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Abstract: As an important part of coastal wetlands, tidal flats provide unique ecosystem services and functions.
China's tidal flats are significantly threatened by industrialization, urbanization, aquaculture expansion and
coastline reconstruction, and there is an urgent need for sustainable strategies to balance the protection and
utilization of tidal flats. Remote sensing technology can realize large-scale spatiotemporal research of tidal flats,
comprehensively improve the ecological environment of coastal zones, and help achieve the overall planning
goals of major projects for the protection and restoration of important ecosystems in China. In this study, based
on GEE (Google Earth Engine) platform, Sentinel-2 (MSI), Landsat 8 (OLI) and Landsat 9 (OLI-2) remote
sensing images were used to construct multi-source intensive time series remote sensing image collection,
combined with MSIC-OA algorithm. The tidal flat data of China in 2018 and 2023 are extracted and analyzed.
The results show as follows: 1) The overall classification accuracy of the tidal flat in 2023 is 95.19%, and the
Kappa coefficient is 0.89; In 2018, they were 92.77% and 0.83 respectively. 2) The total tidal flat area in 2018 and
2023 is 8300.34km? and 8151.54km?, respectively, a decrease of 148.80km?; 3) In 2023, estuarine and bay tidal
flats will account for 54.88% of the total area, and most of the tidal flats will be distributed near river inlets and
bays; 4) In 2023, the total length of the coastline adjacent to the tidal flat is 10196.17km, of which the artificial
shoreline accounts for 67.06%, and the development degree of the tidal flat is 2.04, indicating that most of the
tidal flat has been developed and utilized. The research results provide valuable reference for the scientific
planning and rational utilization of tidal flat resources in China.

Keywords: remote sensing; Google Earth Engine; MSIC-OA; tidal flat resources; shoreline

1. Introduction

Tidal flats, including intertidal mudflats, rocks, and sandy beaches, are transitional zones
between Marine and terrestrial environments [12l. The tidal flat in this study is defined as the silty or
sandy unvegetated coast in the tide-flooded area between the maximum and minimum tidal
inundation, including the part of the radiating sand ridge, which is geomorphologically called the
"intertidal zone" .

Tidal flats provide unique ecosystem services, such as defending against storm surges,
maintaining shorelines, filtering pollutants and promoting carbon storage, as well as serving as
feeding grounds for migratory birds and spawning and feeding grounds for fish and other Marine
wildlife 61 As one of the world's most important ecological and economic ecosystems, tidal flats are
very fragile and highly threatened by tidal reclamation and natural disturbance 8. Under the
influence of rapid socio-economic development and climate change in the coastal zone, the depletion
of coastal wetland resources is very serious 1°l. According to the latest report, about 35% of the world's
coastal wetlands were lost from 1970 to 2015 9. Sustainable management of coastal tidal flats has
been included in the Sustainable Development Goals of the 2030 Agenda of the United Nations 11,
Studies have shown that in the context of climate change, maintaining the longterm stability of the
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tidal flat wetland ecosystem is of great significance to achieving the joint Sustainable Development
Goals in coastal areas ['> 131,

Over the past four decades, China's coastal tidal flats have been under development
Industrialization, urbanization and the expansion of aquaculture have been significantly threatened
(14161, More than two-thirds of China's coastline has been converted into artificial sea walls, causing a
series of damage to tidal flats '”l. The government has made great efforts to restore and manage
degraded coastal ecosystems in order to achieve the Sustainable Development Goals related to
sustainable management of coastal resources [8l. In 2020, China issued the Master Plan for Major
National Projects for the Protection and Restoration of Important Ecosystems (2021-2035), which
takes the restoration of shoreline and shoal as the main direction for the comprehensive improvement
of coastal ecological environment in the future [V} Since China began to gradually pay attention to the
protection of coastal wetlands in 2003, there is still much room for improvement in the protection and
restoration of coastal wetlands in China 2022, Tidal flat reclamation brings huge local economic
benefits 123,

