIS around the wind turbines.

Furthermore, a cross-correlation analysis for these average terrain heights of 10 groups
of window sizes was carried out and the resulting line charts of the cross-correlation
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coefficients for the HSSE are shown in Figure 5. It was found that with the increase in the
window size, the cross-correlation relationship of the HSSE decreased in a power function
trend. Two extreme minimal cross-correlation coefficient values appeared at window sizes
of 120 m and 300 m. However, the larger the window size, the smoother the effect on the
hypothetical sandbank surface terrain. The bigger window size was not conducive to the
expression of micro-morphological change. Therefore, the size of 120 m was confirmed
to be the maximum smoothing window size. It could also be regarded as the probable
maximum diameter that the wind turbine had an influence on the terrain.
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Then, the HSSE averaged by the mean elevations of the sandbank under the sizes of
45 m, 60 m, 75 m, 90 m, 105 m, and 120 m, representing the hypothetical sandbank surface
at the central location of each wind turbine, was calculated as follows:

HH =
∑n

i=1 H′i
n

(2)

where HH is the HSSE at the central location of the wind turbine, H′i is the mean elevation
under different sizes of windows obtained from their corresponding resampled DEMs, and
n is the number of smoothing windows.

4.3. OIS Topographic Change Intensity (TCI) Judgement

As the height difference, ∆H, caused by the construction of wind turbines was obtained,
we used the annual erosion/deposition depth, also named the topographic change rate
(TCR), to determine the wind turbine-induced topographic change intensity (TCI) of the
OIS. It is calculated as follows:

TCR =
∆H
∆t

(3)

where ∆t is the time period from the beginning of the wind farm construction to the date
that the constructed DEM represents.

For the TCI judgement criteria, three sets of analysis data relevant to the Liangsha
OIS area were referenced here. The first is the mean error of the DEM constructed by the
conventional waterline method and the value is approximately 45 cm at the fan-shaped
radial sand ridges of the Jiangsu offshore area [18]. The second is the standard deviation of
the constructed DEM, which is approximately 80 cm. Additionally, the third is the range
of the elevation variation of the Liangsha OIS area, which is approximately 400 cm. Here,
we finally selected 40 cm, which is approximately 1, 1

2 , and 1/10 times the value of the
three above-mentioned reference datasets, as the annual topographic change interval to
define the degree of erosional/depositional height. Then, the judgement criteria for the
TCI grade in the OIS areas are listed in Table 1. The degree of morphological change for
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the offshore sandbanks is divided into five grades: heavily erosional, weakly erosional,
balanced, weakly depositional, and heavily depositional. Depending on the variation range
of the TCR, we can judge the TCI and assess the influence caused by the construction of
wind turbines on the sandbanks.

Table 1. Judgement criteria for the different grades of TCI in the Liangsha OIS.

Grade of TCI TCR Interval

Heavily erosional ≤−60 cm/a
Weakly erosional (−60 cm/a, −20 cm/a]

Balanced (−20 cm/a, 20 cm/a]
Weakly depositional (20 cm/a, 60 cm/a]
Heavily depositional >60 cm/a

5. Results
5.1. DEM of Liangsha OIS Area

Using the EWM, two DEMs of the Liangsha OIS area representing 2014 and 2018
were constructed at a spatial resolution of 30 m (Figure 6). An upscaling conversion
was performed to resample the remote sensing constructed DEM to 250 m to match the
resolution of the ground-measured DEM data. Then, the overlapping part of these two
DEMs was clipped for the accuracy assessment.
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and 2018, respectively.

By comparison, the elevation ranges for the constructed DEMs were between
2.07 m~−2.96 m in 2014 (Figure 7a) and 1.49 m~−2.86 m in 2018 (Figure 7b). These
values were similar, but smaller than the measured DEM of 1.82 m~−5.26 m. The difference
in elevation range is attributed to the time duration that each DEM represented. The
measured DEM was good at showing the actual state of the terrain over a short measure-
ment period. Therefore, it showed a relatively large elevation range. However, the DEMs
constructed by remote sensing were derived from nearly a year of waterline time series.
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Over this longer time interval, the terrain was smoothed by the averaging effect of its
dynamic changing. Therefore, the simulated vertical variation of the terrain was smaller.
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year 2018.

Within the Liangsha OIS area, we set four contrast transects. Their locations are shown
in Figure 7b. Four transects all showed good linear correlations between the measured
and inversed elevations (Figure 7c–f). The linear correlation coefficients were 0.85, 0.76,
0.75, and 0.65, respectively, and all met the significance level of p-value less than 0.005. The
mean absolute error of inversed elevations at these transects varied from 27 cm to 51 cm,
with an average value of 40 cm. By comparing the morphologies of these four transects, it
can be observed that the locations of large tidal channels had a good consistency, except
that the surface of the sandbank shown in the constructed DEM was relatively gentle and
the degree of undulation was smaller than that in the measured DEM.

