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Abstract—The investigation of the evolution of intertidal zones
is a significant and extensively discussed subject in estuary and
coastal research, both nationally and internationally. Recent ad-
vances in real-time global satellite products, such as GOCI, provide
a potential approach for monitoring intertidal zones by utilizing
waterline inversion based on spatial distribution processes. While
these products offer the potential for monitoring intertidal zones
through waterline inversion based on spatial distribution processes,
they often suffer from coarse spatial resolution that smooths critical
spatial heterogeneity. To overcome this limitation, a flexible spa-
tiotemporal fusion model was employed to generate hourly time-
series images with a spatial resolution of 10 m. This was achieved
by combining Sentinel-2 satellite data (10 m spatial resolution; five-
day revisit frequency) and GOCI-II data (500 m spatial resolution;
1-h revisit frequency). The resulting fusion images were used to
construct an intertidal pseudodigital elevation model (DEM) by
extracting waterlines and incorporating tidal-level information.
The accuracy of the DEM was validated using surveyed real-time
kinematic and drone data, with a root-mean-square error of (.28 m.
The analysis of the annual accretion and erosion evolution in the
intertidal zone for the year 2023 revealed significant erosion in the
central part of the zone, with a maximum erosion depth of 1 m
at the bottom. This study contributes to the understanding of the
response processes and mechanisms of the intertidal zone to natural
and human disturbances, thus supporting coastal planning projects
related to the intertidal zone.

Index Terms—Environment monitoring, flexible spatiotemporal
data fusion (FSDAF), GOCI-II, muddy intertidal zone, optical
satellites, spatiotemporal fusion, terrain inversion.
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I. INTRODUCTION

HE intertidal zone refers to the area that is submerged

during high tide and exposed during low tide [1]. It is
a vital component of wetland systems, playing a critical role
in providing a range of ecosystem services. These services
include global climate regulation, storm surge protection, natural
water purification, and coastal erosion prevention [2]. However,
despite its ecological and economic significance, due to human
activities and the anticipated future rise in sea levels, the inter-
tidal zone is highly susceptible to damage. With the development
of the economy, the excessive exploitation and utilization of
intertidal zones have resulted in irreversible consequences for
intertidal ecosystem [3], [4]. Furthermore, short-term changes
in the topography of the intertidal zone caused by the passage
of storm surges have a significant impact on coastal areas [5].
Therefore, monitoring the changes in intertidal zone topography
is an important task for coastal planning projects, crucial for
a better understanding of intertidal zone system evolution and
management [6].

In recent years, the measurement of the intertidal zone has
posed a significant challenge [7]. Intertidal topography can only
be measured when the intertidal zone is exposed at low tide; tra-
ditional measurement techniques, such as control measurement,
photogrammetry, and real-time kinematic (RTK) measurement,
can be all used for intertidal topographic measurements [8].
However, these techniques have certain limitations, such as
high time and financial costs, and can only provide localized
data within the study area, unable to obtain large-scale and
wide-ranging data on a global scale [9], [10]. Advancements in
spatial science, sensor technology, and graphic image processing
have led to significant progress in remote sensing technology.
This technology now allows for the convenient acquisition of
high-resolution remote sensing images within a study area [11],
[12]. This development has addressed the limitations of tradi-
tional measurement techniques, including time consumption,
costs, and limited study areas. As a result, remote sensing
technology has become widely used in monitoring the intertidal
zone [13], [14], [15]. For instance, Ryu et al. [16] utilized
three-dimensional (3-D) images generated from remote sensing
data to create a digital surface model for studying and analyzing
the intertidal zone; Maiti and Bhattacharya [7] used various
time-series remote sensing images to extract the shoreline and
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applied the shoreline method to analyze the evolution of inter-
tidal landforms; Letortu et al. [18] employed LiDAR technology
and ground-based LiDAR to create a high-resolution digital
terrain model (DTM) in coastal areas; Wang et al. [17] used
the Google Earth engine (GEE) cloud platform and decision
tree algorithm to investigate the evolution of intertidal land-
forms in China between 1986 and 2016. Fitton et al. [19] used
tidal calibration satellite imagery (Sentinel-2) to measure the
frequency of water occurrence and processed it within the GEE
to create a map of the intertidal zone in the United Kingdom
and the Republic of Ireland. Liu et al. [20] have utilized the
shoreline method to invert the digital elevation model (DEM)
of Dongsha Sandbank in China from 1993 to 2009. How-
ever, remote sensing images are affected by a “spatiotemporal
contradiction” problem. The high-resolution images have long
revisit cycles, resulting in limited availability of waterline data
at specific times. The traditional waterline method is actually an
average intertidal zone method for years, seasons, and months.
It extracts the shoreline within a certain period of time; the
obtained data represent the average variation of the intertidal
zone during the specified period, which is significantly different
from the actual topography. On the other hand, high-temporal-
resolution images often suffer from accuracy issues due to their
low spatial resolution [21]. To overcome this challenge, remote
sensing image fusion technology combines high-temporal and
high-spatial-resolution images, enabling the generation of near
real-time remote sensing images and resolving the “spatiotem-
poral contradiction” problem [22].

