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Abstract: Offshore wind farms have developed rapidly in Jiangsu Province, China, over the last
decade. The existence of offshore wind turbines will inevitably impact hydrological and sedimentary
environments. In this paper, a digital elevation model (DEM) of the intertidal sandbank in southern
Jiangsu Province from 2018 to 2020 was constructed based on the improved remote sensing waterline
method. On this basis, the stability of the sandbank was analysed, and combined with the hypothetical
sandbank surface discrimination method (HSSDM), the erosional /depositional influences of wind
turbine construction on topography were quantitatively analysed. The results show that due to the
frequent oscillations of the tidal channels, only 35.03% of the study area has a stable topography,
and more than 90% of the wind turbines in all years have a balanced impact on the intensity
of topographic change, and all see a small reduction in their impact in the following year. The
remaining wind turbines with erosional/depositional impacts are mainly located in areas with
unstable topography, but the overall impact of all wind turbines is balanced in 2018-2020. The
impact of wind turbines on topography is both erosional and depositional, but the overall intensity
of the impact is not significant. This study demonstrates the quantitative effects of wind turbine
construction on topography and provides some help for wind turbine construction site selection and
monitoring after turbine completion.

Keywords: wind turbine; digital elevation model (DEM); topographic change; hypothetical sandbank
surface discrimination method (HSSDM); topographic stability

1. Introduction

Wind energy is conducive to the development of green and clean energy and is one
of the most important energy transitions for achieving carbon neutrality [1,2]. Offshore
wind power construction not only makes full use of offshore wind energy but also saves
land resources and is a key focus of new energy development [3]. At present, technology
for Chinese offshore wind power is mainly built in offshore waters [4]. China is leading
the world in terms of annual installed offshore wind capacity, and in 2021, overtook the
UK as the world’s top offshore wind market, thereby entering a new phase of offshore
wind development.

Tidal flats are the most active areas of the land—sea interface and play an important role
in the ecological and economic development of the region [5]. Jiangsu has abundant tidal
flat resources [6], and the offshore radial sandy ridge and its onshore tidal flats have great
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development and utilization value as important reserve land resources in the intertidal
zone of Jiangsu [7,8]. At the same time, the shallow waters and low slope of the ocean
bottom in Jiangsu offer topographical advantages in offshore wind power construction [9].
By the end of September 2021, the cumulative grid-connected capacity of offshore wind
power in Jiangsu was 7.25 million kilowatts, accounting for more than 70% of the national
total, making it the number one province in the country in terms of cumulative grid-
connected capacity. However, offshore wind farms are usually large in scale, and their
construction and operation will inevitably have some impact on local hydrology [10] and
habitats [11-13]. The identification of the remote sensing images revealed that some of the
wind turbines were connected to tidal channels which were previously undeveloped and
formed. The installation of wind turbines will expose the topography to anthropogenic
influences in addition to natural ones such as waves and currents. It is therefore necessary
to monitor changes in tidal flats and to analyse the impacts of wind turbine construction in
a timely manner.

Current research on wind power construction focuses on the infrastructure [14,15]
and construction conditions [16] of offshore wind farms. The offshore wind environment
is unique, and people mainly obtain research data on it through offshore field investiga-
tions [16] or laboratory modelling [13-17]. In addition, professional software is used for
numerical simulations [18,19] or remote sensing data [4] to analyse the wind field or hydro-
dynamic characteristics of offshore turbines, and the main research method is numerical
simulation [20]. However, studies on the impact of offshore wind power in tidal areas on
the topographic environment and other effects are still relatively scarce.

