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Abstract: Coastal tidal flat wetlands are valuable natural resources that provide diverse habitats and
important ecological barriers. The physical environment of the intertidal zone poses many challenges
to the monitoring of tidal flat topography, making it difficult to implement traditional measurement
methods, and satellite remote sensing combined with tide level information makes it possible to
invert coastal tidal flat topography more conveniently over large areas. Current methods based on
inundation frequency fail to consider the effect of water level distribution of remote sensing images,
and usually use all available remote sensing images. However, the uneven distribution of image tide
levels will increase the error of the tidal flat construction. Therefore, in this study, according to the
distribution characteristics of the water level in remote sensing images, we adaptively exclude the
images with a concentrated water level distribution, so as to make the water level distribution more
uniform, and thus reduce the topographic inversion error. The validation results of the inversion
accuracy show that the root mean squared error of the tidal flat topographic inversion improved
by about 5 cm compared with the previous inundation frequency method, which is suitable for
reconstructing the tidal flat topography on a large scale and a long-time scale, and it can be used as a
basis for coastal tidal flat protection and restoration decision making.

Keywords: tidal flat topography; time series; tidal inundation; Landsat

1. Introduction

Tidal flats, the ocean areas between the mean high tide line and the mean low tide line,
are an important wetland type and provide ample land resources [1,2]. Located in the area
where land and sea intersect, tidal flats are an important transition zone between terrestrial
and marine ecosystems [3,4], stabilising the coastline, buffering storms and waves, and
providing breeding and nursery sites, with other ecological functions [5,6]. In recent years,
the tidal flat resources in China’s coastal areas have been increasingly developed, and
while great achievements have been made, problems such as excessive reclamation have
arisen. As a result, serious pollution and biological invasions occurred, which led to more
serious degradation in tidal flat wetlands [7,8]. From 1986 to 2016, the area of tidal flats
in China decreased by nearly 1.23 x 10° ha [4]. The evolution of tidal flats is the main
scientific basis for their protection and rational development, and obtaining the dynamic
status of tidal flats is necessary for the management, protection, and restoration of tidal flat
ecosystems [9,10].

Global tidal flat topography is the basis for coastal-related studies on a global scale [11],
but it is still difficult to obtain the data set at present. Obtaining information on the
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extent and topography of the intertidal zone is a challenging and expensive endeavour,
as the region is covered by periodic seawater inundations [12,13]. Traditional methods
used to map coastal bathymetry include airborne Light Detection and Ranging (LiDAR)
instruments and ship-based single/multi-beam echo sounders, among others [14,15]. They
are highly restricted due to their limited spatial coverage, high economic cost, and low
efficiency [16]. Moreover, it is difficult for traditional measurement techniques to quickly
and accurately monitor the dynamics of coastal tidal flats in a long time series [17], whereas
remote sensing technology has the advantages of wide-range monitoring, short cycles,
sustainability, a large amount of information, cost-effectiveness, etc. The application of
remote sensing technology to the study of tidal flat evolution can achieve a comprehensive,
rapid, dynamic, and accurate analysis of tidal flats [18]. It is more suitable for large-scale
constructions of intertidal terrain, which is more socially and economically beneficial than
traditional methods.

A variety of remote sensing-based mapping methods for tidal flats have been proposed.
Existing remote sensing-based methods for mapping tidal flat topography can be divided
into three types: the mean slope method, the waterline method, and the inundation
frequency method [15,19,20]. The mean slope method extracts two water edges at different
planar locations, assigns a tide level value to the image at the imaging moment, calculates
the slope of the tidal flats based on the equirectangular triangle theory, and constructs
a DEM of the tidal flats by combining the mean high tide level and the mean low tide
level [19]. It is a convenient method with fewer remote sensing images to process and is
suitable for areas with a flat topography and a single slope. However, this method is not
suitable for tidal flats with large changes in profile morphology, and it is difficult to achieve
topographic constructions in areas with many tidal channels. The waterline method solves
the above limitations by obtaining multiple remote sensing images of the land and water
demarcation line, and then approximating it as a contour line, assigning elevation values
to it using the tide level information, and then constructing the tidal flat topography via
spatial interpolation [20-22]. This method is relatively simple, and the data it uses are easy
to obtain and highly stable, and have been widely used. However, the waterline method
relies too much on tidal height information, which is used to calibrate the waterline and is
often inaccurate [16]. In addition, the waterlines generated using the above method are
usually discontinuous and fragmented, requiring extensive manual modifications [23].