With the continuous advancement of computer science, tech-
nology, and image processing techniques, various algorithms
have emerged in the field of spatiotemporal fusion of remote
sensing images. These algorithms can be classified into five
categories: unmixing-based methods, Bayesian-based methods,
learning-based methods, weighted-function-based methods, and
mixture-based methods [23]. The multiresolution technique pro-
posed by Wei et al. [24] in 1999 is the first unmixing-based
spatiotemporal fusion algorithm, known for its high computa-
tional efficiency. However, the unmixing-based fusion method
only deals with coarse-resolution images and does not consider
the mixed pixel phenomenon in fine-resolution images. Con-
sequently, the predicted fine-resolution images lack intraclass
variability and spatial details [25], [26]. On the other hand,
the Bayesian-based method employs Bayesian estimation the-
ory to probabilistically fuse images. Li et al. [27] utilized the
Bayesian maximum entropy nonlinear geostatistical method to
establish the error model for MODIS sea surface temperature
and AMSR-E sea surface temperature at varying resolutions.
Moreover, the dictionary-learning-based algorithm establishes
a correspondence between fine-resolution and coarse-resolution
images by utilizing structural similarity, enabling the capture
of land cover type changes during prediction [28]. Despite
the comprehensive consideration of changes in phenology and
land cover by the Bayesian-based and dictionary-learning-based
methods, they still fail to account for changes in heterogeneous
landscapes [29]. In 2006, Gao et al. [30] introduced the spa-
tiotemporal reflectance reconstruction via a multiscale fusion
model (STARFM), employing window shifting and weighted
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functions for pixel prediction. In 2010, Zhu et al. [31] presented
enhanced STARFM (ESTARFM), which enhances the fusion
performance of spatiotemporal fusion algorithms in heteroge-
neous areas through the introduction of transformation coeffi-
cients. Additionally, several other weighted function-based spa-
tiotemporal fusion algorithms, including mESTARFM, SAD-
FAT, ATPPK-STARFM, and ISKRFM, have been proposed. All
of these algorithms predict phenological changes in homoge-
neous regions using the STARFM framework [32], [33], [34].
Nonetheless, weighted-function-based methods exhibit insuffi-
cient performance in predicting phenological changes and land
cover changes in heterogeneous landscapes [35], [36].

In recent years, various mixed methods have been proposed
for remote sensing applications. One such method is the flexible
spatiotemporal data fusion (FSDAF), which represents a typical
mixed approach. The FSDAF method combines spectral unmix-
ing analysis, thin-plate spline (TPS) interpolation, and weighting
functions to minimize input image requirements and improve
the capability to predict heterogeneous changes [37], [38]. The
TPS interpolator is utilized to predict daily land cover change
information from high-temporal-resolution images. Therefore,
FSDAF is capable of integrating challenging scenes, specifically
the abrupt and drastic land cover changes occurring between in-
put and predicted images: First, for highly mixed heterogeneous
landscape elements, their reflectance changes can be estimated
by solving linear mixing equations; second, for abrupt land cover
changes, they can be captured through spatial interpolation if
they appear in coarse images [39]. The FSDAF algorithm has
gained wide application in recent years [40], [41].

Spatiotemporal fusion algorithms for remote sensing images
have practical value in the field of remote sensing [42], [43],
[44]. However, their application in marine remote sensing and
intertidal zone monitoring is relatively limited [45]. In this
study, we propose a novel method for monitoring intertidal
zone terrain based on the FSDAF fusion algorithm. The method
combines GOCI-II satellite data (500 m spatial resolution, 1-h
temporal resolution) and Sentinel-2 satellite data (10 m spatial
resolution, 5-day temporal resolution). An enhanced Normal-
ized Difference Water Index (MNDWI) is used to differentiate
between water and land within the intertidal zone. The accurate
waterlines are obtained using Otsu threshold segmentation, and
the intertidal zone pseudo-DEM is constructed. This method
overcomes the limitations of traditional waterline methods, such
as spatiotemporal contradiction in remote sensing images, which
leads to a scarcity of waterlines, nonuniform distribution, and
a wide image time span. Additionally, the proposed method
improves the accuracy of intertidal zone terrain inversion by
overcoming the limitation of constructing the intertidal zone
DEM within a single day. The study aims to fuse short-time
sequence images and invert intertidal zones to dynamically mon-
itor muddy intertidal zone terrain elevation in coastal regions and
investigate changes within the intertidal zone [46].