Tidal flats are influenced by environmental factors and have complex topographic
conditions [21]. There are already a few studies focused on monitoring changes oriented
towards tidal flat areas [22-24]. In contrast, tidal flat areas make it difficult to carry out large-
scale in situ real-time observations due to periodic inundation [25]. Thus, optical remote
sensing images are increasingly becoming an important resource for monitoring historical
changes in tidal flat morphology and the impact of wind turbines on topography [26,27].
Mason et al. (1998) [28] proposed constructing a digital elevation model of tidal flats
by considering the waterlines in remote sensing images as contour lines. Subsequently,
several scholars used remote sensing images for tidal flat DEM (digital elevation model)
construction by combining water edge line extraction with other methods, such as the
irregular triangular network method [29], time series method [30] and BP neural network
model [31].

The proper construction and use of DEMs is key to analysing the interactions between
wind turbines and topography. The tidal flat DEM constructed by the current method
can present the overall features of the topography, but it is difficult to show the micro-
geomorphic features of the tidal channels effectively. In intertidal regions, tidal channels
are important topographic elements and have an important impact on the construction and
operation of offshore wind turbines. There is also a need to explore how to fully utilize
the DEM to study the association of topographic features with the effects generated by
wind turbines.

Therefore, the main objectives of this paper are: (1) to use an improved DEM construc-
tion method to obtain a DEM capable of featuring the micro-geomorphology of intertidal
wind farms, (2) to analyse the topographic stability characteristics of the study area using
the DEM, and (3) to quantitatively assess the impact of wind turbine construction and
operation on intertidal topography in terms of erosion and deposition using the DEM.
It is hoped that this will provide some assistance in the construction and monitoring of
wind turbines.

The remainder of the paper is structured as follows: In Section 2, we introduce the
natural conditions and hydrodynamic characteristics of the study area and datasets used
in the paper, including the satellite image data, hydrographic data, and wind turbine
data. Our research technique is shown in Section 3. In Sections 4-6, the DEM construction
method, the sandbank stability discriminant method, and the topographic change intensity
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(TCI) assessment method are briefly described, as well as their corresponding results. In
Section 7, we analyse the effects of the wind turbine on topography and compared them
with the results obtained by the semitheoretical formula. Our conclusions are drawn in
Section 8.

2. Study Area and Datasets
2.1. Study Area

In this paper, the wind farm of the southern radial sandy ridge (RSR) is used as
the DEM construction study area (Figure 1). The RSR is located on the outer edge of
the northern Jiangsu coast. Over the last 40 years, the large tidal flats in the RSR have
been subjected mainly to erosion. Smaller tidal flats are shifting under the influence
of tidal channels [27]. The tide levels in the study area are mainly monitored by the
tidal stations at Dafenggang, Jianggang and Yangkougang. Within the area, the tides
are mainly semidiurnal with a tide range varying from 2.5 to 4.0 m and a water depth
range varying from 0 to 30 m [26]. The tide currents in the study area are important.
They are the main driver of water flow and have a large influence on the suspended
sediment concentration [32]. Controlled by tidal currents, a series of radial submerged sand
ridges are developed in the offshore area of the southern Yellow Sea [33]. The RSR of the
Jiangsu coast provides a rich source of erosional material for coastal tidal development,
and the cover created by the large body of sand provides protection for nearshore mudflat
development [7]. The RSR has a large number of tidal channels and is an important site
for fisheries production activities. It is also a key area for the construction of the offshore
wind power industry, with several offshore wind farms. The radiating topography and the
special tidal field also make the wave characteristics of the sea variable.
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Figure 1. Location map of the study area showing the distribution of tidal gauge stations and wind
turbines. (Differently coloured boxes indicate the extent of the constructed DEM for the corresponding
year; asterisks indicate the locations of tidal gauge stations; dots indicate wind turbine locations).
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2.2. Datasets
2.2.1. Satellite Image Data

Image data from three main sensors were used in this study: Sentinel-2 MSI, Landsat-7
Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 OLL The spatial resolutions were
10 m, 30 m and 30 m, respectively. The requirements for this remote sensing imagery
include clear images, low cloud content and tide levels that vary by image. A total of
54 scenes from 2018 to 2020 were finally used as remote sensing data sources. All images
were preprocessed with atmospheric and geometric corrections and projected using UTM
WGS84 (51° N).

