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Abstract: Urban beaches, oscillating between development and protection, are more frequently
and strongly affected by human activities; therefore, comprehensive and detailed studies of the
geomorphological evolution of urban beaches affected by coastal engineering are imperative. Based
on 769 satellite images from 1986 to 2023, this study employed a transect-focused approach to
investigate the historical shoreline change of Haikou Beach, an urban beach with three nearby
offshore artificial islands. The satellite-derived mean water line positions have a temporal resolution
of 41 days before 2014 and 9 days after 2018, with a random error of 4.9 m, ranking among the
state-of-the-art in this field. This study revealed that the constructions of Pearl Island and Millennium
Island as well as five beach nourishment projects mainly exerted a positive impact on the evolution
of Haikou Beach. The beach in Pearl Island’s wave shadow area may form a tombolo in a hundred
years. In the context of heightened coastal engineering development, leveraging the existing large
and future larger archives of satellite imagery to analyze the complex changes of urban beaches helps
mitigate the absence of field data, aiding in the development of targeted beach erosion protection and
remediation strategies with scientific, engineering, and societal significance.

Keywords: coastal engineering; offshore artificial island; sand replenishment; beach evolution;
remote sensing

1. Introduction

Beaches, situated in the transitional zone between land and sea, hold significant social,
economic, and ecological value [1–3]. Due to decreased river sediment discharge, increasing
sea levels, and heightened human activities, beaches commonly undergo continual and
often detrimental changes [4–6]. Urban beaches, more closely associated with human activ-
ities, are consequently more affected by human interventions, including the construction of
coastal engineering structures and beach nourishments.

The beach under study, Haikou Beach, is located adjacent to the central district of
Haikou City, a metropolitan area with a population of 3 million. Multiple coastal engi-
neering projects have been constructed around Haikou Beach, mainly as a result of urban
development, as well as beach protection. These projects include three offshore artificial
islands, five beach nourishment (also called sand replenishment) efforts, and five other
coastal engineering structures. The construction of these projects, especially the offshore
artificial islands, has changed the original near-natural shoreline evolution and landscape,
which is the direct motivation for this study.

Field survey data are commonly used to study beach changes, revealing their responses
to the influences mentioned above [7–9]. Previous studies on Haikou Beach, based on
field surveys, have found mild erosion on the eastern part of the beach [10] and significant
impacts from the construction of Pearl Island [11]. Accurate and reliable field survey data
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are important for understanding beach evolution; however, due to resource and manpower
constraints, long-term and continuous beach field survey data are limited to a small number
of beaches (e.g., [2,8]). Like the vast majority of the world’s beaches, Haikou Beach lacks
long-term and continuous field survey data, which affects the in-depth understanding of
shoreline changes and the assessment of coastal engineering impacts, especially those of
offshore artificial islands.

To address the lack of field data, current researchers have mainly utilized long-term,
continuous, and publicly available satellite imagery, such as Landsat and Sentinel, to study
the long-term evolution of beaches [12–16]. However, the use of Landsat and Sentinel
images to study beach evolution is affected by various factors, such as clouds, waves,
water transparency, water level fluctuations, and beach morphology, in addition to their
relatively coarse spatial resolution (10–30 m) [17–28]. Researchers have employed a variety
of techniques and approaches to address these challenges. Pardo-Pascual et al. [17–19]
utilized subpixel shoreline identification technology to extract the waterline of the steep
Spanish coast; the subpixel technology overcame the limitations of Landsat images in
spatial resolution, and the random error of the shoreline position was reduced to 4.7–6.6 m.
Hagenaars et al. [20] used a 1D Gaussian smoothing operation to obtain a gradual shoreline,
and the accuracy of the satellite-derived shoreline position was determined with subpixel
precision. Vos et al. [21,22] shared a software for recognizing shorelines on satellite images
based on subpixel technology, and the random errors of the shoreline position interpreted
from four typical beaches with slopes ranging from 1:25 to 1:9 were 6.9–48.3 m; additionally,
the beach with a gentler slope had better shoreline position accuracy. Castelle et al. [23]
used the program shared by Vos et al. [19] to recognize the shorelines of Truc Vert Beach
with slopes ranging from 1:9 to 1:50, and the random position errors of the shorelines were
6.0–14.1 m.

Zhang et al. [24–29] utilized a transect-focused approach and shared a software for
recognizing shoreline positions on transects based on subpixel technology; the software
combined automatic and interactive identification methods to obtain as many shoreline
positions as possible from satellite imagery to improve the accuracy and reliability of
shoreline positions, and the random errors of the shoreline positions were 3.9–6.5 m and
8.4–15.9 m for steep and gentle beach, respectively. In summary, the adoption of subpixel
technology has significantly improved the accuracy of shoreline position identification,
with the current best accuracy of satellite-derived shoreline positions being about 4–7 m,
which are mainly derived from beaches with steep slope (e.g., [19,22,28]). The use of a large
number of satellite images has not only improved the temporal resolution of the study, but
has also further increased the accuracy of the results through statistical methods [28].

Regarding the impact of offshore artificial islands on beach evolution, this type of
research is still in a preliminary stage. The studies conducted by Zhang et al. [25,28] on
Lianli Island and Xingguang Island show that the construction of the two large offshore
artificial islands has resulted in rapid accretion of their sheltered beaches; however, these
sheltered beaches happen to have estuaries, and the highly dynamic character of estuaries
and frequent estuarine regulation projects limit the understanding of the impact of the
artificial islands. Based on four Landsat images, Subraelu et al. [30] utilized four Landsat
images to reveal the shoreline changes adjacent to the offshore artificial islands in the
United Arab Emirates, and found the shoreline experienced a notable shoreline retreat with
an erosion rate of 30 m/year during 2000–2021. It is worth noting that the results derived
from limited number of satellite images have shortcomings in terms of temporal resolution.

Primarily based on topographic data, Li et al. [6] studied the effects of offshore artificial
islands in Hongtang Bay on the stability of adjacent beaches, and the results indicate that
the offshore artificial island with a large offshore distance and a small area has relatively
small adverse effects. Related studies also include the Pearl Island study by Liu et al. [11]
based on field survey data, which was just mentioned and will be compared in detail with
our findings in the discussion. These field-surveyed topographic and shoreline position
data also suffer from insufficient quantity, which limits the level of detail of the findings.
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Research on the evolution of urban beaches based on satellite images has made great
progress, but (1) the spatiotemporal scope and resolution of the research results still need
to be improved, and (2) the impact and the impact mechanisms of offshore artificial islands
on their nearby beaches are still poorly understood. This paper uses 769 Landsat and
Sentinel images from 1986 to 2023 to study the spatiotemporal evolution of Haikou Beach,
aiming to (1) show the detailed change process and link the changes to the construction of
coastal engineering projects, including three offshore artificial islands; (2) reveal the impact
mechanisms, providing recommendations and references for the protection and restoration
of Haikou Beach; and (3) provide a new method for environmental impact assessment
of coastal engineering, especially of offshore artificial islands, based on freely available
satellite imagery.