The structure of this study is illustrated in Fig. 2, which
encompasses remote sensing image spatiotemporal fusion, wa-
terline extraction, intertidal DEM inversion, and accuracy ver-
ification. The rest of this article is organized as follows. Sec-
tion II introduces the intertidal study area located along the
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Fig. 1. (a) Yellow polygon represents the study area. (b) Red polygon denotes
the zoomed-in region of (a), and the light yellow polygon indicates the validation
area. (c) Area was measured based on a drone equipped with RTK technology,
with the black dots representing the RTK samples collected by handheld devices.
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coast of Yancheng City, Jiangsu Province, along with the field
measurement dataset. Section III presents the proposed method
for establishing the intertidal DEM inversion, including image
preprocessing, spatiotemporal fusion, and tidal reconciliation
model. Section IV provides the detailed results and validation
of the inversion, including the analysis of annual intertidal evo-
lution. Section V provides the discussion regarding the sources
and limitations of errors and the impact of human activities on the
morphological evolution of intertidal zones. Finally, Section VI
concludes this article.

II. STUDY AREA AND DATASET

A. Study Area

The study area is located in Dafeng District, Yancheng City,
the intertidal zone and the radiating sand ridge facing each other
across the water [as shown in Fig. 1(a)]. The area lies between
longitude 120°41’5"” and 120°50'16” east and latitude 33°13'40"”
and 33°20'6” north, with a total area of 90.75 km?.

The Dafeng muddy intertidal zone features a gentle slope,
with an average gradient of only 0.5% and a maximum width
of 1-10 km. Due to the abundant supply of sediment from the
Yellow River and Yangtze River estuaries, the sediment source
in this region is rich. As a result, the intertidal zone exhibits
significant and sustained geomorphic changes, characterized
by pronounced fluctuations and evident erosion and deposition
trends [47], [48], [49].

The selection of this area was based on the fact that the coastal
zone of Jiangsu exhibits a transition regime from accretion to
erosion, caused by the decreasing supply of sediment from the
abandoned Yellow River over the years. The initial turning point
between erosion and accretion was believed to be at Doulong
Harbour. The northern part of the Doulong Harbour coast was
already under full erosion conditions. Therefore, investigating
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TABLE I
INFORMATION ON SENTINEL-2 AND GOCI-II IMAGES

Time

(UTC-8)
10:48
08:15
09:15
10:15
11:15
12:15
13:15
14:15
15:15
16:15

Number of
Scenes

10/10/2022 1

Satellite Date

Sentinel-2

GOCI-1I 29/09/2022 9

whether the tipping point is shifting southward is crucial to
supporting Jiangsu’s coastal economic planning and seawall
reinforcement.

B. Satellite Image Dataset

In this study, Sentinel-2 and GOCI-II remote sensing optical
images were selected as the data sources. The Sentinel-2 satellite
is a high-resolution, multispectral imaging satellite with a spatial
resolution of 10 m and a revisiting period shortened to five
days. Sentinel-2 images were downloaded from the European
Space Agency’s Copernicus data hub (https://scilb.copernicus.
eu/dbus). On the other hand, GOCI-II is a medium-resolution
water color satellite with a spatial resolution of 500 m. The satel-
lite generates an image every hour from 8:15 to 16:15 of UTC-8.
GOCI-II images can be downloaded from the official website of
the Korea Ocean Satellite Center (https://www.nosc.go.kr/).

Table I lists the image information used in this study; neigh-
boring cloud-free images were selected through visual interpre-
tation, including one Sentinel-2 image on October 10, 2022, and
nine GOCI-II images on September 29, 2022.

C. RTK Dataset

This study utilized the CHC 150 engineering RTK system
to collect the position information of sampling points, with
a planar accuracy of £(8+41x107®x D) mm and a height
accuracy of £(15+1 x 107% x D) mm. On September 29, 2022,
RTK measurements were conducted to establish a straight line
perpendicular to the coastline using a handheld device. Along
this line, a total of 99 RTK sampling points were selected at
15-m intervals, resulting in the creation of a 1.5-km intertidal
zone profile line [as shown in Fig. 1(c)].

