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Coastal dunes record the evolutionary process of coastal dynamic

geomorphological systems, and provide valuable information on climate

change, sea level changes, environmental evolution. These dunes are essential

for global change research. In view of the dynamic changes in coastal dunes

caused by extreme weather, coastal erosion and human activities, we propose a

comprehensive evaluation method for coastal dune evolution, which monitors

Haiyang Ten Thousand Meters Beach of China from three perspectives: point,

line, and surface. This method integrates LiDAR, GNSS, and RS technologies. The

research results indicate that between 2016 and 2018, 68% of the GNSS point

measurements in 22 survey profiles of coastal dunes were eroded along the

foreshore. During 2011-2020, the coastline based on the RS data basically

remained stable; only the estuarine district underwent significant changes, and

the overall average change rate was 1.32 m/a. The overall morphological

evolution of coastal dunes obtained by LiDAR in 2018 was relatively stable, but

there was a weak erosion trend in the foreshores of the coastal dunes. This study

is beneficial for providing precise targets for remediating and restoring eroded

coastal areas in the future. Furthermore, it can provide technical support and

informational information for ecological environment protection, coastal erosion

prevention and environmental evolution in the Haiyang Ten Thousand Meters

Beach Marine Nature Reserve.
KEYWORDS
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1 Introduction

Coastal dunes are located at the junction of sea and land, and are a unique coastal

geomorphic type. They record the evolutionary process of coastal dynamic geomorphic

systems, reflect the complex interactions among land, sea and air, and contain rich

information on climate change, sea level change, environmental change. (Banerjee et al.,

2003; Porat and Botha, 2008; Madsen and Murray, 2013), which has important directive

significance in the study of global change. The formation and evolution of coastal dunes are
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products of the coupling interactions between ocean, land, and

atmospheric environments over thousands of years (Vliet-Lanoë

et al., 2016; Levin et al., 2017; Brodie et al., 2019), which can provide

evidence for the reconstruction of coastal dynamic processes, sea

level changes, and environmental evolution. The detection and

analysis of dynamic changes have always been key research

directions and hotspots in sand dune scientific research (Łabuz,

2016; Taddia et al., 2019; Palalane and Larson, 2020).

Coastal dunes are valuable natural resources with various

important functions such as coastal protection, tourism and

leisure, and ecological services. China’s coastal dunes are diverse

in type and complex in morphology, and they have a wide

distribution (Dong, 2006; Dong and Li, 2022). They are

important for maintaining ecosystem balance and protecting

biodiversity, and are also natural laboratories for studying coastal

geomorphological processes such as ocean dynamics and land and

sea changes. The coastal dune area is relatively sensitive to

environmental changes and is also relatively weak, meaning that

it is vulnerable to extreme weather, coastal erosion (Mountney and

Russell, 2006; Claudino-Sales et al., 2007; Vespremeanu-Stroe and

Preoteasa, 2007), which can destroy the original landscape. The

coastal dune migration process and morphological changes in this

process are the core issues in the field of sand dune research. The

quantitative expression of three-dimensional surface morphology

and changes surface morphology in coastal dunes is a difficult task

in current geomorphological research. Systematic analysis of the

dynamic changes and causes of coastal dunes can provide necessary

technical support and a scientific basis for the protection of local

tourism resources and ecological environments in nature reserves,

as well as the prevention and control of coastal hazards. Moreover,

studying coastal geomorphological processes such as ocean

dynamics and land-sea changes, and promoting the scientific and

rational utilization of coastal resources are important and practical.

Due to the coupling of the sea-land-atmosphere, coastal dunes

have always undergone dynamic changes, and observing their

movement and morphological changes is one of the basic

methods for studying their development and evolution. Research

on coastal dunes by scholars has gradually shifted from initial

qualitative to quantitative (Pozzebon et al., 2016; Łabuz et al., 2018;

Martıńez et al., 2019), and the morphological changes, movement

speed and direction, and evolution process of coastal dunes are

more precise. At present, conventional measurement, modern

remote sensing, GIS technology, and high-precision GNSS

methods are used internationally to measure the Baltic Sea in

Europe (Koprowski et al., 2010; Łabuz et al., 2018), the United

Kingdom (Bailey and Bristow, 2004), France (Vliet-Lanoë et al.,

2016), North America (Marin et al., 2005; Delgado-Fernandez et al.,

2009; Kilibarda and Shillinglaw, 2015), South America (Gay, 1999;

Hesp et al., 2007), and South Korea (Rhew and Yu, 2009).