5.2. Topographical Changes Caused by the Wind Turbines

By calculating the elevation difference at the central locations of the 49 OIS wind tur-
bines between the remote sensing constructed DEM surface and the hypothetical sandbank
surface standing for the average height of the background terrain during the operation of
the wind farms, we obtained the OIS TCRs together with their TCI grades at the location of
wind turbines (Figure 8).
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of their TCI grades.

According to the TCR judgement criteria, 4 out of the 49 wind turbines in the Liangsha
OIS area caused heavy erosion of the sandbank, occupying 8.16% of the total number of
wind turbines. The maximum TCR reached −103.35 cm/a. Five wind turbines led to
weak erosion of the sandbank with an average TCR of −39.27 cm/a, accounting for 10.21%.
Erosional/depositional balanced states were found in 36 turbine locations and showed the
largest proportion of 73.47%. The average TCR at these points was −1.08 cm/a, which
showed that the effect these wind turbines exerted on the sandbank was biased towards
slight erosion. Additionally, the remaining four wind turbines were weakly depositional,
which occupied 8.16%. The maximum TCR was 39.9 cm/a.

Based on the proportion of the TCI, nearly 3/4 of the wind turbines were categorized
as having an erosional/depositional balanced topographic change status. Only 18.36%
showed a certain degree of erosion, and the average erosion depth of 58.6 cm was much
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smaller than the maximum possible scour pit erosion depth of 6–9 m estimated by the
hydrodynamic model simulation [9]. Therefore, under the present situation, the develop-
ment of wind farms in the Liangsha OIS area had a small impact on the morphology of the
intertidal sandbank.

Observed from the spatial distribution of TCI grades (Figure 8b), four wind turbines
that caused heavy erosion of the sand body were located in the deep and narrow tidal
channels. These tidal channels, which originated from the sand ridge and oriented towards
the sea, were directly born and developed by the construction of wind turbines. As tidal
flows passed through each wind turbine pile, the boundary layer was separated and the
streamlines were concentrated. This change in the local flow pattern increased the bottom
shear stress and improved the sediment carrying capacity of the flow. Then, the surface of
the sandbank could easily rush into narrow and deep tidal channels, causing heavy erosion
around the wind turbines. The 36 wind turbines that led to erosional/depositional-balanced
sandbank statuses were mainly distributed in the higher surfaces of the intertidal area. The
topography of these locations was relatively smooth and had small height differences from
the surrounding areas. Therefore, the influences of the piles blocking the surface flow and
reducing sediment transport were slight. Four wind turbines that caused weak deposition
of the sandbank were located at the edge of the higher sand ridge surface area adjacent to
large tidal channels, and the surrounding beach surface was lower. In this situation, the
existence of wind turbines would promote minor siltation of the sandbank surface.

5.3. Influence of Topographic Change on the Safety of Wind Turbines

Based on two DEMs in the years 2014 and 2018 representing the morphology before
and after the construction of the Liangsha wind farm, elevation variations were calculated
to analyze the impact of topographic changes on the safety and stability of the wind
turbines. The erosional/depositional depths at the central positions of the 49 OIS wind
turbines were divided into three groups, which are shown in Figure 9. The locations of
seven wind turbines were weakly erosional with erosion depths ranging from −198 cm to
−80 cm, and 11 locations were weakly depositional with deposition depths between 80 cm
and 106 cm. They, respectively, occupied 14.29% and 22.45% of the total number of wind
turbines in the Liangsha OIS. The locations of the remaining 31 wind turbines were in the
erosional/depositional balanced state, accounting for 63.27%.

From the perspective of spatial distribution characteristics, the locations categorized as
weakly erosional were scattered either at the edge of the intertidal zone or in the small tidal
channel of the sand body. Because of the reciprocating erosional action by tidal currents,
some tidal channels became broader, and the edges of sandbanks collapsed gradually into
the sea. Fine sediments were then washed out, suspended, and transported to the adjacent
beach for siltation. Thus, there was a decrease in elevation at the locations of the seven
weakly erosional points, with the average TCR reaching −34.32 cm/a and the maximum
TCR reaching −49.56 cm/a during the four years. The 11 locations that were classified
as weakly depositional were mainly distributed in the southern part of the Jiangjiasha
sandbank. These positions were always on the ridge area of the sand body and were less
affected by the swing of surface tidal channels. Suspended fine muds and silts on the north
and west sides of the Jiangjiasha sandbank were carried south-eastward by tide-induced
residual currents and were then deposited to form a relatively small siltation area. At these
locations, the average TCR was 23.60 cm/a, and the maximum TCR reached 26.62 cm/a.
The 31 erosional/depositional-balanced locations were widely distributed in the higher
elevation area of the sandbank. The sandbank surface was overall in a minor siltation
condition with a TCR of 2.28 cm/a.