In recent years, the evolution of tidal flats has been increasingly affected by human activities,
resulting in rapid degradation of tidal flats (4 251 Artificial structures built on the tidal flats cut off the
exchange of terrestrial and Marine materials, inhibit the natural process of sediment migration and
deposition, and accelerate the erosion and shrinkage of the tidal flats 12627]. Artificial development
activities alter the depth and velocity of the sea-land exchange capacity, thus altering the
sedimentation process of the tidal flat [?%l. Artificial reclamation shortens the natural sedimentary
path, allowing more fine particulate matter to enter the Marine system directly, causing tidal flat
erosion ?l. Long-term observation studies in the reclamation area of the tidal flat in Jiangsu show
that continuous reclamation has destroyed the original balance of erosion and deposition of the tidal
flat, resulting in the degradation and shrinkage of the tidal flat 1% Therefore, it is necessary to
expound the utilization status and development trend of tidal flat comprehensively. This paper
provides a basis for the protection and restoration of tidal flats [31.32],

Google Earth Engine (GEE) is a cloud computing platform developed by Google for satellite data
analysis and processing, which has been widely used in large-scale remote sensing research. GEE
cloud platform includes all Landsat, Sentinel-1, Sentinel-2 and other satellite data; And other data
sets such as weather data, land cover data, and even socioeconomic data.

At present, the lack of macroscopic and accurate surface spatial survey data and the lack of
periodic tidal flat resource information in China greatly limit the spatio-temporal analysis of the
dynamic changes of tidal flats in China. Aiming at the limitations of existing tidal flat maps, this
research plan selects Sentinel-2, Landsat8 and Landsat9 images as data sources based on GEE
platform, and constructs multi-source intensive time-series remote sensing image collection. The
refined mapping of China's tidal flats in 2018 and 2023 was carried out with the improved MSIC-OA
algorithm to provide scientific data support and theoretical basis for the development and
management of coastal zone resources.

2. Materials and Methods

2.1. Study Area

Stretching from the mouth of the Yalu River in the north to the mouth of the Beilun River in the
south, China's coastal belt spans more than 20 latitudes (18. 2 degrees to 40. 5 degrees north) with a
coastline of about 18, 000 kilometers. It covers a total of 12 provincial-level administrative units in
Liaoning, Tianjin, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong (including
Hong Kong and Macao special administrative Regions), Guangxi Zhuang Autonomous Region,
Hainan and Taiwan Province (Figure 1). From north to south, the coastal areas, with average annual
temperatures ranging from 5 ° C to 26 ° C and precipitation ranging from 400 to 1,800 mm, cover the
three climate zones of hot zone, subtropical zone and temperate climate. The elevations of China's
coastal zone range from sea level to more than 3,700 meters above sea level, with most of the northern
half being low-lying, although some mountains and hills in northeast China and the Shandong
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Peninsula extend all the way to the coastal areas. The main landscapes of China's intertidal zone
include tidal flats, mangroves, salt marshes, aquaculture ponds, building land, and waters.
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Figure 1. Study area.

2.2. Data Sources

Sentinel-2 data used in this study are surface reflectance products after atmospheric correction
processing at level 2A (L2A), and Landsat 8/9 data are Collection 2 Tier 1 atmospheric top reflectance
data products. The time range is 2017.07-2019.06 and 2022.07-2024.06. The image band parameters
are shown in Table 1. The QA60 band of Sentinel-2 image and QA_PIXEL band of Landsat image are
used for cloud removal. For Sentinel-2 images, SWIR 1 band is sampled up to 10 m spatial resolution
by bilinear interpolation. For Landsat 8 and Landsat 9 images, atmospheric correction was performed
first, and then panchromatic bands with a spatial resolution of 15 m were used. GS image fusion
method was adopted to sample the multispectral bands to a spatial resolution of 15 m. After up-
sampling processing, the spatial resolution of Sentinel-2 and Landsat multi-spectral bands selected
were 10m and 15m, respectively. The above operations are implemented on the GEE platform.

Table 1. Satellite image data parameters.