Observations of the movement and morphological changes of

different types of coastal dunes in Australia (Levin, 2011) and the

Mediterranean coast (Tsoar and Blumberg, 2002; Bañón et al.,

2019) have been made. GNSS, as a high-precision, low-cost, and

fast measurement method, is widely used in various fields such as

aviation, environment, transportation, marine surveying, and

geological hazard monitoring. It has also become the main
Frontiers in Marine Science 02
technical means for monitoring changes in coastal dunes (Rebêlo

et al., 2002; Nagihara et al., 2004; Elbelrhiti et al., 2005; Harley et al.,

2006; Thornton et al., 2006, Garrido et al., 2013). Compared with

systematic research on coastal dune movement in other countries,

related research in China started relatively late, and the monitoring

of sand dune movement and morphological changes needs to be

strengthened and further developed (Dong et al., 2019; Ma et al.,

2021). Currently, the main method for determining the direction of

sand dune movement is through morphological or longitudinal

profile measurement methods, velocity and morphological changes

(Liu et al., 2010; Dong and Huang, 2014; Zhao, 2017; Zhou et al.,

2019; Dong and Lv, 2020; Li et al., 2020). With the advancement of

new surveying and mapping technologies, domestic and foreign

scholars have begun to use unmanned aerial vehicle remote sensing

(Guillot and Pouget, 2015; Keun et al., 2017), three-dimensional

LiDAR (Crapoulet et al., 2016; Xia and Dong, 2016; Schmelz and

Psuty, 2019), InSAR (Putri et al., 2017; Havivi et al., 2018) and other

technologies to monitor coastal dune morphology and migration, to

compensate for the shortcomings of traditional monitoring

methods such as low accuracy and low work efficiency, with good

results. The existing methods for monitoring and evaluating

dynamic changes in coastal dunes mainly focus on a single

perspective for systematic research and lack comprehensive

multidimensional monitoring and analysis from an overall

perspective. Therefore, we combined LiDAR, GNSS, and RS

technologies to monitor and evaluate the dynamic changes in

coastal dunes from three perspectives, “point, line, and surface”.

To comprehensively grasp the natural morphology of coastlines and

the occurrence of siltation or erosion on coastal beached, technical

support and a decision-making basis for the protection, regulation,

and restoration of the ecological environment of coastal dunes

should be provided.
2 Materials and methods

2.1 Study area and data collection

Yantai Haiyang city is located on the southern coast of the

Jiaodong Peninsula, at a longitude 120°50’E∼121°29’E and a

latitude 36°16’N∼37°10’N. It is adjacent to the Yellow Sea, with

the Rushan Pass to the northeast and the T-shaped Bay Pass to the

southwest. Known as “Oriental Hawaii”, Haiyang has a sandy coast

stretching nearly 30 km from east to west (Ma et al., 2018). The sand

dunes are famous for their fine sand, gentle slopes, stable waves and

clear water. They have a reputation as “myriametre beaches” and

are important tourism resources. In 2011, the establishment of the

Haiyang Ten Thousand Meters Beach Marine Special Protection

Area was approved. The tidal type in the study area belongs to the

regular semi diurnal tide, with an average tidal range of 2.39 meters.

The ocean currents in the vicinity of Yangjiaopan are characterized

by strong reciprocating flow, and the mainstream direction of the

ocean currents is biased towards W-E. Mainly dominated by wind

and waves, with an average wave height ranging from 0.5 to 0.8

meters. In spring, the normal wave direction is SSE, while in

autumn, the strong wave direction is SSW. Winter and spring are
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non strong wave seasons. The sediment particle size in the nearby

sea area gradually becomes finer from shore to sea, and is

distributed in sequence with medium coarse sand, medium fine

sand, fine sand, clayey silt, and sandy clay (Yue, 2008; Wang et al.,

2021). There are two large rivers, Liugezhuang River and

Yangjiaopan River, which flow into the sea and transport a

certain amount of mud and sand during the flood season. During

the dry season, the flow rate is small or interrupted, and there is

basically no sediment transport to the sea. The overall trend of

sediment transport along the coast is from NE to SW.

With the urbanization of coastal zones and the development of

coastal tourism activities, the beautiful sand dunes in Haiyang city

pose potential disaster threats from beach sand erosion and beach
Frontiers in Marine Science 03
surface erosion (Yue, 2008; Wang et al., 2021), which can affect

beach tourism and coastal landscapes. To understand the changes

and erosion characteristics of sand dunes in Haiyang city, we

analyzed the reasons for their evolution, and explored whether

the construction of artificial island (Lianli Island) impacted regional

sand dune changes to provide a foundation for beach erosion

protection. We carried out multiphase monitoring on the typical

coastal dune area of Haiyang city (surrounding Yangjiaopan, as

shown in Figure 1), and the research scope was from the Jituan

estuary to Haiyang Port along the coastline.