Therefore, it could be concluded that the topography of the Liangsha intertidal sand-
bank where these wind turbines were erected was mainly in an erosional/depositional
balanced to a weak siltation state. Under the current development intensities that included
activities, such as intertidal flat reclamation, shellfish farming, and wind energy utilization,
the topographic changes were still in a lower intensity range. The topographic changes
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occurring in the Liangsha OIS had a minor effect on the safety and stability of the local
wind turbines.
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5.4. Contribution of the Wind Turbines to Topographic Change

Assuming that the terrain changes were continuous, we took the 1/4 of the DEM
elevation difference between the years 2014 and 2018 as the annual variation, and compared
them with the wind turbine-induced topographic change depths at the central locations
of the 49 wind turbines during the operation period of the wind turbines. Then, the
contribution rates of terrain changes that wind turbines exerted on the Liangsha OIS were
calculated and the results are shown in Figure 10.
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Figure 10. Contribution of terrain changes caused by the construction of wind turbines. (a) Con-
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Among the 49 OIS wind turbines, 29 had a contribution rate smaller than 50%, which
occupied 59.18%, and 20 greater than 50%, accounting for 40.82% (Figure 10b). The average
contribution rate reached 42.17%, which meant that the contribution of wind turbines to
terrain changes could not be ignored. Furtherly, according to the degree of contribution
(Figure 10c), 11 wind turbines with a contribution rate of less than 10% were regarded
to have little impact on the terrain change, occupying 22.45%. A total of 16 wind tur-
bines caused the depositional effect and 22 wind turbines caused the erosional effect
on the terrain changes, accounting for 32.65% and 44.90% of the total number of wind
turbines, respectively.

Since the terrain changes caused by wind turbines and by natural forces may not
synchronous, according to different terrain change types and their correspondent ranges of
contribution rates, the detailed contributions that wind turbines exerted on the Liangsha
OIS are categorized and listed in Table 2. For the type of contribution, ‘D’, ‘E’, and ‘LI’
represent depositional, erosional, and little impact, respectively. ‘-’ represents a slight
decrease, ‘–’ represents a great decrease, ‘->’ means conversion, ‘+’ represents a slight
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increase, and ‘++’ represents a great increase. Figure 10d shows the types of contribution
for terrain change at the locations of 49 wind turbines.

Table 2. Different types of contributions that wind turbines exerted on the terrain changes.

Type of Terrain Change
by Wind Turbine Type of Contribution Range of Contribution Rate Number of

Wind Turbines Percentage Main Locationon the OIS

Erosional

D– 20~90% 8 36.36% Ridge of sand bodyD- 10~20% 2 9.09%
D->E 60~98.2% 7 31.82% Narrow tidal creek

E+ 10~20% 1 4.55% Broad tidal channel, edge of
sand bodyE++ 20~92.3% 4 18.18%

Little impact LI 0~10% 11 - Broad and flat terrain area

Depositional

E– 20~95% 5 31.25% Broad tidal channel, edge of
sand bodyE- 10~20% 1 6.25%

E->D 50~78% 3 18.75% Edge of sand body
D+ 10~20% 3 18.75% Ridge of sand bodyD++ 20~50% 4 25.00%

For the 22 locations at which wind turbines caused terrain erosion, 45.15% of them
(corresponding to D– and D-) led to a reduction in natural deposition, which was mainly
distributed at the ridges of sand bodies. Additionally, 31.82% of them (corresponding to
D->E) located at narrow tidal creeks converted their natural terrain change status from
deposition to erosion. The rest 22.73% (corresponding to E+ and E++) were mainly located
at the broad tidal channels or at the edges of sand bodies, which resulted in the promotion
of natural erosion.

Among the 16 locations at which wind turbines caused terrain deposition, 37.50% of
them (corresponding to E– and E-) were observed mainly positioned at the broad tidal
channels or at the edge of the sand body, resulting in a decrease in natural erosion. Since
broad channels were beneficial to the flow of tidal currents, the types of contributions at
these locations were correspondent to the state of the terrain erosion under different levels.
Additionally, 18.75% of them (corresponding to E->D) caused a change in the topographical
status from erosion to deposition. Additionally, the other 43.75% (corresponding to D+
and D++) were positioned at the ridges of sand bodies, which led to an increase in the
natural deposition.