To avoid relying on tidal heights during image acquisition, scholars have further
proposed the inundation frequency method. The inundation frequency method classifies
waters by applying the Modified Normalised Difference Water Index (hereinafter referred
to as the MNDWI) to each remotely sensed image and normalises the probability of water
exposure to create a map of the probability of inundation, and then converts the probability
to an actual elevation [15]. Within the tidal flats, pixels with the same inundation frequency
correspond to the same elevation, which allows the construction of time-averaged contours
for the entire inversion period. In contrast, in conventional waterline-based methods, each
waterline is derived from a single satellite image, which inevitably introduces elevation
errors due to spatial variations and fluctuations in local water levels caused by various
hydrodynamic processes [11]. The use of the intertidal inundation frequency not only pro-
vides a pixel-level elevation estimation [16], but also avoids the labour-intensive waterline
extraction process and the errors caused by waterline delineation bias [19]. Previous studies
have often used all the images when using the inundation frequency method, failing to take
into account the effect of the image tidal height distribution, and the following is usually
assumed: the higher the number of remote sensing images used, the higher the accuracy of
the inversion of the tidal flat topography [16,24]. However, the uneven distribution of tide
heights corresponding to remotely sensed images can cause their inundation frequency to
be large or small, thus increasing the error of the beach topography inversion. To address
this limitation, it can be considered to make the distribution of tide levels more uniform by
eliminating images with similar tide levels, to reduce the error caused by the concentration
of the distribution of tide levels in the images.
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Each of these three methods has its own advantages and disadvantages, and this
study draws on some of these ideas, intending to obtain tidal flat topographies and their
dynamics more easily and accurately. We propose a simple method to enhance the accuracy
of terrain construction. In this study, we have chosen to use an inundation frequency-based
method, which addresses the requirements of the mean slope method on the morphology
of the tidal flat profile, while effectively reducing the dependence of the waterline method
on tidal heights. In order to optimise the limitations of this method, this study combines
the information on the distribution of tidal heights at the time of the remote sensing image
acquisition and excludes some of the remote sensing images with similar tidal heights,
so as to make the distribution of water levels in the images more homogeneous and then
construct the topography of the coastal area. The impact of the method on the accuracy of
the results was assessed based on the measured terrain profiles, compared and analysed
in terms of the differences between the use of all available remote sensing imagery and
the filtered results. The second part of the article presents an overview of the study area,
the third part describes the data and the methodology of the optimisation, the fourth part
describes the results, and finally, the uncertainty of the optimisation methodology and the
reasons for achieving the optimisation are discussed.

2. Study Area

The study area was located at the border between Jiangsu Province and Shandong
Province, an open bay on the western side of the South Yellow Sea (Figure 1). The coastline
of the study area is about 170 km long and covered an area of 876.3 km? [25]. Jiangsu
Province is the province with the widest distribution of tidal flats in China, and Haizhou
Bay is a typical representative of the tidal flats in northern Jiangsu Province, where a high
tidal range of up to 4 m makes the distribution of tidal flats in this region more extensive.
There are six major estuaries in the study area, and these estuaries are the main source
of sediment in Haizhou Bay. The Haizhou Bay area is mainly a sandy, silty and bedrock
harbour coast, which provides a suitable habitat for birds and has become an important
migratory stopover in the East Asia—Australia migration corridor [26]. Under the influence
of sea farming and harbour construction activities, the shoreline morphology of Haizhou
Bay has changed considerably, which has a great impact on the tidal flats and siltation of
the beaches in the area. It is a natural place for studying the impact of human activities on
the evolution of tidal flats and siltation of the beaches.
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Figure 1. The geographical location of the study area in Haizhou Bay. The red frame in (a) is
approximate location of the study area and the blue line in (b) is the study shore section.
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3. Data and Methods
3.1. Data