2. Study Area

Haikou Beach is situated in Haikou City, the capital of Hainan Province, China. It
spans 21 km along the coast, comprising four small pocket beaches on the west side
and a longer, straight beach on the east side (Figure 1). Hainan Province, located at the
southernmost point of China, is the newest and largest special economic zone in the country.
To the south of Haikou Beach lies the bustling downtown area of Haikou City, with a coastal
park ranging from 20 to 110 m in width adjacent to the beach, followed by city roads and
buildings further south. The sediment on Haikou Beach consists mainly of sand (97% on
average), with a median grain size ranging from 0.14 to 3.68 mm (0.31 mm on average) [10];
and the intertidal zone of Haikou Beach is steep, with an averaged slope of 1:10 [10,11].
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Figure 1. Haikou Beach (a) and its location on Hainan Island (b), China (c); and (d) the significant
wave heights of study area. The background for Figure 1a is the mean image of all the cloud-free
Sentinel-2 images acquired in 2021–2022.

Three offshore artificial islands—Pearl Island, Millennium Island, and Gourd Island—
are situated in close proximity to Haikou Beach, along with five coastal hard structures
including Groin 1, Trestle, Groin 2, Sailing Port, and Xiuying Port (Figures 1, A1 and A2).
Among the three offshore artificial islands, Pearl Island is the largest, with a diameter of
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2.3 km, a closest offshore distance of 1.85 km, a sea area of 4.3 km2, and a land area of
2.5 km2, with a standard circular shape (Figure 1). Millennium Island is the smallest, with
a diameter of 0.34 km, a closest offshore distance of 0.25 km, and a land area of 0.09 km2,
with a standard solid circular shape (Figures 1 and A1). Gourd Island is of medium size,
measuring 1 km in length, 0.5 km in width, with a closest offshore distance of 0.42 km,
and a land area of 0.31 km2, resembling a gourd (Figures 1 and A2). Additionally, five
beach nourishment projects have been executed near Pearl Island and Millennium Island
(Figures A3 and A4), with a total of 1.54 million m3 of sand replenished [31].

Based on wave observation data from the Baishamen Hydrological Station (located
7 km northeast of Haikou Beach, refer to Figure 1a), the waves in the study area primarily
consist of wind waves, with a probability of occurrence ranging from 77% to 86%. The
predominant directions for significant and strong waves are from the north-northeast
(NNE), followed by northeast (NE) and north (N) (Figure 1d), and the averaged significant
wave height is 0.6 m, with a maximum wave height of 3.5 m [11,32]. The tidal regime in
the study area is characterized as irregular diurnal tides with a small tidal range, averaging
1.11 m, and the mean high and low water levels are 0.52 and −0.58 m, respectively, relative
to mean sea level.

The Wuyuan River flows into the sea in the middle of the beach. This small river, with
a total length of 29 km and a drainage area of 85 km2, has limited sediment supply. Instead,
the sediment discharged by the Nandujiang River, located 10 km east of Haikou Beach,
is considered the primary sediment source for the study area [11,32]. The Nandujiang
River is the largest river on Hainan Island, with a total length of 341 km, a drainage area of
7033 km2, and an average annual runoff of 68 billion m3 [10,11]. However, mainly due to
dam construction in the 1970s, the sediment discharge from the Nandujiang River into the
sea has significantly decreased from 680 k ton/year in the 1950s to 150 k ton/year in the
2000s. The embankment projects at the mouth of the Nandujiang River occupied shallow
seas, thereby impeding fluvial sediment transport; consequently, there was hardly any
fluvial sediment from the river that could be transported to Haikou Bay after 2000 [10,11].

3. Data and Methods
3.1. Data Source and Preprocessing of Satellite Images

The satellite images used in this study were obtained from the Google Earth Engine
(https://earthengine.google.com/, accessed on 1 January 2024; e.g., [33]) using the GEE
downloader, a JavaScript program (https://github.com/ouczxd/CASPRS, accessed on 1
January 2024, e.g., [29]). The program allows the users to selectively download satellite
images in batches by setting the image areas to be downloaded and setting parameters
such as bands, cloud cover, date, and image types, which improves efficiency.

The cloud cover of the downloaded satellite images was set to less than 80%. The
satellite image types included Landsat TM, ETM+, and OLI (30 m resolution) as well as
Sentinel-2 MSI (10 m resolution). After manually eliminating images where more than half
of the shoreline was obscured by factors such as clouds, cloud shadows, sea fog, and sensor
malfunctions, 554 Landsat and 215 Sentinel images remained, totaling 769 images.

The time range of the satellite images extended from 1986 to 2023, averaging 20 images
per year. The images before 2014 are relatively few, averaging 12 images per year. Fol-
lowing the successive launch of the Sentinel-2 A and B satellites after 2015, the number
of available satellite images gradually increased to an average of 54 images per year after
2018 (Figure 2a,b). The standard false-color method (using the near-infrared, red, and
green bands as the red, green, and blue components of the composite image) was used to
synthesize the satellite images, resulting in significant color differences between sand and
seawater on the composite image (Figures 1 and 3). In summary, all available Landsat (30 m
resolution) and Sentinel-2 (10 m resolution) images of the study area were downloaded,
and the same synthesis method and a consistent spatial resolution of 10 m were used to
ensure comparable image results.

https://earthengine.google.com/
https://github.com/ouczxd/CASPRS
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Figure 2. Acquisition dates, sensor types (a), annual counts (b), and instantaneous water levels (c) of
the Landsat and Sentinel satellite images of Haikou Beach from 1986 to 2023.
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Figure 3. Recognition of waterline positions using transect-focused computer-aided shoreline position
recognition software (CASPRS).



Remote Sens. 2024, 16, 2469 6 of 29

3.2. Historical Water Heights

The historical water levels were simulated using the regional ocean tide model
NAO.99Jb [34], and the simulated water levels were corrected by the seasonal sea-level
bias of the Xiuying Port [24,28]. The water levels when the satellite images were captured
mainly ranged between −1.25 and 1.29 m (Figure 2c).

3.3. Recognition of Shoreline Positions on Transects

According to the spatial distribution of the coastal engineering projects, thirty-seven
study transects were set up along the shoreline at 100–900 m intervals to investigate
the historical shoreline changes of Haikou Beach. The study transects were primarily
established based on the complexity of the local shorelines and the neighboring coastal
engineering. Fewer study transects were set up for straight shorelines, while more transects
were set up for curved and complex shorelines. Additionally, the study transects were
placed flexibly, considering the importance and characteristics of the coastal engineering
features. For example, a total of 18 study transects were set up from H19–30 along the
shoreline directly opposite Pearl Island, which is the focus of this paper.

The transect-focused computer-aided shoreline position recognition software (CASPRS
ver 2.1) [29] was used to identify the waterline positions on these transects (Figure 3).
CASPRS employs subpixel recognition technology and a combination of automatic and
interactive methods to directly identify the shoreline positions on the transects, making it
suitable for processing a large number of satellite images [24–28].