The collection data includes remote sensing image data, GNSS

RTK measurement point data, and LiDAR monitoring data, as

shown in Table 1. Remote sensing data was downloaded from the
FIGURE 1

Study area.
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0.48m resolution remote sensing images of 91 Weitu

(www.91weitu.com) in 2011, 2013, 2015, 2018, and 2021. GNSS

data was sourced from annual profile monitoring from 2016 to

2018. LiDAR data was obtained from two repeated monitoring

sessions in April and October 2018. GNSS measurement data is the

profile analysis of coastal dune changes, while RS data analyzes

typical characteristic lines of coastal dune changes by interpreting

coastline, while LiDAR data is a full coverage surface analysis of the

entire coastal dune change. By analyzing and evaluating

the changing trends of coastal dunes separately, we aim to verify

the monitoring results of the comprehensive technical method.
2.2 RS data sources and
coastline interpretation

The type of coastline in the research area belongs to sandy

coastline. The interpretation method is determined according to the

Technical Regulations for Coastal Zone Survey (908 Special Office

of the State Oceanic Administration of China, 2005.). The sandy

coastline is usually relatively straight, and the upper part of the

beach is often piled up into a ridge-like sandy deposit parallel to

the shore, called a beach ridge. The coastline is generally defined on

the seaward side at the top of the beach ridge (Figure 2). For

undeveloped or missing ridges, the coastline is generally defined on

the seaward side of the line of significant changes in sandy

vegetation growth. The landward side of the beach is a steep cliff

and is directly connected, with the coastline defined at the

intersection of the beach and the cliff (Figure 3). If the landward

side of the beach is a seawall or road, the coastline can be defined as

the foot of the seawall or road slope.
2.3 GNSS-RTK profile measurements

Based on historical data and on-site surveys, typical monitoring

sections are set up along the coastline, with vertical coastal trends

and isobaths. The survey sections are appropriately densified near

intensive aquaculture activities and important beach tourism areas

on both sides of the Yangjiao River. The section layout is shown in

Figure 4. The plans were continuously monitored once a year for

three years from 2016 to 2018. GNSS-RTK equipment as adopted

for coastal dune profile monitoring based on the Shandong CORS

system, and the elevation datum was the CGCS2000 ellipsoidal

height. The refined geoid of the Shandong continuous operating

reference stations, (CORS) was converted to the 1985 national

elevation datum of China. The starting point of each monitoring
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profile was located at the set marker post. Manual measurements

were carried out during low tide, with a plane position better than 3

cm and a vertical direction better than 3 cm. Each measurement

point did not deviate from the design measurement line by more

than ± 10 cm.
2.4 UAV LiDAR detection

Because the majority of the monitoring area was bare beach,

there was no need to use laser scanner equipment with multiple

echo functions. Therefore, the coastal dune monitoring system used

the Spencer drone LiDAR system from Dihai Technology Co., Ltd.

The system used the DJIM600 PRO as the unmanned aerial vehicle

platform, integrating the Velodyne LiDAR VLP-16 laser scanner,

which is lightweight, low-cost, and widely used in unmanned

driving and measurement fields (Akhtar et al., 2019; Andrew

et al., 2020; Gao et al., 2020; Jason et al., 2020), and the

lightweight Trimble Applanix APX-15 positioning and attitude

determination system (POS). The DJIM600 Pro is a six-rotor

unmanned aerial vehicle with a payload of 6 kg and a flight time

of approximately 15 minutes (fully loaded), supporting third-party

software and hardware extensions. The UAV is equipped with a

built-in minicomputer system to conduct hardware integration and

data acquisition through the QinSy software on the computer

system (Gao et al., 2020).

The measurement accuracy of the unmanned aerial vehicle

LiDAR system was limited by the POS system configured by the

drone. Due to cost and weight considerations, generally configured

POS systems have lower accuracy than manned airborne lasers. To

enhance accuracy, the flight altitude is usually reduced. To ensure

that the laser point cloud data have a high density to meet the

mapping needs, this flight was conducted at an altitude of 60 meters.

Two survey lines were laid out on a sandy coast approximately 200

meters wide, with an overlap of approximately 30%. Each flight

lasted for 10 minutes and covered approximately 1.5 km of coastal

dunes. Two repeated monitoring periods were conducted in April

and October 2018, respectively. Because the real-time positioning

accuracy of drones cannot meet centimeter-level accuracy

requirements, POS data need to be post-processed to obtain

centimeter-level accuracy data. The monitoring and data

processing process of the UAV LiDAR system is shown in Figure 5.
(1) Firstly, set up survey lines along the coastal dunes, with an

overlap of about 30% between the lines, to ensure full

coverage monitoring of the study area.

(2) When conducting UAV LiDAR monitoring, GNSS

reference stations are set up in the measurement area.