The Landsat series of images is the most widely used source of data for mapping
coastal land cover at large scales. This satellite was launched relatively early, has a time
interval of 16 days between repeated images, and has a spatial resolution of 30 m. It
can acquire images with a long time period and sufficient spatial resolution and is more
applicable to the mudflat area of interest for this study. In contrast, the MODIS satellite
images have a spatial resolution of 250 m and have a higher error for the study. The Sentinel
satellites was launched relatively late, and although the spatial resolution is better than
that of Landsat, the number of images that can be acquired is too small. It can acquire
images with a long time period and sufficient spatial resolution. In this study, images of
Landsat 5, 7, and 8 were selected from 1986 through 2020, where every five years was taken
as a time period, and a total of four time periods were selected: 1986-1990, 1996-2000,
2003-2007 (images from 2008-2010 were not selected due to the large-scale reclamation
project in the southern part of Haizhou Bay that occurred after 2007), and 2016-2000.
The acquisition of images and all pre-processing steps were performed on the Google
Earth Engine (GEE), a remote sensing cloud computing platform developed by Google
(code.earthengine.google.com, accessed on 2 August 2023). According to previous studies,
a five-year interval is the minimum time required to be able to satisfactorily map the tidal
flat topography of a beach [15]. In this study, we did not set all the cloud content below a
certain value to screen the remote sensing images, but all the images were selected because
a high cloud content does not mean that the study area has a high cloud content and to
ensure that a sufficient number of remote sensing images were available. Remote sensing
images should be selected to cover a wide range in elevation so that the extracted beach
tidal flats area is accurate. In addition, the number should be large enough to ensure that
the extracted elevation is accurate. We collected 1:20,000 topographic data points mapped
in 2016 for the validation and evaluation of the accuracy of the topographic inversion of
the tidal flats.

3.2. TPXO9

We used tidal heights from the TPXO9 model to determine the tidal height at the
time each Landsat image was acquired. TPXO is a globalised ocean tidal model that
has been developed by Oregon State University and is best suited to the Laplace Tidal
Equations and altimetry data in a least squares sense (www.tpxo.net, accessed on 13 August
2023). The TPXO model consists of eight primaries (M2, S2, N2, K2. K1, O1, P1, Q1, and
two long-period (Mf, Mm) and three non-linear (M4, MS4, MN4) harmonic constituents
of the complex amplitude [27]. TPXO9-atlas is the latest 1/30-degree resolution global
solution for all coastal regions, including the Arctic and Antarctic. The number of remote
sensing images obtained was acquired with the temporal distribution shown in Figure 2 to
determine whether the Landsat images covered different tidal heights. In the figure, the
green and blue lines represent the mean high tide and mean low tide, and we can observe
that the remotely sensed images are basically between the mean high tide level and the
mean low tide level, and most of the images reach the mean high tide level, while the
number of images that reach the mean low tide level is less. Due to the periodicity of the
tidal process, the observed tidal heights were not evenly distributed over the intertidal
zone. The numbers of usable remote sensing images obtained for each period were 33, 44,
34, and 42, respectively (Figure 2a).


www.tpxo.net

Remote Sens. 2024, 16, 685

50f 17

*  Landsat observation
Mean high tide
Mean low tide

Tidal height(m)
=]

-2
] |
_3 Il 1 1 Il 1 1 Il
(a) 1985 1990 1995 2000 2005 2010 2015 2020
Year
3 T T T T T T T
HIPLITITN | L ‘ I I i il
2l L ETRLAA RN AR A AR UL A 2 R LA RRNR AR AR

1

Tidal height(m)
o

-1

S i bl 0L 00 )] ‘\.“‘L At bl 0k LG 4 0L
il |

1 1 1 1 1 I

-3 1
(b) 1985 1990 1995 2000 2005 2010 2015 2020
Year

Figure 2. Temporal distribution of Landsat images in Haizhou Bay. (a) shows all the available remote
sensing image sequences and (b) shows the remote sensing image sequences after optimisation. The
blue dots indicate the corresponding tidal heights at the moment of Landsat imaging, and the green
and red lines represent the mean high tide and mean low tide, respectively.

3.3. Methods of Land and Sea Segmentation

The MNDWI has been widely used for intertidal mapping applications [28], and has
advantages over the Normalized Difference Water Index (NDWI) in urban areas, where
the short-wave infrared radiation (SWIR) band of the MNDW!I can handle highly turbid

water [29].