The CASPRS project consists of two files with the suffixes “CAS” and “CSV”, which
must have the same name. Currently, these two files need to be created manually based on
the samples. After opening the CAS file, the recognition process begins, and the recognition
results are then saved in the CSV file for further processing and analysis. The recognition
process was divided into three steps. Firstly, click the “Auto Rec” button to perform
automatic recognition, then click the “Auto Check” button to carry out automatic check of
the automatic recognition results. Finally, click the “Pre_Ima”, “Next_Ima”, “Pre_Tran”,
and “Next_Tran” buttons to switch between all the images and transects, proofreading
them one by one.

After the automatic and manual operations, a total of 21,003 shoreline positions on
the 37 transects of the 769 images were obtained, resulting in a data acquisition rate of
74%. Considering the annual numbers of satellite images, the temporal resolution of the
satellite-derived shoreline positions at Haikou Beach was averaged at 41 days before 2014
and 9 days after 2018.

3.4. Geographical Correction, Water Level Correction, and Error Assessment

Huandao Road, 32 m wide and parallel to the shoreline, was used to assess the
geographical positioning errors of the Landsat and Sentinel images, referring to Zhang
et al. (2024) [28]. Four check transects (C1–4) were set perpendicular to this road (Figure 1),
and the positions of the centerline of this road on transects C1–4 were used to evaluate
and correct the geographical positioning errors of the Landsat and Sentinel images in the
north–south direction (C1–2) and the northeast–southwest direction (C3–4), which are the
main directions of these study transects.

The water level correction method was used to adjust the waterline positions to mean
sea levels using the previously mentioned simulated water levels and the intertidal slopes,
which were estimated using the simulated water levels and waterline positions, referring
to Zhang et al. (2021, 2024) [25,28]. The corrected shoreline positions were termed as
mean water line positions and were further averaged annually to obtain the annual mean
water line positions. The random errors of the waterline positions and the mean water line
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positions were assessed using Equation (1) referring to Zhang et al. (2021, 2024) [25,28],
since the beach studied lacked long-term and continuous field-surveyed data.

Esp =

√
1

n − 1∑n
i=1

(
SPi − SPy

)2 (1)

where Esp is the random error of shoreline positions, n is the total number of the shoreline
positions, SPi is the i-th shoreline position, and SPy is the annual mean shoreline position
for the year of the i-th shoreline position. The physical meaning of the error is the standard
deviation of these shoreline positions after removing long-term trends.

4. Results
4.1. Construction Process of Major Coastal Engineering

The commencement and completion dates of the major coastal engineering projects
around Haikou Beach since 1986 (Table 1) have been predominantly ascertained through
the analysis of 769 satellite images. Figure 4 illustrates the construction process of Pearl
Island, while Figures A1 and A2 display the construction processes of coastal engineering
in the western and eastern parts of the beach, respectively. Additionally, Figures A3 and A4
illustrate five beach nourishment processes.
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Pearl Island was constructed in two phases: the core area was built from 2011 to
2012, and the outer area was constructed from 2015 to 2016 (Figure 4). Construction of
Millennium Island began in 2013 and was completed in the same year (Figure A1). Gourd
Island was constructed from 2009 to 2010 but was dismantled in 2021 (Figure A2).

Xiuying Port is the oldest and most important port in Hainan, established in 1936 and
continuously expanded until reaching its maximum size in 2008. The remaining coastal
hard structures were relatively small in scale and were completed within one year (Table 1,
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Figures A1 and A2). Five beach nourishment events occurred near Millennium Island and
Pearl Island (Table 1, Figures A3 and A4). Nourishments 1–2 near Millennium Island began
in 2021–2022 and were completed within 1–2 months. Nourishments 3–5 near Pearl Island
started in 2022 and took 2–4 months to complete.

Table 1. Major coastal engineering projects at Haikou Beach constructed after 1986. The starting date
refers to the date of the earliest satellite image displaying the project, while the finishing date refers
to the date of the earliest satellite image showing the complete outline of the project. Considering
the time intervals of satellite images in the study area, the accuracy of these dates is approximately
41 days before 2018 and 9 days after 2018.

Name Location Starting Date Finishing Date

Groin 1 Between H1 and H2 17 January 2015 17 January 2015
Trestle Between H7 and H8 31 May 2000 7 November 2000

Millennium Island Next to H8–13 8 March 2013 26 October 2013

Groin 2 Between H13
and H14 12 March 2008 22 June 2008

Pearl Island Phase 1 Next to H19–25 26 August 2011 11 July 2012
Pearl Island Phase 2 Next to H19–29 12 July 2015 11 February 2016

Sailing Port East of H37 3 April 2018 23 January 2019

Xiuying Port Northeast of
Sailing Port 1936 * 2 March 2008

Gourd Island Northeast of
Xiuying Port 27 July 2009 3 December 2010

Nourishment 1 Next to H6 20 May 2022 15 July 2022
Nourishment 2 Next to H7–8 13 March 2021 12 April 2021
Nourishment 3 Next to H9–13 11 February 2022 22 April 2022
Nourishment 4 Next to H19–22 11 February 2022 20 May 2022
Nourishment 5 Next to H26–34 2 January 2022 6 June 2022

* from historical documents.

4.2. Error Assessment Results

Figure 5 illustrates the Landsat- and Sentinel-derived positions of Huandao Road
on check transects C1–4. Their mean positions show close agreement, with deviations
ranging from 0.6 to 4.3 m. The random position error on Landsat images ranges from
1.5 to 3.3 m, while on Sentinel images it ranges from 4.2 to 5.0 m, indicating larger error
on Sentinel images (Table 2). Further analysis reveals a strong positive correlation in the
Sentinel-derived positions, whereas the Landsat-derived positions show little correlation
(Figure 6). These results indicate that the geographical position of the Sentinel-2 images
requires correction, while the Landsat images do not require further correction. The Sentinel-
derived positions of Huandao Road on C1–4 were used to perform the geographical position
correction to Sentinel images. In addition, the nearly synchronous position changes of
Huandao Road on transects C1–4 also indicate that rotation correction is not required for
either Landsat or Sentinel images.

Table 2. Satellite-derived positions of Huandao Road on check transects C1–4 and their systematic
and random errors. All data are in meters.

C1 C2 C3 C4

Mean position on Sentinel images 135.3 199.2 180.4 201.0
Mean position on Landsat images 132.1 194.9 178.8 200.3

Systematic position error 3.2 4.3 1.6 0.6
Random position error on Sentinel images 5.0 4.5 4.2 4.3
Random position error on Landsat images 1.5 2.2 3.3 3.2



Remote Sens. 2024, 16, 2469 9 of 29Remote Sens. 2024, 16, 2469 9 of 31 
 

 

 
Figure 5. Landsat- and Sentinel-derived positions of Huandao Road on check transects C1–4 (a–d). 

 
Figure 6. Scatterplots between the Sentinel-derived positions of Huandao Road on check transects 
C1–2 (a) and C3–4 (b), and the scatterplots between the Landsat-derived positions of Huandao Road 
on check transects C1–2 (c) and C3–4 (d). 