D. Unmanned Aerial Vehicle (UAV) Dataset

The DJI Phantom 4 RTK version UAV was employed to obtain
the image data of the validation area, with a horizontal accuracy
of 1cm £ 1ppm and a vertical accuracy of 1.5 cm=£1 ppm.
The DJI Phantom 4 RTK version utilizes RTK positioning
technology to accurately measure intertidal wetland vegetation
and obtain high-precision intertidal zone image data. The study
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area was located on the north side of Dafeng Harbor Pier 1,
with a flying area of approximately 1000 m?. On September
25, 2022, more than 2000 images were acquired and processed
using Pix4D software to generate DEM of the study area [as
shown in Fig. 1(c)].

III. RESEARCH METHODOLOGY
A. Image Preprocessing

In order to address variations caused by sensor differences,
atmospheric conditions, solar effects, and inherent noise, as
well as to meet the specific analysis requirements of the study
area, preprocessing of remote sensing images is essential [50].
This typically involves performing image correction and data
resampling.

For Sentinel-2 data, the initial step involves radiometric cali-
bration to convert the digital number values to radiance values,
followed by atmospheric correction. GOCI-II data, on the other
hand, requires the use of dedicated software called SNAP for
processing. Since the raw data of GOCI-II are already calibrated
through radiometric calibration, it undergoes further correction
using the GLT geometric correction method.

The FSDAF algorithm necessitates that the input images have
identical pixel size and image size [39]. Although the coarse-
resolution image and the fine-resolution image may cover the
same geographic location, an exact match in image size cannot
be guaranteed. Moreover, since the FSDAF algorithm calculates
weighted values based on the center pixel of the window, it is
crucial to ensure that corresponding pixels between the coarse-
resolution image and the fine-resolution image are aligned in
the geographic location. Consequently, resampling the coarse-
resolution image is necessary to achieve an equal pixel size to
the fine-resolution image, resulting in images of the same size
and geographic location.

B. Remote Sensing Image Spatiotemporal Fusion

In this study, the FSDAF algorithm was employed to merge
remote sensing satellite images. The data sources consisted of
GOCl satellite data, which had a spatial resolution of 500 m and a
temporal resolution of 1 h, as well as Sentinel-2 data, which had a
spatial resolution of 10 m and a temporal resolution of five days.
The main objective was to generate short time-series products
with a spatial resolution of 10 m and a temporal resolution of
1 h

The fusion image algorithm utilized the FSDAF algorithm [as
shown in Fig. 2(a)]. The process involved performing spectral
supervised classification on a pair of remote sensing images.
Subsequently, various coarse-resolution images were used to
estimate the temporal changes in the classes. These changes were
then used to predict the fine-resolution image and its residual us-
ing a TPS interpolator, which guided the distribution of the resid-
val. Finally, the robust prediction result of the fine-resolution
image was obtained by incorporating neighborhood information.

1599

The fusion image was generated using the following equation:

Fy (245, yi5,b) = F1 (245, Yi5,0) + Zwk - AF (2, Yk, b)

k-1

ey
where Fy(x;;,y:;,b) represents the predicted pixel value of
the high-spatiotemporal-resolution satellite image at (z;;, yi;),
and F (x5, yi;, b) represents the pixel value of the high-spatial-
resolution satellite image at (z;;,y;;) for the band b, the
weight of distance wy, the predicted change of pixel value
AF(zk, Yk, b) in the band b at (x5, y;;), and m is the number
of similar pixels.

C. T Tide Model

The T_tide model, developed by Foreman using MATLAB,
is a valuable tool for conducting harmonic analysis on tidal data
for durations of one year or less, with a high level of accuracy
[51].

In this study, the T-tide model was utilized to forecast tidal
levels and determine waterline elevations based on the measured
tidal data along the coastline. Tidal data were collected at 10-min
intervals throughout the year 2022 (as shown in Fig. 3). The
corresponding tidal levels at the time of the remote sensing image
were identified, and a weighted average was computed to assign
the values to the respective waterline.

D. Waterline Extraction

The process of waterline extraction from the imagery [as
shown in Fig. 2(b)] consists of two main steps: First, distinguish-
ing between water and land using the spectral index method;
second, performing threshold segmentation to extract the water
body.