Satellite Band resolution/m
B3 (Green) 10
. B4 (Red) 10
Sentinel-2 (MSI) B8 (NIR) 10

B11 (SWIRD) 20
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4
B3 (Green) 30
B4 (Red) 30
Landsat 8 (OLD B5 (NIR) 30
B6 (SWIR1) 30
B8 (Panchromatic) 15
B3 (Green) 30
B4 (Red) 30
Landsat9 (OLI-2) B5 (NIR) 30
B6 (SWIR1) 30
B8 (Panchromatic) 15

2.3. Extraction of Tidal Flat

The process of automatic, rapid and high-precision tidal flat extraction constructed in this study
is shown in Figure 2.
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Figure 2. Technical route.

The MSIC algorithm first selects the quality band, and then sorts the quality band pixel by pixel.
The maximum value after sorting is taken as the final output value of the pixel. Otsu (OA) algorithm,
based on gray histogram, finds the best threshold and divides the image into background and
foreground, which makes the inter-class variance maximum and intra-class variance minimum.

According to the research results of (Jia et al., 2021) %3, the improved normalized differential
water body index mNDWI and normalized differential vegetation index NDVI were used in this
study to extract the maximum and minimum water areas respectively. The mNDWI formula is:

NDWI = Green — Swirl 1)
m " Green + Swirl

where, Green is the green light band of the image, Swirl is the short-wave infrared band 1 of the
image.
The NDVI formula is:

NDVI — Nir — Red %)
" Nir + Red

where, Nir is the near infrared band of the image, and Red is the red band of the image.


https://doi.org/10.20944/preprints202407.1304.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024 d0i:10.20944/preprints202407.1304.v1

Some results of tidal flat extraction include tidal flat and floating mud. To solve this problem,
OA binary segmentation of tidal flat floating mud image is needed to achieve the purpose of accurate
extraction of tidal flat.2.4 extraction and classification of shoreline

2.4. Extraction and Classification of Shoreline

According to the technical regulations for coastal repair of China's Offshore Marine
Comprehensive Survey and Evaluation Project (908 Project), China's coastline is divided into natural
shoreline (land and sea boundary line under natural land and sea action) and artificial shoreline
(actual land and sea boundary line formed after artificial reconstruction) according to the actual type
of shoreline of China's coast and the research objective of this study. Canny edge detection method
is used to extract the upper boundary of the tidal flat as the shoreline, and the shoreline is classified
by artificial visual interpretation (Table 2).

Table 2. Coastline classification system.

Primary Secondary Interpretation

Classification  Classification Symbol Description
Ssgiclli};e Located in sandy beach areas
Natural )
Shoreline Mud Shoreline Located in mud or silt-sand mudflat areas
S}Il{()(;.(:;};e Located in rocky coastal areas

Located in urban and transportation

E];:rrlll?;?lier:\iit construction areas, including shorelines
formed by port and dock construction
Artificial
Shoreline
Non- Regularly distributed patches such as
engineered aquaculture water bodies, farmland, and salt
Embankment fields on the inland side

The Tidal Flat Development Degree Index (TFDDI) is established to directly reflect the
development degree of tidal flats, as follows:

Ly
TFDDI = — ®)
Ly

In the formula, TFDDI refers to the development degree of a tidal flat in a certain area, and L1
and L2 respectively refer to the length of artificial shoreline and natural shoreline in the coastline
adjacent to the tidal flat in this area. The larger the TFDDI value, the higher the development degree
of the tidal flat.
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3. Results

3.1. precision Analysis of Tidal Flat Extraction

In order to check the accuracy of the experimental extraction results, the quantitative and
qualitative analysis of the tidal flat extraction results were carried out in this study. The quantitative
analysis combined the lowest tide Sentinel-2 and Landsat images and randomly generated sample
points to verify the accuracy of the extraction results. The information of tidal flats and non-tidal flats
was distinguished by artificial visual interpretation, and the accuracy of the range of tidal flats in all
observation periods was evaluated by combining the confusion matrix method. The confusion
matrices of tidal flats in 2018 and 2023 were obtained respectively (Table 3): The overall accuracy and
kappa coefficient of the tidal flat extraction results in 2018 reached 92.77% and 0.83, respectively. In
2023, it will reach 95.19% and 0.89 respectively.

Table 3. Confusion matrix and precision analysis.