2016 2018 2020 2022 2024
110

120

130

140

150

Landsat Sentinel 2

(a) C1

2016 2018 2020 2022 2024

180

190

200

210
(b) C2

2016 2018 2020 2022 2024
Year

160

170

180

190

200 (c) C3

2016 2018 2020 2022 2024
Year

180

190

200

210

220 (d) C4

120 130 140
Position on C1 (m)

180

190

200

210
(a) C1 versus C2 (Sentinel)

160 170 180 190
Position on C3 (m)

190

200

210

120 130 140 150
Position on C1 (m)

190

200

210

170 180 190
Position on C3 (m)

190

200

210

(b) C3 versus C4 (Sentinel)

(c) C1 versus C2 (Landsat) (d) C3 versus C4 (Landsat)

R=0.83 R=0.89

R=0.13R=0.24

Figure 5. Landsat- and Sentinel-derived positions of Huandao Road on check transects C1–4 (a–d).

Remote Sens. 2024, 16, 2469 9 of 31 
 

 

 
Figure 5. Landsat- and Sentinel-derived positions of Huandao Road on check transects C1–4 (a–d). 

 
Figure 6. Scatterplots between the Sentinel-derived positions of Huandao Road on check transects 
C1–2 (a) and C3–4 (b), and the scatterplots between the Landsat-derived positions of Huandao Road 
on check transects C1–2 (c) and C3–4 (d). 

2016 2018 2020 2022 2024
110

120

130

140

150

Landsat Sentinel 2

(a) C1

2016 2018 2020 2022 2024

180

190

200

210
(b) C2

2016 2018 2020 2022 2024
Year

160

170

180

190

200 (c) C3

2016 2018 2020 2022 2024
Year

180

190

200

210

220 (d) C4

120 130 140
Position on C1 (m)

180

190

200

210
(a) C1 versus C2 (Sentinel)

160 170 180 190
Position on C3 (m)

190

200

210

120 130 140 150
Position on C1 (m)

190

200

210

170 180 190
Position on C3 (m)

190

200

210

(b) C3 versus C4 (Sentinel)

(c) C1 versus C2 (Landsat) (d) C3 versus C4 (Landsat)

R=0.83 R=0.89

R=0.13R=0.24

Figure 6. Scatterplots between the Sentinel-derived positions of Huandao Road on check transects
C1–2 (a) and C3–4 (b), and the scatterplots between the Landsat-derived positions of Huandao Road
on check transects C1–2 (c) and C3–4 (d).



Remote Sens. 2024, 16, 2469 10 of 29

In addition to the geographical correction, water level correction was also applied to
the waterline positions. After these corrections, the mean random error of the satellite-
derived shoreline positions on H1–37 decreased from 8.4 to 5.4 m (Figure 7). Compared to
other transects, transects H16–18 exhibit larger random errors, attributed to their proximity
to the Wuyuan River estuary, where the shoreline position change is significantly impacted
by estuarine geomorphology such as river channels and sandbars [25–27]. Excluding these
three transects, the mean random error of the satellite-derived shoreline positions on H1–15
and H19–37 decreased from 7.9 m before correction to 4.9 m after correction. The random
errors in the corrected shoreline positions at Haikou Beach rank among state-of-the-art
studies (e.g., [17–28]).
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Figure 7. Random errors of the shoreline positions of Haikou beaches.

4.3. Shoreline Changes on 37 Transects

Figures 8–10 illustrate the satellite-derived mean water line positions on transects
H1–37 from 1986 to 2023. The shoreline changes show diverse patterns along the beach,
including initial accretion followed by accelerated accretion, transition from accretion to
stability, shift from stability to erosion, rapid accretion due to sand replenishment, and
patterns of erosion, accretion, and erosion.

Transects H1–3 experienced initial accretion, followed by accelerated accretion. Tran-
sect H4 transitioned from accretion to stability. Transects H5–6 shifted from stability to
erosion, with rapid accretion in 2022 due to sand replenishment. Transect H7 initially
accreted, then eroded, and experienced rapid accretion due to sand replenishment in 2021,
followed by erosion. H8–12 exhibited erosion, accelerated erosion, stability, and sudden
rapid accretion due to sand replenishment. H14–15 displayed a pattern of erosion, accretion,
and erosion.

The short-term (less than 1 year) fluctuations in the mean water line position on
transects H16–18 were significant, generally exceeding 50 m and reaching up to 150 m,
unlike other transects where short-term fluctuations typically did not exceed 20 m. This
is attributed to the influence of estuarine geomorphology, as shown before. Despite the
significant short-term fluctuations, their long-term changes remained relatively stable.

Transects H19–28 initially showed minor erosion, transitioning to accretion after 2011.
Among these, H19–22 shifted from accretion to erosion after 2015, with a reversion to
accretion in 2019–2020. H19–22 and H26–28 experienced rapid accretion followed by rapid
erosion in 2022 due to beach nourishments. H29–30 initially exhibited minor erosion,
rapidly accreted due to beach nourishment in 2022, followed by rapid erosion. H31–33
initially eroded, shifted to accretion in 1996, and subsequently reverted to erosion after
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2012, with rapid accretion followed by rapid erosion in 2022 due to beach nourishment.
H34–37 initially experienced minor accretion, turned to rapid erosion in 2015, and shifted
to minor accretion or erosion in 2017–2018.
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Figure 8. Satellite-derived mean water line positions on transects H1–15 from 1986 to 2023.
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Figure 9. Satellite-derived mean water line positions on transects H16–28 from 1986 to 2023.
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Figure 10. Satellite-derived mean water line positions on transects H29–37 from 1986 to 2023.

4.4. Shoreline Changes during Key Periods

The shoreline changes of Haikou Beach can be divided into three periods: early
(1986–2010), middle (2010–2020), and late (2020–2023). The early period represents a time
when coastal engineering was not extensively constructed, and the beach underwent rel-
atively mild changes. The middle period signifies the extensive construction of coastal
engineering, which significantly impacted the beach. The late period indicates the over-
whelming impact of the beach nourishment projects (Figure 11).

Due to the limited annual number of satellite images in the early period, this study
used the average shoreline positions from 54 satellite images during 1987–1991 to represent
the shoreline position in 1989, indicating the starting point of the early period. Similarly,
the average shoreline positions from 45 satellite images during 2009–2011 were used to
represent the shoreline position in 2010, indicating the end of the early period and the
beginning of the middle period. The annual number of satellite images in 2020 and 2023 was
relatively high, with 65 and 40 images respectively, so their annual averages were directly
used. Figures 11 and A5 illustrate the shoreline change rates and shoreline movements of
Haikou beaches during the three periods.

During 1989–2010 (early period), most transects exhibited small shoreline change rates,
but due to the long period, the shoreline movements were still considerable. Transects
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H1–4 and H14–15 in the west experienced accretion, while transects H6–13 between them
showed erosion, with approximately equal maximum accretion and erosion distances of
about 60 m. Transects H18–30 in the east eroded, while the further east H31–37 accreted,
with approximately equal maximum accretion and erosion distances of about 20 m.

During 2010–2020 (middle period), the transects H10–11 and H22–28 shifted from
erosion to accretion, while the transects H14–15 and H31–37 shifted from accretion to
erosion. The accretion rate was relatively high, but due to the shorter period, the accretion
distance was comparable to the previous period.