2.2.2. Hydrographic Data

In this study, tide level data (http://global-tide.nmdis.org.cn/, accessed on 7 February
2022) were collected from Dafenggang, Jianggang and Yangkougang from June 2018 to Jan-
uary 2019. The tidal reconciliation constants were calculated based on the principle of tidal
harmonic analysis [34] to calculate the tide level at the moment of remote sensing image
collection. The tide level calculation results had good accuracy. In addition, hydrological
data, such as sand concentration, sedimentation rate and flow velocity, were obtained from
the hydrological test reports of the study area so that the thickness of erosion or deposition
was calculated using semitheoretical formulas.

2.2.3. Wind Turbine Data

There are several existing offshore wind farm projects in the study area, such as the
Longyuan Jiangsu Jiangjiasha 300 MW offshore wind farm project and Guohua Zhugensha
(H1#) offshore wind farm project. The majority of these turbines were installed in 2017-2018
and grid connected operation started in 2018. The availability of offshore wind turbines
is currently over 90% [35]. This means that wind turbines are running almost all the time,
which will put the environment at constant risk.

Using the 2018 ESA Sentinel satellite remote sensing Sentinel-2 image for discrimina-
tion, 82 offshore wind turbine locations, which are mainly distributed in the eastern and
southern parts of the study area, were extracted, and the specific distribution locations are
shown in Figure 1. The average intervals between wind turbines are mainly 500 or 1000 m.

3. Research Technique

The DEM of the wind farm is the basis for the hypothetical sandbank surface discrimi-
nation method (HSSDM) in the absence of wind turbines. We improved the remote sensing
waterline method to obtain a more refined tidal topography (Section 4), making full use of
the DEM for topography stability analysis (Section 5) and using the HSSDM (Section 6) to
analyse and assess the intertidal zone erosion, deposition status and intensity caused by
the construction of wind turbines for long-term sustainable assessment; the technical flow
chart is shown in Figure 2.
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Figure 2. Flow chart of the research technology.

4. DEM Construction of Intertidal Wind Farms

The current waterline method is the main method of building a tidal flat DEM. Using
the waterline method, a DEM can be constructed by establishing the relationship between
the waterline and the tide level. However, two issues affect the construction and use of the
DEM: one is the misplaced waterlines, and the other is the presentation of the tidal channel
micro-geomorphology. Therefore, this study improves DEM accuracy through waterline
sequencing and tidal channel embedding.

4.1. DEM Construction Method
4.1.1. Waterline Sequencing and Initial DEM Construction

The waterline is the water-land boundary extracted from the remote sensing image.
The area surrounded by the waterline can indicate the tidal flat area, while the elevation
of the waterline can be indicated by the tide level. Therefore, the higher the tide level is,
the smaller the area of exposed tidal flats that can be exploited, but this is often ignored
in conventional terrain construction. In this paper, the tide ranking is added, and the
waterlines with correct spatial and tide level relationships are screened for subsequent
DEM interpolation construction by combining the waterline variation pattern. The specific
steps are as follows:

a. Waterline edges in images were extracted using the modified normalized difference
water index (MNDWI) combined with visual interpretation; b. using the tidal ranking of
Yangkougang as a benchmark, the images of the study area taken in each year were ranked
and combined with the pattern of waterline changes to filter out the waterlines with the
correct spatial and tidal relationship; c. discrete points were taken at 30 m intervals along
the waterline by ArcGIS software; d. tidal simulation was completed using the T_TIDE
tool to obtain the tidal level at each image moment at each station and the discrete point
elevation at each waterline by the inverse distance weighting (IDW) method; e. the initial
intertidal DEM of the study area was constructed using the kriging difference method.