In order to distinguish between water and nonwater pixels,
a water index is required. In this study, an enhanced version
of the normalized difference water index (MNDWI) was em-
ployed [52]. Laonamsai et al. [53] utilizing NDWI, MNDWI,
SAVI, WRI, and AWETI for estimating erosion and deposition in
Ping River in Thailand, MNDWTI outperforms other indices in
extracting water bodies. The formula for computing the MNDWI
is presented as follows:

MNDWI — (Green — MIR)

(Green + MIR)" @

The green band is denoted as Green, while the middle infrared
band is denoted as MIR. The MNDWTI extraction results were
binarized using the Otsu method [54]. This method determines a
single intensity threshold to classify pixels into two categories:
foreground and background. The threshold is determined by
minimizing the within-class intensity variance or maximizing
the between-class variance. However, it is important to note
that the Otsu method is sensitive to noise and target size and is
most effective for images exhibiting a unimodal between-class
variance. The formula for computing the threshold is provided
as follows:

temp = (h0—h1)®- wl + (h0—h2)*- w2.  (3)
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Fig. 2.

The threshold, represented as temp, is used to segment the
image into foreground and background regions. h0 denotes the
overall average gray value of the image. The proportion of
foreground pixels in the image is denoted as w1, with an average
gray value of hl. Similarly, w2 represents the proportion of
background pixels in the image, with an average gray value of
h2. To obtain the waterline after image threshold segmentation,
the PAEK algorithm is employed for smoothing, ultimately
resulting in the instantaneous waterline.

E. DEM Inversion in the Intertidal Zone

In 1995, Mason et al. [55] proposed the theory of waterline
composite technique: assuming that the waterline is an isohypse,

Technical flowchart. (a) Spatiotemporal fusion of remote sensing image. (b) Waterline extraction. (c) Intertidal DEM inversion, DEM accuracy verification.

a pseudo-DEM of tidal flats is generated by overlaying water-
lines under different tidal conditions. DEM usually uses two
models: regular grid model and irregular triangular network.
In grid DEM in flat terrain, there is a large amount of data
redundancy, and it is difficult to express the complexity of the
terrain of the phenomenon of mutation; TIN can be changed
with the complexity of the terrain undulation changes in the
density of the sampling points and decide the location of the
sampling points to supplement the defects of the grid model;
the DEM is in ArcGIS 10.7 using the 3-D extension module
to use irregular triangles generated by interpolation. It selects
Delaunay triangulation to connect irregularly spaced elevation
point data for interpolation, and then interpolates the elevation
triangles into the grid-based DTM [as shown in Fig. 2(c)]. The
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Fig.3. Simulated tide values corresponding to the time using the T-tide model.

study aimed to enhance the accuracy of the inversion process by
increasing the number of waterlines, achieving a more uniform
spatial coverage and reducing the time interval between captured
images.

IV. RESULTS
A. Results of Spatiotemporal Fusion

The findings of the algorithmic fusion are illustrated in Fig. 4,
which displays a series of nine images taken at hourly intervals
from 8:15 to 16:15 on September 29, 2022. The tide was at its
lowest point at 8:15, resulting in the complete exposure of the
intertidal zone. Subsequently, the tide gradually moved toward
the land, reaching its highest point at 12:15, when the intertidal
zone was fully submerged by seawater. The FSDAF algorithm
effectively preserves both the color and contour information of
the built-up areas in the images, while accurately capturing the
dynamic changes in the features of interest, such as variations in
water surfaces caused by different reflectance properties of the
water bodies. These distinctions are clearly visible in the fused
images.

In particular, the fused images of the intertidal zone and
GOCI-II intertidal zone demonstrate a strong agreement during
the period of intertidal exposure (as shown in Fig. 5). This ob-
servation confirms the fusion algorithm’s capability to precisely
capture the evolution of the intertidal zone with improved spatial
resolution.

B. Results of Waterline Extraction

Fig. 6 presents the outcomes of waterline extraction from
the fusion images. The waterline attained its minimum level
at 8:15 and reached its maximum at 12:15. However, during the
period between 12:15 and 14:15, when the tide was at its peak
and the entire intertidal zone was submerged, seawater accumu-
lated along the embankment, resulting in waterline extraction
outcomes that were nearly indistinguishable. To compare and
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analyze these findings, the waterline positions at high and low
tide were aligned with the tidal curve of the DaFeng Harbor
area on September 29, 2022 (as shown in Fig. 6). Remarkably,
based on Fig. 3, we can find that the waterline positions at both
high and low tide precisely corresponded to the measured tidal
values.