Reference Category

Non- Use. Ove.
TF Total Pro.Acc/% Kappa
TF Acc/% Acc/%
TF 2772 308 3080 90.00 96.98 92.77 0.83
Non-
2018 F 415 6505 6920 94.00 95.48
Image Total 3187 6813 10000
Category TF 2752 272 3024 91.01 92.94 95.19 0.89
Non-
2023 F 209 6767 6976 97.00 96.14

Total 2961 7039 10000

Qualitative analysis combined with UQD data (2017-2019) produced by Murray et al on GEE
platform, selected three typical regions of Liao River Estuary, Caofeidian and central Jiangsu, and
compared the extracted tidal flats in 2018 with UQD data. It was found that the UQD was basically
consistent with the extracted tidal flats in this study. However, Murray et al. extracted the tidal flat
in the 50km buffer zone of the coastline and mistakenly extracted the inland surface objects as the
tidal flat, resulting in a large difference between the extraction results on the land side and those in
this study (Figures 3, 4, 5). In summary, the results of tidal flat extraction in this study are reliable. In
summary, the accuracy of the tidal flat extraction results in this study is reliable.

d0i:10.20944/preprints202407.1304.v1
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Figure 3. The comparison of the accuracy of the extraction results of the tidal flat in Liao River Estuary
with the UQD map.
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Figure 4. The comparison of the accuracy of the extraction results of the tidal flat in Caofeidian with
the UQD map.
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Figure 5. The comparison of the accuracy of the extraction results of the tidal flat in the radiating shoal
tidal flat area in central Jiangsu with the UQD map.

3.2. tidal Flat Stock

The total area of tidal flat stock in China in 2023 is 8151.54km? (Table 4). The largest tidal flat

area is in Jiangsu Province (2149.01 km?), accounting for 26.36%. The smallest city is Tianjin (55.33
km?), accounting for 0.68%.

Table 4. Area and Proportion of Tidal Flats in China in 2023.

Region Area (km?) Proportion (%)
Liaoning 923.44 11.33
Hebei 222.63 2.73
Tianjin 55.33 0.68
Shandong 1150.07 14.11
Jiangsu 2149.01 26.36
Shanghai 384.94 4.72
Zhejiang 1189.49 14.59
Fujian 1006.13 12.34
Guangdong 425.45 522
Guangxi 329.63 4.04
Hainan 77.90 0.96
Taiwan 237.52 291
China 8151.54 100.00

In the estuarine area, sediment deposition becomes very significant due to abundant sediment
sources and sufficient supply; In addition, the wave energy divergence effect in the bay is significant,
the disturbance effect of wind waves is small, and the large tidal changes lead to the formation of a
large amount of sediment accumulation here. From the perspective of spatial distribution of tidal
flats, tidal flats are divided into estuarine, bay and others three categories, and the specific
information after classification is shown in Figure 6. The tidal flat area of estuarine and bay was
1828.08 km? and 2644.82km?, accounting for 22.43% and 32.45% respectively, accounting for 54. 88%
in total. In other provinces and cities except Jiangsu Province, the total tidal flat area is 6002.53 km?,
and the total tidal flat area of estuarine and bay is 1785.14km? and 2574. 83 km?, accounting for 29.74%
and 42.90% respectively, accounting for 72.64% in total(Figure 6). It can be seen that most of the tidal
flats in China are distributed near the estuaries and bays of rivers.

d0i:10.20944/preprints202407.1304.v1
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Figure 6. Stacked Percentage Chart of Tidal Flat Classification.