4.1.2. DEM Micro-Geomorphic Feature Enhancement

The regional distribution of the wind turbines in the study area and the extent of the
siltation influence are relatively small. The initial DEM can show the overall topographic
trend of the study area, but tidal channels with micro-geomorphic features are smoothed
out during the interpolation process, and micro-geomorphic features can be enhanced
using tidal channel embedding. The specific steps are as follows:
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a. Images with the lowest tide levels and clear tidal channels in each year were selected,
and tidal channel boundaries and their middle lines were extracted and discretized by
30 m; b. the same method as above was used to assign values to the discreted points of the
tidal channel boundaries; c. the values of discrete points from middle lines were assigned
by the IDW method using the lowest tide level at Yangkougang for each year; d. discrete
points were interpolated using the kriging method, a tidal channel DEM was obtained
by extraction via a mask, and the initial intertidal DEM was embedded to complete the
topography of the study area.

The method was obtained by a validation profile comparison for better topographic
accuracy by Zhou (2021) [36] (RMSE = 0.54 m). It also has good consistency in the varying
profile undulation patterns.

4.2. DEM Results

Through the method described in Section 4.1, the waterlines extracted from the images
taken each year were interpolated. The final DEM of the study area for 2018-2020 at a
30 m spatial resolution was constructed and improved, as shown in Figure 3a—c. The
spatial distribution of the DEM indicates each sandbank, which shows the topographic
characteristics of an island-type sandbar with a high centre and low surroundings, and the
beach surface is mostly distributed with small tidal channels. The central part of Tiaozini
and the western part of Gaoni are both areas with higher DEMs in all years. Zhugensha is
divided into strips of sand by tidal channels. Sichuanhang is affected by the development
of its central tidal channel, and the north—south division is gradually obvious. The western
side of Xinni is also an area with a higher elevation, while the eastern side is relatively flat
and open.
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Figure 3. DEMs of the study area for 2018-2020 using the methods described above. ((a—c) DEM
construction results for each year; (d) DEM elevation frequency histogram results for each year.)

The statistical areas in each year are 750.75 km?, 754.98 km?2, and 814.75 km?2. The
lowest DEM elevations are similar in each year; the elevations are —2.48 m, —2.42 m and
—2.35 m. The highest DEM elevations are similar in 2018 and 2020, with values of 1.67 and
1.68 m, respectively, while there is a significant decrease in 2019, with a value of 1.37 m.



J. Mar. Sci. Eng. 2022, 10, 504

7 of 16

Although the maximum DEM elevation fluctuates, the average elevation increases from
—1.09 m to —1.02 m to —0.84 m, showing an increasing annual trend. The percentages of
elevation values in each year, as shown in Figure 3d, are basically the same, showing a “Z”
shape. The elevation values change almost vertically at both ends, while the middle eleva-
tion values change more moderately, indicating that there are fewer topographic extreme
areas and that the rest of the elevations are more evenly distributed. The 2020 elevation val-
ues are higher in almost all percentages than in the previous two years. The 2019 elevation
values are significantly higher than the 2018 elevation values by approximately 45%.

5. Stability Analysis of the Sandbank

We explored the topographic stability of the study area before investigating the effect
of wind turbines on topographic siltation. The construction of external turbines is an
important factor that influences flushing and siltation, but the stability characteristics of
the sand body itself are also worth studying. Therefore, topographic elevation zoning and
stability analysis were carried out by accounting for the changes in elevation values over
three years.

5.1. Sandbank Stability Discriminant Method

The elevations of the DEM results in Section 4.2 were divided into different elevation
zones based on the 0.5 m, —0.5 m and —1.5 m contours of each DEM. The stability of the
sandbank was then determined by the number of elevation zones to which the elevation
of the same raster belongs in each year and whether the elevation zones are continuous,
as follows:

(a) The sandbank is classified as stable if the elevations are in the same elevation zone for
three years.

(b) The sandbank is classified as unstable if the elevations are in two elevation zones and
the two elevation zones are continuous for three years (e.g., “elevation < —1.5m” and
“—1.5 < elevation < —0.5”).