During 2020–2023 (late period), the beach showed overwhelming accretion. Transects
H6–13, H19–22, and H26–32 experienced significant shoreline accretion, with a maximum
shoreline accretion rate of 30 m/year and a maximum accretion distance of 93 m.

Overall, transects H1–4 in the west and transects H19–37 in the east experienced
accretion, with a maximum accretion distance of 136 m; while transects H5–18 showed
an interplay of accretion and erosion, with a slight dominance of erosion and a maximum
erosion distance of 33 m.

Remote Sens. 2024, 16, 2469 14 of 31 
 

 

 
Figure 11. Shoreline change rates of Haikou beach during 1989–2010 (a), 2010–2020 (b), 2020–2023 
(c), and 1989–2023 (d). 

Due to the limited annual number of satellite images in the early period, this study 
used the average shoreline positions from 54 satellite images during 1987–1991 to repre-
sent the shoreline position in 1989, indicating the starting point of the early period. Simi-
larly, the average shoreline positions from 45 satellite images during 2009–2011 were used 
to represent the shoreline position in 2010, indicating the end of the early period and the 
beginning of the middle period. The annual number of satellite images in 2020 and 2023 
was relatively high, with 65 and 40 images respectively, so their annual averages were 
directly used. Figures 11 and S5 illustrate the shoreline change rates and shoreline move-
ments of Haikou beaches during the three periods. 

During 1989–2010 (early period), most transects exhibited small shoreline change 
rates, but due to the long period, the shoreline movements were still considerable. Tran-
sects H1–4 and H14–15 in the west experienced accretion, while transects H6–13 between 
them showed erosion, with approximately equal maximum accretion and erosion dis-
tances of about 60 m. Transects H18–30 in the east eroded, while the further east H31–37 
accreted, with approximately equal maximum accretion and erosion distances of about 20 
m. 

During 2010–2020 (middle period), the transects H10–11 and H22–28 shifted from 
erosion to accretion, while the transects H14–15 and H31–37 shifted from accretion to ero-
sion. The accretion rate was relatively high, but due to the shorter period, the accretion 
distance was comparable to the previous period. 

During 2020–2023 (late period), the beach showed overwhelming accretion. Transects 
H6–13, H19–22, and H26–32 experienced significant shoreline accretion, with a maximum 
shoreline accretion rate of 30 m/year and a maximum accretion distance of 93 m. 

Overall, transects H1–4 in the west and transects H19–37 in the east experienced ac-
cretion, with a maximum accretion distance of 136 m; while transects H5–18 showed an 
interplay of accretion and erosion, with a slight dominance of erosion and a maximum 
erosion distance of 33 m. 

H1 H3 H5 H7 H9
H11 H13 H15 H17
H19 H21 H23 H25 H27 H29 H31 H33 H35 H37

West Transect East

−5
0
5

10
15
20
25
30

−10
−5

0
5

10

Sh
or

el
in

e
ch

an
ge

ra
te

(m
/y

ea
r)

−5
0
5

−5
0
5

Groin 1

(a) 1989–2010

(b) 2010–2020

(c) 2020–2023

(d) 1989–2023

Cape
Accretion
Erosion

Millennium Island
Pearl Island

Beach nourishments

Beach nourishments

Pearl Island

Figure 11. Shoreline change rates of Haikou beach during 1989–2010 (a), 2010–2020 (b), 2020–2023 (c),
and 1989–2023 (d).

4.5. Shoreline Changes before and after the Construction of Pearl Island

Before the construction of Pearl Island (2001–2011), the western transects experienced
weak erosion, while the eastern transects experienced weak accretion. After the completion
of Pearl Island Phase 1 but before Phase 2 began construction (2011–2015), the previous
western erosion and eastern accretion pattern reversed (Figures 12b and A6b). Transects
H19–23 immediately accreted after the construction of Pearl Island Phase 1, with neighbor-
ing H24–25 beginning to accrete 1–2 years later. Transects H23–24 experienced a relatively
high accretion rate, which decreased towards both sides (Figure 9). Transects H31–33
shifted from accretion to erosion within 1–3 years after the construction of Pearl Island
Phase 1 (Figure 10).
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Figure 12. Shoreline change rates of Haikou beach next to Pearl Island during 2001–2011 (a),
2011–2015 (b), 2015–2021 (c), and 2021–2023 (d).

After the completion of Pearl Island Phase 2 but before the beach nourishment projects
(2015–2021), transects H22–28 experienced accretion, while the remaining transects expe-
rienced erosion (Figures 12c and A6c). Transects H19–20 immediately transitioned from
accretion to erosion after the construction of Pearl Island Phase 2, and their neighboring
transects H21–22 followed suit in 2016–2017. The erosion on H19–20 lasted 3–4 years, while
the erosion on transects H21–22 continued until it was interrupted by the beach nourish-
ment in 2022. Transects H26–28 transitioned from stability to accretion in 2015–2016, with
slightly lower accretion rates than their western counterparts, transects H23–25 (Figure 9).

After the implementation of beach nourishment projects next to Pearl Island (2021–2023),
the nourished beaches experienced substantial accretion, while the unnourished beaches
(H23–25) also experienced some accretion (Figures 12d and A6d).

4.6. Shoreline Changes before and after Beach Nourishments

The five beach nourishment projects significantly impacted the shoreline changes
of the nourished beaches (H6–13, H19–22, and H26–34). Beach nourishment resulted
in unusually rapid changes in shoreline position, making it necessary to use a smaller
timeframe for analysis (Figures 13 and 14).



Remote Sens. 2024, 16, 2469 16 of 29

Remote Sens. 2024, 16, 2469 16 of 31 
 

 

4.6. Shoreline Changes before and after Beach Nourishments 
The five beach nourishment projects significantly impacted the shoreline changes of 

the nourished beaches (H6–13, H19–22, and H26–34). Beach nourishment resulted in un-
usually rapid changes in shoreline position, making it necessary to use a smaller 
timeframe for analysis (Figures 13 and 14). 

 
Figure 13. Satellite-derived positions of mean water line on transects H6–13 before and after beach 
nourishments. The green rectangle’s dimensions indicate the duration of beach nourishment and 
the immediate beach width increment. 

650

700

300

350

350

400

350

400

300

350

300

350

400

450

2020 2021 2022 2023 2024
Year

300

350

−2.3

8.6

6.8

5.4

3.9

3.5

−0.8

1.2
−10.0

−1.1

−0.7 −0.1

21.1

4.2

0.2

−0.8

H10

H11

H12

H9

H8

H7

H6

H13

Best fit line and 
accretion rate (m/year)Beach nourishment

Mean water line K

Figure 13. Satellite-derived positions of mean water line on transects H6–13 before and after beach
nourishments. The green rectangle’s dimensions indicate the duration of beach nourishment and the
immediate beach width increment.

The beach nourishment projects were generally completed within a short period. For
instance, the beach nourishment at transects H7–9 and H26–27 took less than a week.
Even in the 2020s, when satellite images were captured approximately every 5 days, no
images of nourishing beaches were obtained, resulting in a step-like signal in the shoreline
position sequence. Some beaches experienced longer nourishing periods, such as transects
H6, H11, and H20–21, lasting about 3 months. Multiple satellite images captured the
gradual seaward shoreline movement process. The beach nourishments at transects H28
and H31 lasted even longer (about 4–5 months), and the shoreline position changes were
more complex.