Green — SWIR
MNDWI = Green + SWIR @

For Landsat 5, 7 Green and SWIR bands are Band 2 and Band 5, respectively, while for
Landsat 8, the Green and SWIR bands are Band 2 and Band 6, respectively. The range of the
values of the MNDWI was [—1, 1], and the ocean-land segmentation line of the study area
was extracted based on the grey histogram of the resulting MNDWI image.

Water bodies have different optical properties and exhibit large spectral differences in
remotely sensed images [30-32]. The use of uniform thresholds to extract information from
a wide range of water bodies has limitations [33,34]. Automated thresholding methods
(and other relevant indices) may help to reduce uncertainty at this step of the process. The
maximum between-class variance (OSTU method) is an excellent algorithm for adaptive
threshold determination [35]. It is widely used for image segmentation due to its simplicity
of computation and flexibility concerning luminance and contrast [36]. The OTSU method
has been shown to have a high accuracy for waterline extraction and has also achieved
satisfactory results in other studies [10,37]. It is a simple unsupervised classification that
can be well scaled up to larger studies on tidal flats on coastal beaches, as large amounts of
training data are not required.
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3.4. Inversion of Tidal Flat Topography

Under the actions of rising and falling tides, tidal flats are periodically inundated
by seawater, and the waterline therefore changes dynamically. The higher the tidal flat
elevation of a beach, the less time it is inundated by seawater, and therefore, the lower its
inundation probability during the tidal cycle [15]. It is based on this idea that this study
calculated the inundation probability by collecting a large number of index images of
water bodies in the study area, indirectly converted the inundation probability to a tidal
flat elevation, and constructed a Digital Elevation Model (DEM) of the tidal flats, and the
formula for calculating the inundation probability is as follows:

n
L Sk(i, f)
P(i,j) = 17 x 100%, )

where P(i, j) is the frequency of inundation in row i and column j, n is the number of images,
and S (i, j) indicates whether each location is covered by seawater. Considering that the
water frequency of seawater is 1, the water frequency of tidal flats should vary between 0
and 1 due to the tidal cycle.

After finding the inundation frequency of the tidal flats, this study used a linear model
to invert the topography with the following equation [15]:

DEM(, ) = [(1 = P(i,j)) x (Hy — Hy) + Hi] x M(i, ]) ®)

where DEM(i, j) denotes the inverted tidal flat elevation for the (7, j)th positional pixel; P(i, )
corresponds to the frequency of inundation for each pixel within the tidal flat; Hj, is the
high-tide level for the current period; Hj is the lowest tidal height for the current period;
and M(i, j) is the tidal flat mask matrix.

The vertical accuracy of the inundation frequency method is related to the number
of remote sensing images, 7, and the more remote sensing images, the higher its vertical
accuracy. The vertical accuracy of the inundation frequency method is related to the
number 1 of remote sensing images, the more remote sensing images, the higher its vertical
accuracy; while its lateral tidal flat width is related to the water level at the time of remote
sensing acquisition, and the wider the range of the tidal heights covered, the wider the
range of its lateral extraction. As shown in Figure 2, it can be seen that these time points
have an uneven distribution of tidal heights and an excessive number of remote sensing
images of some similar water levels. An excessive number of similar water levels will result
in a lower vertical accuracy of the tidal flats, and an overestimation or underestimation of
the tidal flat elevation is possible. The ideal situation for applying the frequency method is
that the image tide level is uniformly distributed, in which case the inundation frequency
and topographic elevation are more consistent with the linear relationship in the inversion
formula. The interval of the inundation frequency was fixed at 1/n; however, the collected
tidal height distribution is not uniform, and the tidal level intervals of some images with
a concentrated tidal level distribution were almost the same, in which case, the linear
relationship between the inundation frequency and elevation will be weakened. Therefore,
in order to ensure the use of sufficient remote sensing images, and at the same time eliminate
images with very similar tide levels, this study removed the images with tide level intervals
less than 1/n m from all remote sensing images in each time period, so as to make the
distribution of the water levels in the images more uniform, in order to reduce the error
caused by the concentration of the distribution of tide levels in the images.