(¢) The sandbank is classified as very unstable if the elevations are in two elevation
zones and the two elevation zones are discontinuous for three years (e.g., “elevation
value < —1.5” and “—0.5 < elevation value < 0.5”), or if the elevations are in three
elevation zones for three years.

Sandbank stability was assessed on the basis of the DEM delineation results for each
year. The stable and unstable results were ranked according to their elevation relationships.
A total of eight results were obtained and classified by assigning values from 1 to 8. Areas
with values of 1, 3, 5 and 7 are stable; areas with values of 2, 4 and 6 are unstable; areas with a
value of 8 are very unstable; and all areas are ordered from the lowest to highest elevations.

5.2. Sandbank Stability Status

The results of the 2018-2020 DEM elevation zones are shown in Figure 4a—c. By using
statistical calculations, from —1.5~—0.5 m, the area is the largest in all years, and more than
50% of the terrain is smaller than the —0.5 m contour in all years. The smallest terrain area
is greater than the 0.5 m contour in 2018 and 2019, accounting for less than 1% of both.
The smallest terrain area in 2020 is the area with a contour less than —1.5 m, accounting
for 4.32%.
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Figure 4. Elevation zone results and stability determination results for the 2018-2020 study area.
((a—c) Zone results for DEM elevation values for each year; (d) sandbank stability determination
results for the study area; the table in the lower right corner shows the meaning and area of the values
in (d)).

As shown in Figure 4d, the regions with values of 1, 3, 5 and 7 in the figure, where
the topographic zoning remains unchanged over a three-year period, can be considered
as the more stable regions. Other values are located in areas where the topography can
be considered more unstable because of changes across elevation zones over a three-year
period. In particular, the area with a value of 8 spans more than two elevation zones over
three years, with stronger elevation changes and a very unstable topography. The statistics
show 35.03% of areas are stable, 56.83% are unstable and 8.14% are very unstable in the
study area for 2018-2020. Combining the results of elevation and terrain stability statistics,
both the unstable area and the area below the —0.5 m contour account for more than 50%.
This indicates that the overall topography of the study area is low and that the terrain is
unstable. At the same time, the unstable area with a value of 2 is basically composed of
tidal channels with low topography, showing the oscillating characteristics of tidal channels
in the study area. The remaining zones are gradually distributed towards the centre of
the terrain as the elevation increases. The stable and unstable areas are distributed in a
circular pattern. Such a phenomenon occurs in all sand bodies. The very unstable area is
mainly distributed at higher topographic elevations, except for a sporadic distribution in
the tidal channels. The middle part of Tiaozini and the western part of Xinni are both very
unstable regions with high topography and a blocky distribution. This may be because
there are fewer areas with higher elevations in the study area. Although the distribution
is relatively concentrated, the sand body is not stable. It is highly susceptible to changes
due to hydrodynamic or other external factors compared to other low-elevation areas and
to large washout changes or migration within a short period of time. Therefore, when
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carrying out offshore wind turbine construction, it is necessary to avoid higher topography,
while other unstable areas also need attention.

6. Analysis of the Topographic Change Intensity (TCI) Caused by Offshore
Wind Turbines

The actual change in topography is the final result of the superimposed influence of
human-made and natural effects. For locations with wind turbines, the actual change in
topography is the result of the superposition of the possible impact of wind turbines on
the topographic and natural changes. The hypothetical sandbank surface discrimination
method (HSSDM) can be used to calculate the hypothetical sandbank surface elevation
(HSSE) in a state without wind turbines as the topography under natural conditions;
furthermore, according to the difference between DEM elevations and the HSSE, the
difference in elevation caused by offshore wind turbines can be delineated, and the TCI
caused by offshore wind turbines can be determined.