6. Discussion
6.1. The Number of Windows for the Calculation of the Average HSSE

For the HSSDM, the key for the evaluation of terrain variation caused by the construc-
tion of wind turbines was the accurate estimation of the HSSE. The hypothetical sandbank
surface used elevation information from the terrain surrounding the wind turbines. A total
of 120 m was determined as the maximum size of the smoothing window, and the scheme of
averaged heights for 45 m to 120 m with an increasing interval of 15 m was adopted for the
estimation of the HSSE. In order to demonstrate the rationality of this simulation scheme,
two scenarios, including 11 combinations of HSSE results, were evaluated (Figure 11).

The first scenario was to analyze the HSSE results calculated by the single smoothing
window. The window sizes of 60 m, 90 m, and 120 m were chosen for the HSSE calculation
and correlation analysis. Their linear correlations are shown in Figure 11a–c, respectively.
As the window sizes and window size differences became larger, the linear correlation
coefficient for the three combinations decreased from 0.91 to 0.76 and RMSE increased
from 23.60 cm to 38.83 cm, respectively. The good linear correlation and low RMSE
indicated that most areas in which wind turbines were erected were relatively smooth, thus
using different window sizes for calculating the HSSE at these locations may have little
difference. However, in those areas with larger undulations, e.g., sand ridge areas with
densely distributed tidal channels, a single window was not appropriate for describing the
variation of background topography. The smaller the window size, the greater fluctuations
of the HSSE. Therefore, the average elevation for a series of different window sizes to obtain
the HSSE is a good solution to describe the real terrain characteristics.
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In the second scenario, we compared eight combinations of HSSE results between the
average schemes of the different number of windows and our adopted average scheme. The
linear fitting curve maps are shown in Figure 11d–k. As displayed in these figures, when a
small number of windows participated in the calculation, the estimated HSSE results would
be more scattered. The actual positions of five dispersed data points in the red ellipses of
Figure 11d,e are mapped in Figure 11l. They were observed to be located at the edge of
the sand body or directly in the tidal channel. Since the small-sized window covered areas
with great terrain changes, it would lead to the dispersed HSSE value showing this kind of
data oscillation. As the number of windows increased to the size of 120 m, the fluctuation
of simulated HSSE would be reduced. However, when window sizes larger than 240 m
participated in the elevation average process, the HSSE fluctuation would begin to increase
again, as shown in Figure 11j,k. Therefore, the average scheme for the window size from
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45 m to a maximum of 120 m was enough to represent the background terrain variation in
the undulated intertidal sandbank area.

6.2. The Representativeness of the HSSE to the Actual Height of the Terrain

The DEM for 2014, where there were no wind turbines on the Liangsha OIS, was
chosen to evaluate the representative effect for the estimated HSSE to the actual DEM
height. To ensure the comparability of the results, we chose the same locations of the
49 wind turbines and extracted the terrain height directly from the DEM. The HSSE at these
locations was calculated in the same way by our adopted average scheme.

The comparison between the HSSE and the DEM terrain height at the 49 locations
together with the frequency histogram of their height differences are shown in Figure 12a,b.
They had a good agreement and the linear correlation coefficient reached 0.97. The mean
absolute error (MAE) was 7.21 cm and the standard deviation (SD) was 16.48 cm. Totally,
65.31% of the height difference between the DEM terrain height and the estimated HSSE
were located within −5 cm to 5 cm and 87.76% within −10 cm to 10 cm (Figure 12b). Two
points with higher height estimation error are circled in Figure 12a. Observed from the
constructed DEM, JJS-3-2 was on the southern part of the Jiangjiasha OIS and rightly in
a winding tidal trench with a width of about 120 m. JJS-4-4 was located at the southwest
boundary of the OIS near the edge of a big tidal channel. In such a small area of rapidly
changing topography, the calculated HSSE will have a relatively large error. However,
on the whole, the HSSE calculated by the average of a series of rectangular smoothing
windows with different sizes showed a good capability to represent the actual height of
the terrain.
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Figure 12. The comparison of the HSSE with the DEM height of the terrain. (a) The linear correlation
between the DEM elevation and the HSSE. (b) The frequency histogram showing the range of height
difference by HSSE. (c,d) are the results between the DEM elevation and the HSSE_C. (e,f) are the
linear correlation and the spatial distribution of height difference between the HSSE and HSSE_C.