When the shoreline exhibits motion, the intertidal topography changes accordingly;
therefore, identifying the highly dynamic shore and masking it are critical to ensuring the
accuracy of the constructed intertidal DEM [38]. The landward side of the study area mask
for each time period was identified using the high-tide line, and the seaward side was
harmonised to approximate the furthest boundary of the low-tide line of the tidal flats. This
formula is valid only in the intertidal area, and due to the interference of the culture ponds
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and other disturbances, the area with a probability of being landward greater than 92%
was selected as the high tide line in this study, while the area near the low tide line was
selected to be approximated as the farthest boundary of the low tide line of the tidal flats
due to the probability of being landward being zero, which makes it difficult to distinguish
it from the other areas of the bay that have much deeper water depths.

3.5. Tidal Flat Terrain Construction Process

As shown in Figure 3, to construct the tidal flats based on the inundation frequency
method in this study, it is necessary to acquire a sufficient number of images, then delete
the images with close tide levels, and finally construct the topographic elevation of the flats
by superimposing the binarised images.

Get all available remote sensing Obtaining Image Tide Level
images over time Information

MNDWI

Ostu Method

Some remote sensing images with
close tidal levels are excluded

Water-land division

Superimposed binary water image

Construct elevation of tidal flats

Figure 3. Workflow of this study. MNDWI is “Modified Normalised Difference Water Index”.

4. Results
4.1. Accuracy Verification

Based on the available topographic data, the study randomly selected two profiles
in the southern part of Haizhou Bay for assessment, and the profile locations are shown
in Figure 4. The 2016 topographic data collected were used to assess the accuracy of
the constructed topography in the southern part of Haizhou Bay during the period of
2016-2020. At the same time, we compared and analysed its results with the unscreened
results of remote sensing intervals. The correlation between the inversion results of the two
sections and the measured results was high, and the correlation coefficients reached more
than 0.96, indicating that the difference between the inversion of the tidal flat slopes using
the frequency method and the measured results was relatively small. A comparison of
profile 1 and profile 2 shows that the inversion root mean squared error (RMSE) of profile 1
and profile 2 are different, and the RMSE at profile 1 is higher than that at profile 2, which
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may be due to the fact that profile 1 is closer to the mouth of the Linhong Estuary, and the
turbidity of the water body affects the accuracy of the waterline extraction. Both profiles
show that the inversion error decreases after screening remote sensing images with similar
tide levels, and the inversion errors of profile 1 and profile 2 decrease by 0.04 m and 0.05 m,
respectively, which suggests that the proposed method of screening remote sensing images
with similar water levels can improve the inversion accuracy, and thus better invert the
topography of the tidal flats.

|

Legéﬁa

Profile 1]

; Profile 2,

RMSE =0.27 m, r = 0.98 RMSE =0.16 m, r=0.97

0.5 RMSE=0.33m,r=0.98 1 05+ RMSE=0.21 m,r=0.97
B B .
< 0r L = Or . .
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Figure 4. Profile location and accuracy verification results: (a) shows the topography of the southern
part of Haijhou Bay from 2016 to 2020, and the purple and blue lines are accuracy-verified profiles.
(b,c) show the results of the accuracy verification, black and red colours indicate the validation results
for images filtered and unfiltered, respectively.

4.2. Comparison of Terrain before and after Optimisation

In this study, the red-framed area in Figure 5a was selected for spatially comparing
the topographic results and analysing the similarities and differences in the DEM before
and after the optimisation during 2016-2020. As shown in the figure, the topography of
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the tidal flats obtained using the inundation frequency method is closer to the measured
topography in the overall spatial distribution, while for the left area close to and near the
mouth of the Hong River, the DEM constructed using the inundation frequency method
is on the high side, which may be due to the fact that this area is more affected by the
river. A comparative analysis of the topography of the green box area shows that the
results screened using the optimisation method are closer to the measured results, while the
elevation of the unscreened topography is on the high side. In terms of specific values, the
average elevation of this area is —0.88 m in the measured results, —0.62 m in the unfiltered
results, and —0.70 m in the optimised filtered results. The optimised filtered DEMs have
less deviation from the measured results, which further confirms the reliability of the
optimised inundation frequency method.

b. Unfiltered topography c. Filtered topography

d. Measured topography

Elevation (m)

. 0.3

e. Unfiltered difference f. Filtered difference

Figure 5. Comparison of the results of the optimised inundation frequency method: (a) shows a
satellite image of the south side of the study area, with a red box showing the comparison area. The
green boxes in (b—d) show the areas where the optimisation is more pronounced. (e,f) show the
difference between the unfiltered and measured terrain and the filtered difference, respectively.