3.3. Spatial Distribution of Tidal Flats

The spatial distribution of tidal flats in China in 2023 is shown in Figure 7. The tidal flats of
Liaoning Province will mainly be distributed in the coastline of the Yellow Sea and the Liao River
estuary of Liaodong Bay in the east of the province, accounting for 43. 98% and 39. 73%, respectively.
The tidal flats in Hebei Province will be mainly distributed along the Daqing Estuary and Bohai Bay,
accounting for 36.81% and 59.22%, respectively. All tidal flats in Tianjin will be located in Bohai Bay,
mainly on both sides of Tianjin Port, accounting for 56.98% in the north and 43.02% in the south. The
tidal flats in Shandong Province will mainly be distributed in Bohai Bay, Laizhou Bay and Yellow
River delta, accounting for 15.49%, 31.09% and 25.74%, respectively. The main distribution area of
the tidal flat in Jiangsu Province will be from Sheyang Estuary to the estuary of the Yangtze River,
accounting for 91.63%.The main distribution area of the tidal flat in Shanghai will be the estuary of
the Yangtze River, accounting for 82.12%.The distribution of tidal flats in Zhejiang Province is
relatively fragmented, and the tidal flats in Hangzhou Bay area are relatively large, accounting for
28.57%. The tidal flats of Fujian Province are evenly distributed along the long and winding coastline.
The tidal flats in Guangdong Province are very fragmented, located in Zhanjiang in the southwest of
Guangdong Province. The tidal flat area of Zhanjiang City is relatively large, accounting for 51.50%.
Among them, the tidal flat area of Beibu Gulf in the west is 116.24 km?, accounting for 27.32%; The
tidal flat area of Leizhou Bay and its vicinity in the east is 102. 86km?, accounting for 24.18%. All the
tidal flats in Guangxi Province will be located in Beibu Gulf and distributed evenly. The tidal flats in
Hainan Province are mainly distributed in the Beibu Bay area (including Danzhou Bay), accounting
for 60.12%.The tidal flat of Taiwan Province will mainly be distributed in the northwest area,
accounting for 97.12%.


https://doi.org/10.20944/preprints202407.1304.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024

b0 L0F
=

N0 Lt

N0 08

N T

N 08

1065 0" 1 1o o' K I15° 0° 1
1 1 |

L20° o' 1
|

d0i:10.20944/preprints202407.1304.v1

10

Bl Tidal Flat

] 250 500 km
L I

1255 o' | 1307 07 1
1 1

Figure 7. Distribution Map of Tidal Flats in China.

3.4. Tidal Flat Area Change in China, 2018-2023

The total area of China's tidal flat was 8300.34km? in 2018 and 8151.54km? in 2023, and the total
area of China's tidal flat decreased by 148.80km? from 2018 to 2023. The specific information of the
area of each provincial administrative unit in China in 2018 and 2023 is shown in Figure 8(a). As
shown in Figure 8(b), among the 12 provincial administrative units, only Zhejiang Province, Shanghai
and Fujian Province (ranked from large to small) have an increase in area from 2018 to 2023.
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Figure 8. Tidal Flat Area and Changes in Coastal Provinces of China in 2018 and 2023:(a) Area
in 2018 and 2023;(b) Change in Area from 2018 to 2023.
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3.5. Coastline Information

In 2023, the total length of shoreline adjacent to tidal flats in China will be 10196.17km, with
Fujian Province having the longest tidal flats (2220.45km), accounting for 21.78%, and Tianjin City
having the shortest tidal flats (74.51km), accounting for 0.73%. Artificial shoreline and natural
shoreline accounted for 67.06% and 32.94% respectively. The development degree of the tidal flat in
China is 2.04, which indicates that most of the tidal flat has been developed and utilized. In terms of
each provincial administrative unit, Tianjin Municipality has the highest degree of development
(22.69), while Guangxi Province has the lowest degree of development (0.29) (Figure 9).
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Figure 9. Shoreline Types and Development Intensity in China and Provinces:(a) Shoreline Length

and Proportion;(b) Stacked Percentage Chart of Shoreline Classification;(c) Tidal Flat Development
Intensity.

4. Discussion

In this paper, Sentinel-2 (MSI), Landsat8 (OLI) and Landsat9 (OLI-2) images were selected based
on GEE platform, and a series of preprocessing including atmospheric correction, upsample and
cloud removal were performed to construct a multi-source high-quality dense time series image
collection. The spatial resolution of Sentinel-2 images was 10m. The revisit interval is 2-5 days, the
high spatial resolution allows for more accurate identification of tidal flat boundaries, and the high
temporal resolution provides a good opportunity to capture the lowest and highest tides. Compared
with Sentinel-2 image data, the advantage of multi-source high-quality dense time series images is
that the addition of Landsat 8 and Landsat 9 images increases the time resolution, making the lowest
and highest water images obtained in this experiment more close to the real situation and more
accurate and robust depiction of tides. Combined with previous research results [33], two appropriate
spectral indices of mNDWI and NDVI were selected, and the MSIC-OA algorithm was combined to


https://doi.org/10.20944/preprints202407.1304.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024 doi:10.20944/preprints202407.1304.v1

12

realize rapid automatic classification and extraction of Chinese tidal flats. The detailed mapping of
China's tidal flats in 2018 and 2023 has been realized, and the in-depth study of tidal flats has been
carried out from the perspectives of resource stock, distribution characteristics, dynamic changes,
utilization mode and development degree.