6.1. TCI Assessment Method
6.1.1. Hypothetical Sandbank Surface Discrimination Method (HSSDM)

The point locations of OIS wind turbines were extracted from high-resolution satellite
remote sensing imagery. Smooth windows were designed with the centres of the wind
turbine points as references. The average beach elevation in this spatial range was used to
represent the HSSE in the absence of turbines. The accuracy was verified by selecting the
most suitable window size, with final values of 45 m, 60 m, 75 m, 90 m, 105 m and 120 m,
which are calculated as follows: .

i—1 Hi
n

Hy = 1)

where Hpy is the HSSE at the central location of the wind turbine, H; is the mean elevation
under different sizes of window templates obtained from their corresponding resampled
DEMs, and # is the number of smoothing window templates.

6.1.2. OIS TCI Judgement

At the location of wind turbines, the natural variation of the tidal flat can be derived
from the interannual variation in the HSSE. The amount of the impact of wind turbine
construction on actual terrain changes was then obtained by comparing actual terrain
changes with HSSE changes from year to year. The mean error of the DEM was selected as
the interval with topographic change [27]. The judgement criteria for the TCI grade are
listed in Table 1 and calculated as follows:

TCR = AHg — AHy @)

where TCR is the rate of topographic change, AHp, is the elevation of the real sandbank
surface, which can be directly extracted from the DEM, and AH}; is the HSSE.

Table 1. Wind turbine-caused TCI determination criteria.

TCI Judgement Criteria
Heavily erosional TCR < —60 cm
Weakly erosional —20cm > TCR > —60 cm

Balanced 20cm > TCR > —20 cm
Weakly depositional 60 cm > TCR > 20 cm
Heavily depositional TCR > 60 cm

6.2. TCI Results

The elevation of the real sandbank surface, HSSE and the TCR of the wind turbine
point locations were calculated for each year by the study method described in Section 6.1.
The results of the TCR calculation are shown in Figure 5. Over 2018-2019, the wind turbine-
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69

induced TCI was balanced overall, with a total of 78 wind turbines having a balanced
TCI, accounting for 95.12%; one other turbine caused a weakly depositional length of
0.29 m; two turbines caused weak erosions of 0.37 m and 0.33 m; and one turbine caused
heavy erosion of 0.60 m (Table 2). In the second year after construction, i.e., 2019-2020,
95.12%, or 78 turbines, had balanced TClIs. Figure 5 shows that the four abovementioned
wind turbines that caused erosional/depositional conditions caused opposite effects in
this year, forming one weakly erosional point, two weakly depositional points and one
heavily depositional point, and the degree of influence was close to that of the previous
year. Each year after the construction of the wind turbine, 4.88% of the wind turbine had an
erosional /depositional impact on the topography of the site, and the rest were within the
balance of the impact. A comparison of the topography after the completion of the turbine
and after the second year of completion, i.e., from 2018 to 2020, shows that the TCI values of
all turbines are balanced (the black solid lines representing the 2018-2020 results in Figure 5
are all within the balanced range), with a mean TCR of 0.01 m and a mean absolute value
of 0.03 m. Although there is a certain amount of flushing and siltation in each year, in
these three years of continuous topographic monitoring, the TCI as a whole shows balance
and does not cause significant erosional or depositional effects on topographic trends, and
topographic changes are mainly natural. The absolute TCR values in the first year and the
second year were also compared to determine whether the impact caused by wind turbines
changed over time. Finally, 54.88% of the wind turbines had a greater absolute TCR in the
first year. It is more likely that the absolute impact was greater in the first year after the
wind turbine was built.

& 1
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Figure 5. Calculation results of the TCI (the differently coloured solid lines represent the results of
the calculations for different years, and the red dashed lines are the standard lines for assessing the
TCI strength levels).
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Table 2. TCI statistics.