4.3. Analysis of Tidal Flats for Siltation

Figure 6 shows the inversion results of the topography of the beach and tidal flats in
Haizhou Bay from 1996 to 2020, and the topography of the beach and tidal flats has evolved
due to the influences of natural and anthropogenic factors. The northern part of Haizhou
Bay shows erosion followed by siltation during 1986-2020, the central part of Haizhou Bay
shows erosion, and the southern part of Haizhou Bay also shows siltation. The rivers in the
north and south of Haizhou Bay were the main causes of siltation, while erosion occurred
in the central part of Haizhou Bay due to the reduction in sediment sources, especially
after the construction of dykes. In the southern part of Haizhou Bay, siltation was more
pronounced in the south due to large-scale reclamation projects, while the tidal flats of the
beaches in the reclaimed area were reduced in a large area. The data provided in this study
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can help to further study the evolution of human-acquired sediment transport in Haizhou
Bay, where human reclamation activities are an important influence on the alteration of
tidal flats and siltation in the area.

- \ N
o j

o skm | b.1996-2000 0 SkMm 1y egend

Elevation (m)
Ny 220

a. 1986—1990 e

¢. 2003-2007 A 0 5km | d.2016-2020 0 5km I2.4o

Figure 6. Digital elevation models for four time periods in Haizhou Bay: (a—d) show the topography
constructed from 1986 to 1990, 1996 to 2000, 2003 to 2007 and 2016 to 2020, respectively.

4.4. Impact of Screening Remote Sensing Imagery

As shown in Figure 7a,c,e,g show the distribution information of the tidal heights of
the images before screening, and Figure 7b,d,f,h show the distribution of the tidal heights
after screening. The tide level distribution characteristics of the available images at the four
time points are different, but all of them exist at certain tide heights. There are multiple
remote sensing images with relatively close elevations, which affects the true inundation
frequency of the images, and undoubtedly weakens the advantages of the formulae applied
in the inundation frequency method. After screening remote sensing images with intervals
less than 1/n m, it can be seen that the distribution of the tide levels is more uniform, which
is conducive to the inversion of beach topography using the linear formula.
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Figure 7. Tidal heights corresponding to the order of satellite images acquired for each period.
The blue asterisk is the water level of the tide level image; the red line is the linear fit line. And
(a,c,e,g) show the change in the water level of the image before the optimisation method was
applied, and (b,d,fh) shows the change in the water level of the image after the optimisation method

was applied.
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The ideal situation for the inversion of beach topography is to have consistent intervals
between the tidal heights of neighbouring images, with the size of the intervals being 1/n m.
We compared and analysed the differences between using all the images and the screened
images with the ideal condition and calculated the deviations of the results of the inversion
in the ideal condition from the tide level of the actual image. The results are shown in
Tables 1 and 2, which show that the deviation from the ideal condition after screening is
significantly reduced and that the root mean square error is reduced by 3-7 cm compared to
with using all available remote sensing images at all time periods, indicating the feasibility
of this method.

Table 1. Deviation from ideal after filtering.

Maximum Minimum Average
Period Deviation Deviation Deviation RMSE (cm)
(cm) (cm) (cm)
1986-1990 20.70 —31.97 —08.26 17.77
1996-2000 0 —67.35 —35.33 40.86
2003-2007 7.25 —51.57 —21.86 27.40
2016-2020 8.16 —42.88 —21.18 24.95

Table 2. Deviation from ideal without filtering.