C. DEM Validation

Fig. 7 presents the DEM of the intertidal zone, which was
obtained through inversion techniques. Also, utilize the DEM
area adjacent to the shore as the upper portion of the intertidal
zone and the DEM area near the sea as its lower portion. The
DEM covers an elevation range from —1.29 to 2.64 m and is
represented using a color scale that transitions from light to
dark, indicating the transition from land to ocean. However, it is
important to note that the extraction of waterlines and simulation
of water level values during the generation of the DEM can
introduce errors. Therefore, conducting a precision evaluation
is crucial to assess the quality of the DEM generation and ensure
consistency with the actual conditions.

The precision analysis involves two methods: RTK profile
line precision verification and UAV DEM validation. In the
RTK profile line precision verification, RTK data obtained from
measurements are imported into ArcGIS software. These data
are used to generate 99 RTK measurement points. The elevation
values of the waterline inversion DEM are extracted at the
corresponding positions of these RTK measurement points. A
point comparison diagram (as shown in Fig. 8) is then created,
where a correlation coefficient closer to 1 indicates better results.
The trend of the inversion DEM elevation values aligns well
with that of the RTK profile line elevation values, exhibiting a
correlation coefficient of 0.96. This indicates a relatively ideal
performance of the waterline inversion DEM. However, it should
be noted that the largest error occurs near the Seawall, which is
due to the fact that the water level at a distance of 50 m from
the Seawall has exceeded the maximum tidal level at 12:15,
13:15, and 14:15, resulting in higher elevation values near the
Seawall. Consequently, a greater error is generated. The overall
error range of the profile line comparison is £0.3 m.

The validation of the unmanned aerial vehicle digital elevation
model (UAV-DEM) was conducted using the ArcGIS raster
calculator. The discrepancy between the UAV measurement
area (as shown in Fig. 9) and the generated waterline DEM
was computed to accurately determine the error between the
generated DEM and the actual waterline measurement. The
elevation of the UAV measurement area is closely aligned with
that of the waterline inversion DEM after classification. The
root-mean-square error in the final difference map was found
to be 0.28 m (as shown in Fig. 10), with a maximum error
range of —0.25 m to 0.25 m, accounting for 84% of the total
discrepancies. Among these, errors ranging from —0.25 m to
0 m constituted 39%, while errors ranging from 0 to 0.25 m
constituted 45% (as shown in Fig. 11). Therefore, it can be
concluded that the data generated by the waterline inversion
method are reliable. The primary errors were concentrated at
the Seawall and the lowest waterline. The Seawall error was
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Fig. 4. Fusion of remote sensing images from different time periods within the research area.
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(b)

Fig.5. Moments of high tide when intertidal zones are exposed. (a) Represents the moment of high tide captured by GOCI-II. (b) Represents the moment of high
tide captured by the fusion image. The red polygon indicates the intertidal zone.
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Fig. 9. Intertidal zone of the north side of Dafeng harbor pier 1 in Dafeng
district, Yancheng, generated by UAVs.

attributed to the dense growth of Spartina alterniflora during the
UAV aerial survey, where the elevation of Spartina alterniflora
was mistakenly identified as the intertidal elevation, resulting in
significant deviation near the Seawall. Additionally, the error at
the lowest waterline was caused by the interpolation of elevation
values in this area, introducing inaccuracies. Furthermore, errors
were also present in the middle of the difference. The red area
indicated an error caused by the presence of a tidal channel, while
the blue point-like area represented a newly identified mesoscale
landform unit known as ahummocky patch, generated by erosion
and typically exhibiting a height of 30-40 cm [56].

D. Annual Variation of Intertidal Zone

In order to investigate the annual evolution of the intertidal
zone in the study area, the data from 2023 years of Sentinel-2
and GOCI-II images were utilized. By employing the FSDAF
algorithm, we were able to fusion remote sensing images from
nine different time periods on March 26, 2023, ranging from

Cross-sectional comparison graph. The comparison between the RTK sampling points [as shown in Fig. 1(c)] and the inverted intertidal zone at the same

8:15 to 16:15. This fusion process allowed us to generate a
comprehensive intertidal zone map for that specific day.