Year 2018-2019 2019-2020 2018-2020

Number Average/m Number Average/m Number Average/m

Heavily erosional 1 —0.6 0 0 0 0
Weakly erosional 2 —0.35 1 0.21 0 0
Balanced 78 —0.02 78 0.02 82 0.01
Weakly depositional 1 0.29 2 —0.25 0 0
Heavily depositional 0 0 1 —0.61 0 0

7. Analysis and Discussion
7.1. Analysis of Balanced Points

The TCI was assessed, and the effect of the wind turbine on the topography was
mainly balanced (95.12%). A balanced effect means that the wind turbine’s impact on the
topography is within the acceptable range, but it still has some deposition on or erosion of
the topography. In the two-year period of 2018-2020, continuous erosional/depositional
conditions, or the opposite, may occur. Therefore, the erosion and deposition of wind
turbines at the balance point in the first and second years (i.e., positive and negative
TCRs) were counted, and the continuous impact was statistically analysed. The results
revealed 11 enhanced deposition points, 12 enhanced erosion points and 56 opposite deposi-
tion/erosion points (Figure 6), and the opposite deposition/erosion points reached 71.79%.
This suggests that the impact of wind turbines on OIS topography may show an oscillatory
decrease over time since construction. In the future, we expect to conduct continuous
monitoring for a longer period. In addition, the number of these wind turbines in stable
or unstable areas and the average level of impact were counted. Over 2018-2020, 21 wind
turbines in the stable zone caused an average erosion/deposition of only 2.32 cm, while the
other 57 turbines in the unstable zone caused an average erosion/deposition of 3.09 cm.
The wind turbine in the stable area caused approximately 25% less erosion/deposition than
in the unstable area. This has implications for wind turbine site selection, and more stable
areas should be selected for wind turbine construction.

To further understand the effect of the wind turbine on natural flushing, the TCI of
the balanced turbine is compared with the change in the HSSE, i.e., natural flushing. If
the natural erosional/depositional situation is erosional and the TCI is also erosional, then
the turbine enhances natural erosion; if the TCI is depositional, it attenuates the effect of
natural erosion. In the first year, 45 points strengthened the original erosional/depositional
situation, with an average of 3.29 cm for erosion and 4.00 cm for deposition. The remaining
33 points caused the opposite absolute erosional/depositional depth of 3.85 cm on average.
In the second year, there were small changes in the numbers, with changes of 27 and 51,
respectively. Except for a small increase in the effect of enhanced deposition (4.15 cm),
there was a small weakening of the effect of both enhanced erosion and the opposite, i.e.,
2.10 cm and 3.00 cm, respectively. The change in the number and percentage suggest that
wind turbines may have an enhancing effect on natural erosion/deposition, with more
than 57% of wind turbines synchronized with natural erosional/depositional conditions
in both years. The decrease in the value can indicate that as the time of wind turbine use
increases, its influence on the topography becomes progressively smaller and gradually
tends to be purely natural.
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Figure 6. Classification results for the impact of persistent siltation at the balance points (the differ-
ently coloured points represent the types of balanced points; the colour of the study area represents
the stability of the topography).

7.2. Analysis of Erosional/Depositional Points

For the calculated total of four affected erosional/depositional points (Figure 7),
although they represent only 4.9% of the total number of points, these points can still
reveal information. A comparison of these points in DEM and remote sensing images
showed that the locations of these points were mainly at the edges of the topography or
in the tidal channels, and three of them were located in unstable areas. The study area
has a high number of tidal channels, while the oscillation of tidal channels is obvious due
to the influence of hydrodynamic and depositional environments. The construction of
wind turbines in these places with large topographic variations may cause nonbalanced
types of erosion or deposition. The same is true for wind turbines at the edges of the
topography, which are subject to change due to multiple factors because they are near the
land-sea interface. The construction of wind turbines may lead to changes in the original
environmental system and cause some erosion or deposition. Therefore, to avoid possible
effects, wind turbine construction should be avoided near the edges of tidal channels and
tidal flats.
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Figure 7. Distribution of erosional/depositional points (the differently coloured triangles represent
erosional/depositional points) ((a-d) are the specific locations of the points).