After beach nourishment projects were completed, rapid shoreline erosion generally
occurred. However, there were exceptions, such as transect H10, which experienced rapid
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accretion, with an accretion rate of 21.1 m/year. This study compared the shoreline change
rates before and after beach nourishment and found a strong correlation between the two
(Figure 15a). The study also compared the shoreline change rates after beach nourishment
with the beach width increments caused by beach nourishment and similarly found a
strong correlation between the two (Figure 15b).
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Figure 14. Satellite-derived positions of mean water line on transects H19–34 before and after
beach nourishments.

A binary regression analysis was conducted to derive an equation (Equation (2)) that
can be used to predict the shoreline change rate after beach nourishment based on the shore-
line change rate before nourishment and the beach width increment due to nourishment.

SCRafter = 0.80 × SCRbefore − 0.20 × BWI + 6.59 (2)

where SCRbefore and SCRafter represent the shoreline change rates before and after beach nour-
ishment, respectively, and BWI indicates the beach width increment due to beach nourishment.
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Figure 15. Relationship between shoreline change rates before and after beach nourishments (a); rela-
tionship between shoreline change rates after beach nourishments and beach width increments (b).

5. Discussion
5.1. Shoreline Change Characteristics and Main Influencing Factors

The shoreline changes at Haikou Beach exhibit phased and linear characteristics,
with most erosion and accretion transitions clearly associated with coastal engineering
construction. As mentioned earlier, the shoreline changes of Haikou Beach can be divided
into three periods: 1986–2010, 2010–2020, and 2020–2023.

During the early period of 1986–2010, there were relatively few coastal engineer-
ing projects, and Haikou Beach was primarily undergoing natural and mild changes.
The beaches near capes experienced accretion, while erosion occurred between capes
(Figure 11a). This indicates that the beaches were transitioning from straight beaches to
pocket beaches, with the western beaches (H1–13) beginning to exhibit pocket beach
formation, while the eastern beaches (H14–37) remained relatively straight. The occa-
sional transitions between erosion and accretion during this period could be linked to
specific coastal engineering constructions, such as the construction of Trestle, where its
western beach (transect H7) transitioned from accretion to erosion, while its eastern beach
(H8–10) experienced accelerated erosion. The shoreline changes during this period are
in general agreement with previous study [10], but our results are more detailed and
spatially extensive.

During the middle period of 2010–2020, the extensive implementation of coastal engi-
neering projects significantly altered the evolution of Haikou Beach, primarily leading to
beach accretion around the engineering structures (Figure 11b). For instance, the construc-
tion of Groin 1 accelerated the accretion of transects H1–3; the construction of Millennium
Island caused transects H8–10 to transition from erosion to accretion and slowed down the
erosion of H11–12 (Figure 8). The construction of Pearl Island exacted a more significant
influence on the evolution of its surrounding beaches (Figures 9 and 10), which will be
discussed in the next section. The effects of engineering projects built before 2010 also
persisted, such as the impact of Trestle on transects H7–10. The influence of Groin 2, con-
structed in 2008, began to manifest, leading to the transition from accretion to erosion for
transect H14 in 2010 (Figure 8).

The coastal projects mentioned above, including Pearl Island, not only directly con-
tributed to the accretion of their neighboring beaches but also primarily contributed to
the erosion of their eastern beaches after 1–4 years (Figures 8–10). However, the coastal
projects located to the east of Haikou Beach, such as Sailing Port, Xiuying Port, and Gourd
Island, did not produce observable effects on Haikou Beach (Figure 10). Based on these
observations, we speculate that sediment transport near Haikou Beach is predominantly
from west to east. Coastal engineering projects not only directly affect (mainly weakening)
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the hydrodynamic environment of the surrounding area, thereby influencing (mainly pro-
moting accretion) the evolution of their neighboring beaches, but also hinder the transport
of sediment from west to east, slowing down accretion or causing erosion on their eastern
beaches. The changes in this period are basically consistent with previous study [11], but
our results have a greater spatial and temporal range and resolution.

During the late period of 2020–2023, the shoreline changes were mainly dominated by
beach nourishments (Figure 11c). Beach nourishment led to a rapid seaward movement of
the shoreline, followed by a significant retreat (Figures 13 and 14). The results were even
able to depict the detailed process of the five beach nourishment events (Figures 13 and 14),
which had not been reported before.

In summary, the phased and linear characteristics of the shoreline changes, as well
as the clear associations with coastal engineering projects, highlight the dominant role of
human interventions in shaping the evolution of Haikou Beach. The main influencing
factors include the construction of coastal engineering structures, the west-to-east sediment
transport, and the implementation of beach nourishment projects. In addition, it should
be pointed out that the interpretation of shoreline positions from satellite images with
limited spatial resolution is inevitably constrained in precision. Therefore, it is necessary
and feasible to fully leverage the large volume of available satellite images to extract as
many shoreline positions as possible. By removing outliers through horizontal (spatial) and
vertical (temporal) comparison between the interpretation results, and further improving
the accuracy using statistical methods [28], the overall reliability of the research findings
can be enhanced.

5.2. Influence of Offshore Artificial Islands Construction

The construction of Pearl Island has significantly impacted the evolution of Haikou
Beach. Following the construction of Pearl Island Phase 1, the transects H19–25 experienced
notable shoreline accretion (Figure 9). Specifically, transects H19–23 immediately accreted,
while the eastern transects H24–25 began accreting within 1–2 years thereafter. The local
waves are mainly from the NNE direction, and transects H19–25 happen to completely
occupy the shadow zone of Pearl Island Phase 1 (between the red dashed lines in Figure 4b).
Therefore, the accretion of transects H19–25 after the construction of Pearl Island Phase 1
can be attributed to the sheltering effect of the offshore artificial island.

The larger-scale Pearl Island Phase 2 has a larger shadow zone (H19–28, between the
red dashed lines in Figure 4d). Following the construction of Phase 2, transects H23–25
within its shadow zone continued to accrete, while the eastern transects H26–28, also within
its shadow zone but further east, began accreting after 1–2 years. However, the western
transects H19–22 within its shadow zone experienced erosion for 3–5 years. Specifically,
the erosion of transects H19–20 began immediately after the construction, while the erosion
onset for the eastern transects H21–22 was delayed by 1–2 years, with a slightly reduced
erosion rate but a longer duration.