Maximum Minimum Average
Period Deviation Deviation Deviation RMSE (cm)
(cm) (cm) (cm)
1986-1990 16.75 —43.76 —13.48 20.74
19962000 0 —77.47 —39.74 4453
2003-2007 9.44 —76.93 —23.28 34.25
2016-2020 15.29 —52.90 —22.99 28.46

5. Discussion
5.1. Uncertainty Analysis

The development of a less subjective and automated process is essential for analysing
complete data time series, which provides a basis for monitoring changes in beach tidal flat
topography and studying potential natural and anthropogenic drivers [13]. In this study,
human subjective factors were reduced in terms of water and land segmentation the tide
level screening of similar remote sensing images, and elevation inversion. We demonstrated
the feasibility of using Landsat TM/ETM+/OLI images and the GEE cloud computing
platform to construct tidal flat topographies for coastal areas at a spatial resolution of
30 m. The accuracy validation results of the inversion show the reliability of this method
in constructing a beach tidal flat topography, but the long observation interval causes
uncertainty in the variation of the beach tidal flat topography and the tide level information,
which can interfere with the influence of the beach tidal flat topography elevation. At
present, only Landsat remote sensing images can monitor tidal flats at a long time scale,
with a revisitation period of 16 days, and about 22 remote sensing images can be obtained
in a year. However, there is not enough remote sensing imagery available within one year
due to cloud cover, so the inundation frequency method when using Landsat imagery
generally uses remote sensing imagery within five years [15,39]. The morphology of tidal
flats inevitably changes over five years. However, this study requires a certain number of
remote sensing images to ensure the vertical accuracy of the tidal flat construction and the
coverage of the tide level, which is a trade-off problem. Although spatial interpolation can
be used to resolve these discontinuities, as in the waterline method, the resulting DEMs
are much less representative of actual surface elevations. The intertidal topography of
most estuaries or bays does not change significantly in the short term [16,40], with the
topography of the Yangtze River estuary varying by approximately 10-20 cm per year [41].
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The relatively small size of the rivers in this study area compared to the mouth of the
Yangtze River is likely to result in even less variation in topography year to year, so the
average topography over a five-year period reflects the tidal flat elevation to some extent.

In order to assess the change in the beach tidal flats in Haizhou Bay over five years,
we selected remote sensing imagery available for each of the years 2016-2020 to construct
the topography of the beach tidal flats for each year. Profile 1 was selected to assess the
inter-annual change in the beach tidal flats, using the inverted elevation at Section 1 for
each year minus the measured elevation of profile 1 in 2016, and the mean value of the
interpolated values for each year was calculated, and the results are shown in Figure 8.
Without considering the effect of the insufficient number of remote sensing images on the
accuracy of the results, it can be seen that the results for 2016 were closest to the measured
one, while the results for 2020 had the largest difference. The black dashed line in the
figure shows the average elevation change between five years, and its mean value is 0.14 m,
indicating that the topography did not change much during the five years, which also
shows that the average beach and tidal flat topography constructed from five years of
remotely sensed imagery can roughly reflect the actual situation of the tidal flats. The
topography of tidal flats is highly variable due to human reclamation projects, which often
cause the topography of tidal flats to increase and siltation to occur around them. The
topography constructed using the inundation frequency method is the average of five years,
which will make the results of the topography of the reclaimed area low. Therefore, to meet
the requirement of the number of remote sensing images, the inundation frequency method
is not suitable for areas with large topographic changes.

0.5 7
0.4 1
0.3 1
0.2 1
0.14

04

-0.1 4

-0.2 4

70.3 T T T 1
2016 2017 2018 2019 2020

Figure 8. Change in beach elevation from 2016 to 2020 from an average deviation of the 2016 measured
topography. The blue dashed line shows the change in the average deviation, and the black dotted
line shows the average deviation over the five years.

Tide level information is also an important factor affecting the accuracy of the results,
and the assumptions underpinning our approach are that the results of the TPXO9 tidal
simulation allow us to map the moment of acquisition of the image to the tide level, and
that the water/non-water variations are related only to the tide [13]. However, the tidal
model is limited in the accuracy of the tide level simulation by nearshore topography
and weather. We do not have enough measured data to verify the accuracy of the tide
level simulation, but the accuracy of the inversion of the tidal terrain of the tidal flats
was improved after screening some remote sensing images with close tidal heights, which
indicates the reliability of the tide level simulation. Although the inundation frequency
method is not overly dependent on the tide level, the optimisation method proposed in
this study needs to incorporate the tide level information, and when the tide information
is inaccurate, the culled image tide levels are not necessarily uniformly distributed, thus
increasing the error in the construction of tidal flats topography.
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Indeed, the selection of interval 1/n m as the culling interval in this study was not
necessarily the optimal interval, but the idea proposed in this study can be learnt from;
by culling part of the images with similar intervals, the distribution of the water level
can be constructed to be more uniform, to improve the inversion accuracy of the tidal
flats topography. In addition, exploring more appropriate land and water segmentation
methods will also improve the inversion accuracy of tidal flat topography.