7.3. Comparison with Results from Semitheoretical Formulas

Currently, semitheoretical formulas are commonly used for estimating the final
washout appearance caused by the construction of offshore wind turbines. Therefore,
the reliability of the TCR was compared via the results obtained from the calculation. The
calculation takes into account the interconnection of factors, such as sediment and water
flow, and provides a theoretical basis for the construction of offshore wind farms.

Under the flow field conditions and the average action of the diurnal spring tide,
the depth of erosion or deposition per unit area over At time was obtained according
to the equation for riverbed deformation (Equation (3)). 7 is the thickness of erosion
or deposition, vy is the dry density of bed sediment, S is the sediment concentration of
the water body, « is the sedimentation rate, w is the sedimentation speed, and S is the
sediment carrying capacity of the tide.

_awAt
Yo

M (5—54) ®3)
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Under the assumption that the sediment particle size is unchanged before and after
the construction of the wind turbine, the sediment carrying capacity S, can be calculated
by using the Liujiaju equation for the sediment concentration and the sediment carrying
capacity of silt and other sediments, and the equilibrium thickness of erosion or deposition
is obtained by substituting it into Equation (3) (Equation (4)).

2

1- () }ﬂ] @
Vi hy

where V; and V; are the corresponding flow velocities before and after the construction of
the wind turbine considering the tidal current, drift current and wave current, respectively.
hy and hy are the water depths before and after the construction of the wind turbine, respec-
tively. The relationship between the thickness of erosion or deposition and water depth
is hp = hy — Ay, which is substituted into Equation (4); when At — oo, the equilibrium
thickness of erosion or deposition is obtained as follows:

B awAt

Aﬂh Si

Ay = (1 - 1<2)h1 ®)

where K = % The data of other parameters are obtained and substituted into Equation (5)
to calculate the first year and equilibrium thickness of erosion or deposition at the point
before and after the completion of the wind turbine.

The average first-year thickness of erosion or deposition at the points before and after
the completion of the wind turbine was calculated as no more than 0.30 m, and the average
thickness of erosion or deposition is no more than 0.02 m. By comparing seven points
(Figure 8), the thickness of erosion or deposition obtained by using the HSSDM in this
paper is greater than that estimated by the formula, and the difference is an average of
0.10 m. Although the semitheoretical formulas take into account various environmental
factors, the variability in tidal channels is a factor that cannot be ignored in the study area.
As the tide rises and falls, the tidal channels in the study area evolve, and this evolution
is currently more difficult to calculate via the model, so the calculation results may be
relatively small.

3 4 5
Wind Turbine Number

mm Caleulated —TCL —Caleulated —TCl

¢ Wind Turbine

Figure 8. Comparison with the results calculated by semitheoretical formulas.
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8. Conclusions

First, the refined tidal topography for 2018-2020 was constructed by improving the
waterline method. Then, the TCI caused by wind turbine construction was quantitatively
analysed based on the HSSDM, and the possible influence of topographic stability on the
TCl in the study area was analysed.

Based on the constructed DEM of the study area from 2018 to 2020, more than 90% of
the wind turbines had a balanced impact on the erosion and deposition of the topography
by the TCR in each year. The erosional or depositional points are the same in all years, with
opposite erosional or depositional impacts, resulting in the final overall balanced impact in
2018-2020.

By combining the locations of the stable or unstable zones in which the wind turbines
are located, it was found that the wind turbines in the stable zone caused approximately
25% less erosion or deposition than those in the unstable zone and that three of the four
wind turbines that caused erosion or deposition were located in the unstable zone. The
TCl is similar to the results obtained from the semitheoretical equations. The above results
show that wind turbine construction has less influence on the erosion and deposition of the
topography and provides some help for the site selection of wind turbine construction and
monitoring of the wind turbine after completion.
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