Liu et al. [11] attributed the erosion of transects H19–22 as well as H14 to the change
in wave direction caused by the construction of Pearl Island, which subsequently altered
the sediment transport direction. We disagree with this viewpoint because this erosion
of transects H19–22 only occurred within 3–5 years after the construction of Pearl Island
Phase 2. If the mechanism were at play, then the area should have experienced erosion
instead of actual accretion after the construction of Pearl Island Phase 1, and the erosion
should not stop 3–5 years after the construction of Pearl Island Phase 2, when its eastern
beach was still rapidly accreting. As for H14, the onset of erosion occurred prior to Pearl
Island construction and should have little to do with the construction. Given that Pearl
Island Phase 2 was larger in scale than Pearl Island Phase 1, its sheltering effect should
have been stronger. If only the impact of Pearl Island Phase 2 were considered, transects
H19–22 should have experienced accelerated accretion, or at least should not have turned
to erosion. Therefore, this erosion must have had another cause.
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We believe that the short-term erosion of transects H19–22 within 3–5 years after the
construction of Pearl Island Phase 2 is due to nearshore sand mining. Nearshore sand
mining has been reported to cause short-term and rapid erosion of neighboring beaches
by Zhang et al. [25] at Haiyang Beach. Additionally, the high spatial-resolution satellite
image on 24 August 2015 from Google Earth showed three ships in the northwest sea area
of transects H19–22 (the red circle in Figure 4c), while no other satellite images from Google
Earth have shown any ships in this sea area; therefore, we guess that these three boats
were mining sand here at this time. This sand mining project also affected the beaches near
transects H15–18, leading to a sudden shoreline retreat in 2015 (Figures 8 and 9).

Liu et al. [11] also attributed the erosion of the eastern beach (H31–33) to the construc-
tion of Pearl Island, stating that the construction altered the sediment transport direction,
thereby causing the erosion. We agree that this erosion is related to the construction but
disagree with this explanation. If the sediment transport direction had changed from
eastward to westward, then the erosion of transects H31–33, located in the sediment source
area, should not have occurred after the accretion of transects H19–23 in the sediment sink
area. Additionally, the eastern transect H33 in sediment source area should have eroded
before the western transect H31, yet the opposite is the fact.

We believe that this erosion should be attributed to the barrier effect of Pearl Island
on sediment transport. The construction of Pearl Island facilitated sediment settling in
its shadow zone, leading to erosion in the downstream (eastern) beach due to a lack of
sediment supply. This erosion developed gradually from west to east (from H31 to H32)
and was delayed by 2 years. Currently, the erosion in this area has slowed down, indicating
that besides the barrier effect, the previous rapid erosion might also be contributed to
neighboring sand mining during the construction of Pearl Island Phase 1.

The data used in Liu et al. [11] are mainly field measurements for 2010–2011 and
2019–2021, and the lack of data for 2012–2018, just after the construction of Pearl Island,
may have affected the attribution analysis. The results obtained from long-term and
continuous satellite images compensated for the shortcomings of field measurements in
terms of spatiotemporal range and resolution, aiding in a more accurate analysis of the
causes and mechanisms behind beach evolution.

The construction of Millennium Island has also resulted in the transition from erosion
to accretion of the beach in its shadow area (H8–10) (Figures 8 and A1). The low accretion
rate in this area compared to the shadow zone of Pearl Island may be due to the relative
closure of the beach and the consequent lack of sediment sources. This interpretation
is supported by the rapid accretion of transect H10 at a rate of 21.1 m/year after sand
replenishment in 2022. The construction of Gourd Island did not cause observable changes
in its surrounding shoreline, or more accurately, coastline, which can be attributed to the
complete artificialization of its adjacent coast.

In summary, the construction of Pearl Island and Millennium Island resulted in
significant accretion in their shadow beaches by blocking the incident waves, and the
construction of Pearl Island further resulted in the erosion in its eastern beaches by blocking
the alongshore sediment transport. The impact of large, offshore artificial islands on beach
evolution differs from that of linear, nearshore detached breakwaters. The latter causes
sediment on both sides to move toward the center of the shadow zone, resulting in erosion
on both sides and accretion in the center.

5.3. Future Evolution of Haikou Beach and Measures for Its Management and Protection

The phased and linear shoreline changes of Haikou Beach, which are closely linked
to human activities, provide favorable conditions for predicting its future evolution. In
the future, the western beaches (H1–13), except those directly opposite Millennium Island,
will continue to develop into pocket beaches. The beach evolution adjacent to Millennium
Island was interrupted by the construction of the island. In the future, the beaches directly
opposite Millennium Island will remain stable or even accrete, while its eastern beach will
continue to develop into a pocket beach.
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The construction of Pearl Island has divided the eastern Haikou Beach into three parts:
western (H14–18), central (H19–28), and eastern (H29–37). The western part will receive
sediment transported from the west and the sediment discharged by the Wuyuan River,
and will maintain stability or even accrete. The eastern part, however, will experience
erosion due to the barrier effect of Pearl Island. Given the considerable length of this part,
continuous erosion and the formation of a pocket beach will result in significant erosion,
adversely affecting nearby urban roads and buildings. Moderate sand replenishment
should be considered for this part in the future to address these issues. The central part
facing Pearl Island will continue to accrete under the island’s shelter.

Managers and engineers are particularly concerned about the formation of tombolo or
salient on beaches facing offshore hard structures, as tombolo can completely block littoral
sediment transport and have a greater detrimental impact on downstream beaches. Due
to the relatively limited number of completed offshore artificial islands, relevant research
is mainly conducted with reference to studies on detached breakwaters, and the main
variables under consideration are the ratio (D/L) between the offshore distance (D) and
the obstacle length (L) [35–37], or its reciprocal (L/D) [38]. The authors reviewed previous
empirical formulas to assess the likelihood of tombolo or salient formation in front of Pearl
Island (Table 3).

Table 3. Prediction of whether a salient or tombolo will be formed on beaches facing offshore artificial
islands.

Millennium Island Pearl Island Phase 1 Pearl Island Phase 2 Gourd Island

Obstacle length (L) (m) 340 1655 2300 1038
Offshore distance (D) (m) 250 2763 1850 423

D/L 0.735 1.669 0.804 0.408
L/D 1.360 0.599 1.243 2.454

Tombolo or salient according
to [35] Tombolo Tombolo Tombolo Tombolo

Tombolo or salient according
to [36] Tombolo Salient Tombolo Tombolo

Tombolo or salient according
to [37] Tombolo Salient 50/50 chance Tombolo

Tombolo or salient according
to [38] Tombolo / Tombolo Tombolo

Predicted salient amplitude
(m) according to [39] 158 2081 1191 235

Predicted salient amplitude
(m) according to [40] 85 1443 661 106

Predicted salient amplitude
(m) according to [41] 138 1271 1005 258

Average of predicted salient
amplitude (m) 127 1598 953 200

Maximum shoreline change
rate (m/year) 1.5 7.3 7.3 0

Time to beach
equilibrium (year) 85 219 130 /

According to Chen et al. [35], when the D/L is less than 2, a tombolo will form; and
when the D/L is greater than 8.0, the beach will not be affected; thus, a tombolo will form.
According to Dally et al. [36], when the ratio D/L is 0.5–0.67, a tombolo will form; and
when the ratio D/L is 1.5–2, a salient will form. The D/L ratio of Pearl Island Phase 2 is
0.804, thus, there is a greater likelihood of a tombolo forming according to Dally et al. [36].
According to [37], a tombolo will form when the ratio D/L is less than 0.8, and a salient
will form when the ratio D/L is greater than 0.8; thus, there is a 50/50 chance of forming
tombolo or salient. According to Suh et al. [38], a tombolo will form when the ratio L/D is
greater than 1; the L/D ratio of Pearl Island Phase 2 is 1.243, thus, a tombolo will form.
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According to the existing formulas, there is a high likelihood of a tombolo forming
in front of Pearl Island. However, it is important to note that these empirical formulas
deduced from linear, nearshore detached breakwaters may not be directly applicable to
the large, offshore artificial island of Pearl Island. Suh et al. [38], Ming and Chiew [37],
and Chen et al. [35] are based on the laboratory results of detached breakwaters located
at offshore distances of 0.3–0.5, 0.6–1.5, and 11.8–21.3 m, respectively. Dally [36] studied
field detached breakwaters at offshore distances ranging from 46–600 m. However, the
offshore distance of Pearl Island is 1850 m, far exceeding the above distances. Additionally,
other factors such as waves, tides, water depth, beach slope, and sediment supply can also
influence the beach changes [35–37], making it difficult to accurately predict the formation
of a tombolo or salient.