The traditional MSIC-OA algorithm extracts tidal flats in some areas including the tidal flats
themselves and floating mud in seawater. In this study, an improvement of floating mud pixel
elimination is proposed to solve this shortcoming, so as to make the extraction results more accurate.

The overall classification accuracy of Chinese tidal flat in 2023 is 95.19%, and the Kappa
coefficient is 0.89. In 2018, it was 92.77% and 0.83. The results of qualitative and quantitative analysis
show that the results of tidal flat extraction in this study are reliable. The imaging time range of
Landsat 9 is 2021.10-2 024.06, so this image was not used in the extraction of the tidal flat in 2018,
which also makes the accuracy of the extraction results in 2018 slightly lower than that in 2023, which
also proves the advantage of multi-source image set to some extent.

The total area of China's tidal flat in 2018 and 2023 is 8300.34km? and 8151.54km?, respectively,
and the area decreased by 148.80km? from 2018 to 2023. Among the 12 provincial administrative
units, only Zhejiang Province, Shanghai and Fujian Province have an increase in area (ranking from
large to small). Jiangsu Province, Shandong Province and Liaoning Province saw the largest decrease
in area. In 2023, the tidal flat area of China's provinces in descending order is: Jiangsu, Zhejiang,
Shandong, Fujian, Liaoning, Guangdong, Shanghai, Guangxi, Taiwan, Hebei, Hainan, Tianjin.

In 2023, 54.88% of the tidal flats in China will be distributed in estuaries and bays, 22.43% in
estuaries and 32.45% in bays. Jiangsu Province has the largest tidal flat area, but only 5.25% is
distributed in estuaries and bays. If Jiangsu Province is ignored, 72.64% of China's tidal flats are
distributed in estuaries and bays, of which 29.74% are distributed in estuaries and 42.90% are
distributed in bays. Most of China's tidal flats are located near river inlets and bays. The
characteristics of easy sediment accumulation in estuaries and bays [* are consistent with this
conclusion.

In the analysis of shoreline, it is found that the total length of the shoreline adjacent to the tidal
flat in China in 2023 is 10196.17km, the proportion of artificial shoreline is 67.06%, and the TFDDI is
2.04, indicating that most of the tidal flat has been significantly affected and changed by human
activities. In particular, Tianjin has the highest development degree of tidal flat at 22.69, which may
be closely related to the process of urbanization and industrialization, reminding us that the
relationship between ecological protection and economic development should be balanced in the
utilization of tidal flat resources.

In future studies, if more sources or higher resolution image data are provided for creating
multi-source high-quality dense time series image collection to further improve its temporal and
spatial resolution, the accuracy of tidal flat extraction will be further improved.

5. Conclusion

Based on GEE platform, this paper constructs multi-source high-quality dense time series image
collection, and combines the improved MSIC-OA algorithm to achieve the extraction and analysis of
tidal flats in China in 2018 and 2023. The conclusions are as follows:

e  The overall classification accuracy of the tidal flat extraction results in China in 2018 was 92.77%,
with an area of 8300.34km? In 2023, the overall classification accuracy is 95.19%, and the area is
8151.54km?. A decrease of 148.80km? from 2018 to 2023.

e  The three provinces with the largest tidal flat area in 2023 are: Jiangsu, Zhejiang and Shandong

o In 2023, 54.88% of China's tides will be distributed in the river and bay areas, and if Jiangsu
Province is not considered, the proportion rises to 72.64%. Most of China's tidal flats are located
near river inlets and bays.

e In 2023, the total length of China's coastline adjacent to the tidal flat will be 10196.17km. The

development degree of the tidal flat is 2.04, and most of the tidal flat has been developed and
utilized.
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