To determine the annual variation of the intertidal zone,
we subtracted the DEM of 2022 from the DEM of 2023 (as
shown in Fig. 12). Positive sedimentation rates were classified
as accretion, while negative sedimentation rates were classified
as erosion. The overall trend in the intertidal zone from 2022
to 2023 indicated a pattern of accretion, with the exception of
the southern part of the harbor. In this specific area, the upper
region exhibited accretion, while the middle and lower regions
experienced erosion. The most significant erosion was observed
in the middle part of the intertidal zone, with a maximum erosion
depth of 1 m at the bottom. This erosion can be attributed to the
diversion of the Yellow River, which previously transported a
substantial amount of sediment into Jiangsu, resulting in con-
tinuous accretion and seaward expansion of the intertidal zone
[57]. However, as the Yellow River now flows into Shandong, the
supply of sediment has diminished, leading to gradual erosion of
the intertidal zone in Jiangsu from south to north. The observed
accretion in the upper intertidal zone and erosion in the lower
intertidal zone, which is consistent with Chen et al.’s [58] study,
show that the slope of coastal mudflats in Jiangsu is increasing. In
the southern part of the harbor, accretion trends were influenced
by the sediment accumulation facilitated by the piers 1 and piers
2 in Dafeng Harbor. This resulted in sediment accumulation
between the piers and increased accretion toward the land,
particularly the neighborhood of the pier [59].

V. DISCUSSION
A. Sources and Limitations of Errors

The results obtained from the T_tide model are prone to errors
due to its inherent inaccuracies in predicting tidal values. This
model can only provide harmonic constants, which represent
amplitude and phase that remain constant over time. However,
in reality, tidal and nontidal processes, such as river runoff,
exhibit nonlinear interactions that can cause rapid changes in
amplitude and phase within short-time periods. As a result,
the T_tide model is not suitable for analyzing situations where
such nonlinear interactions occur, and it is only applicable for



GU et al.: NEAR REAL-TIME MONITORING OF MUDDY INTERTIDAL ZONES BASED ON SPATIOTEMPORAL FUSION

120°46'30"E 120
1

1605

°47'0"E
1

33°17'30"N

. Legend

N

Difference
(m)
Bm-0.5--0.25

[30.25-0.5
30.5-0.75
0 0.1 02 Em0.75-1
s kim Wli-15
T T
120°46'30"E 120°47'0"E

Fig. 10.  (a) Denoting the difference between the UAV-DEM and the intertidal

zone DEM generated from the waterline inversion. (b) Indicating the hummocky

patches. (c) Referring to the intertidal meadow (spartina alterniflora) community near the seawall in the study area.

50000
Count 682953
Mean 0.1209m
400001 |'
"lllli
30000 “I
5 ”. |Iil
3 I
200004 hl."l! |
|| |l|i||
10000 "Im “.“' II'"'I
|| |‘ l|| || || M |i|||
Al

Difference

Fig. 11.  Statistical analysis of the difference.

stationary tides. Consequently, when dealing with nonstationary
tides, errors can be introduced, leading to deviations in the final
topographic inversion results.

The FSDAF algorithm, which is a robust weighted sum model
used for image fusion, significantly modifies the image fusion
process in the spectral domain. However, Zhao et al.’s [60]
research indicates that the algorithm faces challenges when
predicting changes in heterogeneous terrain and land cover,
despite accurately predicting physical changes in homogeneous
areas. Additionally, the accuracy of the terrain is affected by geo-
graphical positioning errors, making it difficult for the algorithm
to fully capture the true intertidal topography.

Another limitation of this algorithm is the loss of fine-scale
details during the fusion process. This occurs because the two
fused images, GOCI and Sentinel, have substantially different
spatial resolutions of 500 m and 10 m, respectively. The GOCI
image elements are unable to depict small-scale changes in the
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Fig. 12.  Scour and Silt map. In this area, the upper region exhibited accretion,
while the middle and lower regions experienced erosion. The most significant
erosion was observed in the middle part of the intertidal zone, with a maximum
erosion depth of 1 m at the bottom.

fused image, resulting in the omission of subtle variations in
the intertidal zone. Furthermore, the spatial resolution of the
remote sensing image serves as a limiting factor in the quality of
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Fig. 13.

intertidal inversion. According to Gao et al. [45], higher spatial
resolutions of satellite images correspond to improved accuracy
and reliability in constructing DTMs.

Moreover, for this study, high-tide-level remote sensing im-
ages are necessary for image fusion. The use of low-tide-level
high-resolution imagery would result in fused images of bare
low-tide-level intertidal zones overlaying the high-tide-level
low-resolution imagery. This would result in intertidal zones
that were originally submerged by seawater at the high-tide-level
appearing as intertidal zones in the results of the fused images;
an overlap that made it impossible to extract the waterline and,
although the fusion of the images was successful, the changes in
each image were not significant. However, the fusion algorithm
may be more suitable for areas with obvious changes, such as
the nearby radiated sandbar in the study area. By selecting time
periods with significant changes, the changes in the intertidal
zone are prominent and consistent with the trend in the tide
table (as shown in Fig. 13).