If a tombolo forms at the current fastest accretion rate (7.3 m/year), it would take
253 years. If a salient forms, according to the formulas by Hsu and Silvester [39], Black
and Andrews [40], and Sulis et al. [41], the predicted salient amplitude is 1191, 661, and
1005 m, averaging 953 m; it would take 130 years to reach beach equilibrium at the current
fastest accretion rate. These results indicate that whether a tombolo or salient forms, the
process will be lengthy. Furthermore, considering the crucial role of sufficient sediment
supply in determining the formation of a salient or tombolo, reducing or eliminating
sand replenishment on the western beaches of Pearl Island should be considered to delay
this process.

To manage and protect Haikou Beach, the authors suggest considering the following
measures: (1) moderate sand replenishment for the eastern beaches (H29–37) to address
the erosion caused by the barrier effect of Pearl Island; (2) reducing or eliminating sand
replenishment on the western beaches of Pearl Island to delay the potential formation of a
tombolo or salient, as sufficient sediment supply is a crucial factor.

The future evolution of Haikou Beach will continue to be shaped by the complex
interplay between natural processes and human interventions, requiring careful moni-
toring and adaptive management strategies to ensure the long-term sustainability of the
coastal environment.

6. Conclusions

This study shows that the extensive use of satellite images and sub-pixel shoreline
identification techniques overcame the limitations of insufficient spatial resolution in public
satellite images, significantly improving the accuracy and temporal resolution of shoreline
positions. This led to detailed and reliable beach evolution processes, addressing the
common limitations of ground survey data in terms of spatiotemporal range and resolution.

The identification feature of waterline on the satellite images of Haikou Beach is
evident, and the steep intertidal slope makes the waterline position less affected by tidal
fluctuation. Apart from the beaches near the estuary, the random error in the waterline
position averaged 7.9 m. After georeferencing and water level corrections, the random
error averaged 4.9 m, ranking among the state-of-the-art studies.

The shoreline positions of Haikou Beach exhibit phased and linear changes over
time, with most erosion and accretion transitions clearly associated with adjacent coastal
engineering construction. The construction of artificial offshore islands, including Pearl
Island and Millennium Island, exerted a predominantly positive impact on the evolution
of Haikou Beach, leading to rapid accretion in their shadow areas. However, Pearl Island
also obstructed sediment transport from west to east, resulting in minor erosion on its
southeast beach. This study does not support the occurrence of erosion on the sediment
source side of large, offshore artificial islands, which differs from the impact of linear,
nearshore breakwaters.

Beach nourishments significantly impacted the evolution of Haikou Beach, leading to
rapid accretion and subsequent erosion. The post-nourishment beach erosion rate can be
estimated using the pre-nourishment shoreline change rate and the beach width increment
due to the nourishment project.
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In the future, the western beaches will continue to develop towards pocket beaches,
while the straight eastern beaches will be divided into three parts due to the construction
of Pearl Island. The western part will maintain stability or experience accretion, while
the eastern part will suffer erosion due to the barrier effect of Pearl Island, requiring
appropriate sand replenishment. The beach in the wave shadow area of Pearl Island may
form a tombolo or a huge salient, but this formation may take over a hundred years, and
reducing or eliminating sand replenishment on the western part of Pearl Island could delay
this process.

Under the current backdrop of global changes and heightened human activities, a
meticulous examination of the historical evolution of urban beaches and their correla-
tion with coastal engineering construction is not only crucial for environmental impact
assessment in coastal engineering but also contributes to a deeper comprehension of the
causes and mechanisms behind beach evolution. Existing satellite imagery has already
demonstrated its superiority in studying the evolution of beaches. With the continued
advancement of remote sensing technology, an increasing number of higher-quality satellite
images will become available in the future. In conclusion, the application of remote sensing
methods to investigate the evolution of urban beaches holds great promise for the future.
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Appendix A

Appendix A includes following six figures: Figure A1. Building process of Trestle,
Groin 2, Millennium Island, and Groin 1; Figure A2. Building process of Sailing Port,
Xiuying Port, and Gourd Island; Figure A3. Beach nourishments at transects H6–13 from
2021 to 2022; Figure A4. Beach nourishments at transects H19–22 and H26–34 in 2022;
Figure A5. Shoreline movements of Haikou beach during 1989–2010 (a), 2010–2020 (b),
2020–2023 (c), and 1989–2023 (d); Figure A6. Shoreline movements of Haikou beach next to
Pearl Island during 2001–2011 (a), 2011–2015 (b), 2015–2021 (c), and 2021–2023 (d).
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Figure A3. Beach nourishments at transects H6–13 from 2021 to 2022. (a) Before Beach Nourishment
2, (b) immedialtely after Beach nourishment 2 and before Beach Nourishment 1, and (c) immedialtely
after Beach Nourishment 1. Background images are from Google Earth.
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Figure A4. Beach nourishments at transects H19-22 and H26-34 in 2022. (a) The beach around tran-
sects H16-24 before Beach Nourishment 4, (b) the beach around transects H26-34 before Beach 
Nourishment 5, (c) the beach around transects H16-24 immedialtely after Beach Nourishment 4,  
and (d) the beach around transects H26-34 immedialtely after Beach Nourishment 5. Background 
images are from Google Earth. 
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Figure A4. Beach nourishments at transects H19–22 and H26–34 in 2022. (a) The beach around
transects H16-24 before Beach Nourishment 4, (b) the beach around transects H26-34 before Beach
Nourishment 5, (c) the beach around transects H16-24 immedialtely after Beach Nourishment 4, and
(d) the beach around transects H26-34 immedialtely after Beach Nourishment 5. Background images
are from Google Earth.
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Figure A5. Shoreline movements of Haikou beach during 1989–2010 (a), 2010–2020 (b), 2020–2023 
(c), and 1989–2023 (d). 
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Figure A5. Shoreline movements of Haikou beach during 1989–2010 (a), 2010–2020 (b), 2020–2023 (c),
and 1989–2023 (d).
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Figure A6. Shoreline movements of Haikou beach next to Pearl Island during 2001–2011 (a), 2011–
2015 (b), 2015–2021 (c), and 2021–2023 (d). 
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