5.2. Impact of Dense Distribution of Remote Sensing Imagery

The inundation frequency method is similar to the Monte Carlo method, which is
based on the calculation method of “random numbers”. The selected remote sensing
images can be regarded as random, and as the number of images increases, the distribution
of the selected tide levels becomes more uniform.. Then, the accuracy of the inversion
of the tidal flat topography will be more accurate. In Section 5.1, we used the remote
sensing images of a single year to analyse the inter-annual variation in beach tidal flat
topography, and the results showed that the average value of the overall variation during
a five-year time period was higher than that of the measured topography in 2016, while
the results of the validation section in Section 4.1 showed that the inverted elevation was
lower than that of the measured elevation, which may be due to a lack of remote sensing
images for a single year, and the uneven distribution of the water level at the time of the
acquisition. However, the use of all remote sensing images in a five-year time period
can satisfy the quantity requirement, but the problem of uneven water level distribution
still needs to be solved: how to assess the impact caused by the concentration of remote
sensing images corresponding to the distribution of the water level? Firstly, the vertical
concentration of the water level in the image is manifested in the lateral direction by a
sharp change in the slope of the tidal flat edge of the beach in the water level inversion of
the concentration of the water level distribution in the remotely sensed image. If part of the
concentrated water level is biased upward, it will cause the inversion profile to be concave
downward and lower than the actual elevation; if part of the concentrated water level is
biased downward, it will cause the inversion profile to be convex upward and higher than
the actual elevation. Secondly, as the number of remote sensing images increases, and
not all of them are concentrated in a certain water level, it will weaken the effect of the
water level distribution concentration of remote sensing images. This is because number of
remotely sensed images and the randomness of the images corresponding to the water level
increase, making the remotely sensed water level tend to be uniformly distributed, e.g.,
the combination of an upwardly concentrated water level and downwardly concentrated
water level counteracts the effects of downward concavity and upward convexity. Finally,
although inverting as many images as possible to the terrain can reduce the effect of the
image water level distribution concentration, it is not the optimal method. By filtering
out remote sensing images with water level intervals less than 1/n m and eliminating
those with overly concentrated distributions, the water level distribution can be made
more homogeneous, thus improving the inversion accuracy of the tidal flat topography of
the beach.

6. Conclusions

In this study, the historical evolution of the beach tidal flats in Haizhou Bay was
analysed using Landsat images and the global tidal model TPXO9, based on the inundation
frequency method. Haizhou Bay is a bay close to the city; its coastal tidal flats have changed
considerably due to artificial reclamation and aquaculture. The shoreline in the southern
and central parts of Haizhou Bay has changed significantly, while the central part has
remained basically stable; tidal flats show siltation in the southern and northern parts
and erosion in the central part of the bay. In this study, we considered the effect of the
over-concentration of acquired images at some water levels, and screened out some images
with close water levels according to the number of acquired images. The results show that
the error in the construction of the tidal flat topography of the beach can be reduced by
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eliminating images with close water levels. In analysing the comparison area selected in
the south, it was found that the DEM constructed using all remote sensing imagery was
even more skewed with the measured results.

Meanwhile, this study also explored the reasonableness of selecting a five-year time
interval and the effect of an uneven distribution of water levels in the images. The topog-
raphy of tidal flats constructed over a five-year period using remote sensing data from a
single year was found to have a mean change in tidal flat topography of 0.14 m, which
is within an acceptable range. The effect of the concentration of the image water level
distribution on the inversion results can be weakened when a sufficient number of images
are used, but the accuracy of the inversion of the topography of the tidal flats can be further
improved by filtering out some of the remotely sensed images that are close to the water
level. The method of this study is reproducible, and the data are easy to obtain, and the
application of this method in other coastal areas around the world can enrich the coastal
topographic data and provide technical support for the protection and management of
tidal flats.
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