B. Impact of Human Activities on the Morphological
Evolution of Intertidal Zones

Dafeng District in Yancheng City is a significant component
of the Yangtze River Delta Economic Zone in central Jiangsu
Province. The morphological evolution of the intertidal zone in
this region is influenced by various factors, including human
activities, such as reduced sediment supply from rivers, recla-
mation, the redrawn blueprint of the Yangtze River Delta, and
the northward diversion of the Yellow River [61], [62].

First, the reduced sediment supply from rivers is one of the
major factors affecting the morphological evolution of the inter-
tidal zone in Dafeng District, Yancheng City [63]. Rivers are the
surface water systems, and sediment at river mouths is a crucial
factor for maintaining the stability of the intertidal ecosys-
tem. However, human activities have significantly reduced the
sediment supply from rivers, resulting in the morphological

Radiating sand ridge FSDAF fusion map with a red circle indicating the radiation sand ridge, which is gradually submerged over time.

evolution of the intertidal zone [64], [65]. For instance, local
agricultural production and urban development have caused
massive land cultivation and coverage, which destroyed the
original vegetation and land structure, intensified soil erosion,
and reduced the sediment supply capacity of rivers [66].

Second, reclamation is another factor affecting the mor-
phological evolution of the intertidal zone in Dafeng District,
Yancheng City [67], [68]. Over the past few decades, large-scale
reclamation has altered the coastline and thereby affected the
balance of the intertidal ecosystem. These reclamation activities
have reduced the supply of sediment while also accelerating the
flow velocity of the tidal current, leading to the severe scouring
and erosion of the intertidal zone [69].

Finally, the redrawn blueprint of the Yangtze River Delta
has also affected the morphological evolution of the intertidal
zone in Dafeng District, Yancheng City. The plan aims to
promote large-scale economic development and urbanization in
the Yangtze River Delta region, involving massive infrastructure
construction and land transformation, which has impacted the
intertidal zone’s morphology [70].

VI. CONCLUSION

The monitoring of rapid changes in intertidal wetland topogra-
phy is of great importance in the context of global climate change
and information exchange. Intertidal wetlands provide valuable
ecosystem services that benefit both human and nonhuman
inhabitants, highlighting the need to understand the spatial evo-
lution of intertidal terrain. Therefore, the objective of this study
is to utilize the FSDAF algorithm to combine high-resolution
Sentinel-2 imagery with high-temporal-resolution GOCI-II re-
mote sensing image products. This approach allows for the
generation of fusion images with a spatial resolution of 10 m and
hourly time series depicting different tidal levels. The MNDWI
water index and Otsu method were specifically employed to
accurately identify and extract water boundaries during the
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construction of the intertidal DEM, enabling the analysis of
dynamic changes in intertidal land over time.

To verify and analyze the accuracy of the results, this study
utilized RTK profiles and drone survey data of intertidal wet-
lands in the study area. The findings demonstrate a strong
correlation (0.9595) and close alignment between the water
edge inversion DEM and the RTK profile line. Furthermore,
when compared with the drone data, the root-mean-square error
is 0.2803 m, with the majority of errors (84%) falling within
the range of —0.25 m to 0.25 m. These results support the
future application of fusion monitoring methods for studying
the evolution of intertidal terrain in the entire Jiangsu intertidal
zone. The study confirms that the FSDAF spatiotemporal fusion
method not only ensures the quality of intertidal DEM inversion
but also addresses the limitations posed by limited high-spatial-
resolution satellite image time series due to cloud cover and
low revisit frequency. It effectively mitigates the impact of time
series and spatial resolution on DEM quality, demonstrating the
efficacy of the spatiotemporal fusion algorithm in monitoring the
dynamic changes in intertidal wetland topography. Furthermore,
this study investigated the annual terrain evolution of intertidal
zones and observed an overall trend of accretion in the Dafeng
District. The study discusses contributing factors, such as re-
duced sediment supply, land reclamation, the revision of the
Yangtze River Delta blueprint, and the northward movement
of the Yellow River. The fusion monitoring method not only
facilitates the development of coastal planning projects related
to intertidal zones but also provides insights into the response
processes and mechanisms of intertidal systems to natural and
human-induced disturbances.
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