Furthermore, we calculated the HSSE using a circular smoothing area with different
diameters, named HSSE_C, to test the accuracy and convenience of the average smoothing
method in the determination of terrain height. Taking the location of the wind turbine
as the center of the circle, six circles with diameters of 45 m, 60 m, 75 m, 90 m, 105 m,
and 120 m, could be acquired. Additionally, the HSSE_C was obtained by calculating the
average height of them (Figure 12c,d). There was also a good linear correlation between
the DEM elevation and the HSSE_C and the linear correlation coefficient reached 0.99.
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Owing to the removal of central pixels in the HSSE_C calculation, no points with extra
larger errors scattered are presented in Figure 12c. The MAE and SD of the HSSE_C to the
DEM elevation were 4.39 cm and 7.28 cm, which were smaller than what the HSSE reached.
Therefore, the precision of HSSE_C was better than the HSSE in representing the actual
height of the terrain.

Comparing these two HSSE estimating methods, the HSSE had a good linear correla-
tion with the HSSE_C (Figure 12e). Additionally, the height differences caused by them
were clustered in a circle with a 10 cm radius, which occupied 79.60% of the total (Figure 12f).
These illustrated that the HSSE and HSSE_C all had the good capability to represent the
actual height of the terrain. However, the obtainment of HSSE by image processing was
much easier to implement than the HSSE_C method. The rectangular smoothing window
was a good scenario for the average height estimation from the DEM dataset.

7. Conclusions

To assess the marine wind turbine-induced topographical changes in offshore sand-
banks, a high-spatial-resolution DEM was constructed by the EWM. Satellite remote sensing
image data generates a large number of waterlines. It is necessary to screen and exclude
invalid waterlines by their separable spatial locations and reasonable height change char-
acteristics, which is helpful for generating a DEM with rational terrain variation trends.
For clustered and intersecting waterlines under small height intervals, extracting the syn-
thetic waterlines from a representative stacked MNDWI image was a feasible way to
avoid fragmentation in the resulting DEM. Due to many wind turbines being located in
or near the edges of tidal channels, the embedment of tidal channels in the DEM was
necessary, which could effectively improve the details of the micro-terrain variations on the
sandbank surface.

The HSSDM has the ability to assess the topographic changes induced by wind
turbines using the DEM data. While calculating the HSSE, the maximum size for the
smoothing window was determined to be 120 m, and windows with average heights of 45 m,
60 m, 75 m, 90 m, 105 m, and 120 m could have a good effect on representing the background
terrain. Topographic change rates estimated by the height difference between the remote
sensing constructed DEM surface in 2018, and a hypothetical sandbank surface showed
that 73.47% of the locations were in an erosional/depositional balanced state caused by the
construction of wind turbines. A total of 18.36% experienced a certain degree of erosion.
However, the average erosional depth, 58.6 cm, only reached nearly 10% of the maximum
possible erosion estimated by a hydrodynamic model simulation [9]. By comparing the
wind turbine-induced terrain change with the naturally erosional/depositional depths of
the OIS, the average contribution rate caused by the wind turbines achieved 42.17%, which
meant that the impact of wind turbines on terrain changes cannot be ignored.

Overall, this research highlights the potential of using the enhanced waterline method
to build offshore intertidal sandbank DEMs from remotely sensed satellite data, and
developing a hypothetical sandbank surface discrimination method to assess wind turbine-
induced topographic changes in offshore sandbanks. This will be helpful in evaluating
the development status of intertidal wind farms around the world and analyzing their
influence on the offshore intertidal sedimentary environment. A fine spatial resolution and
high-accuracy DEM is the key to the work. If this kind of dataset is available, methods
adopted in this research can be applied to further monitor the topographic variations
caused by offshore engineering structures, such as pile wharves and jack-up oil platforms.
Therefore, these methods have strong scalability in the marine engineering field.
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DEM Digital Elevation Model
EWM Enhanced Waterline Method
FLAASH Fast Line-of-Sight Atmospheric Analysis of Spectral Hypercubes
GPS-RTK Global Positioning System Real-Time Kinematic
HSSDM Hypothetical Sandbank Surface Discrimination Method
IDW Inverse Distance Weighted Interpolating Method
LiDAR Light Detection and Ranging
Index
HSSE Hypothetical Sandbank Surface Elevation
HSSE_C HSSE Calculated by a Circular Smoothing Area
MAE Mean Absolute Error
MNDWI Modified Normalized Difference Water Index
RMSE Root-Mean-Square Error
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TCI Topographic Change Intensity
TCR Topographic Change Rate
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DFG Dafenggang
JG Jianggang
JJS Jiangjiasha Sand Body
OIS Offshore Intertidal Sandbank
YKG Yangkougang
ZGS Zhugensha Sand Body
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