The flight path is determined through joint differential

calculation of ground reference station GNSS data and

unmanned aerial vehicle GNSS data. Coupled with POS

data, the position and attitude information of the LiDAR at

the surveying time are determined. Combined with

parameters such as laser ranging and angle, the three-

dimensional coordinates of each measurement point are
TABLE 1 The collection data.

Id Data type Data sources Acquisition Time

1 RS data www.91weitu.com 2011, 2013, 2015, 2018, 2021

2 GNSS data Field Measurements 2016, 2017, 2018

3 LiDAR data Field Monitor April and October in 2018
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FIGURE 2

Schematic diagram of the general sandy coastline definition method.
FIGURE 3

Schematic diagram of the method for defining sandy coastlines with steep cliffs.
FIGURE 4

Layout of the coastal dune monitoring profile.
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Fron
obtained, and then geographic correction is performed to

generate high-precision point cloud data.

(3) Strip splicing and deduplication. Splicing different strip

point clouds to remove overlapping point clouds between

strips, in order to avoid uneven distribution of point cloud

data after stitching.

(4) Point cloud denoising. Based on the spatial distribution

pattern of airborne LiDAR point cloud data, this paper

adopts the SOR (statistical outlier removal) outlier

denoising algorithm (Rusu et al., 2007) to filter out UAV

LiDAR echo data that does not belong to reasonable

observation values.

(5) Wave algorithm. On the basis of organizing discrete point

cloud data of coastal dune monitoring areas using a regular

grid, based on the principle of slope filtering algorithm,

combined with the slope and elevation thresholds within

the regular grid, an improved slope filtering method that is

more suitable for coastal dune point cloud data is used for

processing (Feng et al., 2023).

(6) DEM construction. Using point cloud data processed by

denoising and filtering, a coastal dune area DEM is

constructed using the inverse distance weight (IDW)

interpolation method of a regular grid.

(7) Changes in coastal dune DEM. Based on generating two

periods of DEM, using the difference operation of ArcGIS,

obtain the coastal dune changes during the interval time

between the two periods.
3 Results and discussions

3.1 Coastline change based on RS

The accuracy of coastline extraction is the key to monitoring

coastline changes. There are usually three methods for coastline
tiers in Marine Science 06
extraction form remote sensing images: automatic extraction,

semiautomatic extraction, and manual visual interpretation. The

efficiency of automatic and semiautomatic extraction is much

greater than that of manual visual interpretation. However,

automatic and semiautomatic extraction of coastlines mostly

involve instantaneous waterlines, which are significantly affected

by periodic tides and are not suitable for analyzing spatiotemporal

changes in coastlines (Zhang, 2021). Moreover, due to the difficulty

in obtaining tide level and terrain data within the study area, it was

also difficult to correct the obtained waterline position to the

average high tide position. The artificial visual interpretation

method is currently recognized as the method with the highest

interpretation accuracy. This approach could overcome the above

limitations by establishing strict interpretation standards and

specifications and thus obtaining more accurate coastline positions.

Using the coastline interpretation method in Technical

Regulations for Coastal Zone Survey (2005), five phases from

2011-2021 were extracted from Haiyang’s Ten Thousand Meters

Beach, and the results are shown in Figures 6, 7. Figure 6 shows that,

overall, during the 10-year period, the coastline did not change

significantly and basically maintained a stable state. Only in the

estuarine district did significant changes occur take place (Figure 7).

The marked change in the coastline in the estuarine district was

mainly due to artificial reclamation. In addition, the sand carried by

the river into the sea caused minor changes in the coastline.

To further accurately quantify coastline changes, we calculated

the rate of coastline change based on the baseline method. Five

temporal coastlines were overlaid and buffered based on the 2011

coastline, using the buffer line above the coastline as the baseline.

Then, a vertical line with a length D was drawn from the baseline to

the coastlines of the other periods, and the distance d between the

adjacent two vertical lines and the intersection point of the baseline

was the baseline sampling interval. We set a sampling interval of 0.5

km, with each vertical line intersecting the coastline during the two

periods. The ratio of the distance interval to the time interval

between two coastlines was used as the endpoint rate of change

(endpoint rate). The specific calculation method is shown in
FIGURE 5

UAV LiDAR monitoring and data processing process.
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Formula 1:

Ep(mn) =
Lpm − Lpn
Tp(mn)

(1)

In the equation, Ep(mn) is the rate of change at the endpoint of

the coastline between them-th and n-th phases of the p-section. Lpm
and Lpn represent the distances from the intersection point of two

temporal coastlines on the p profile to the baseline. Tp(mn) is the time

interval between m and n.
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The temporal and spatial patterns of the coastline change rate in

Haiyang’s Ten Thousand Meters Beach coastal dunes from 2011 to

2021 are shown in Figure 8. A total of 337 profile lines were

generated, during which 150 profile coastlines exhibited a positive

change rate, with a maximum positive change rate of 33.75 m/a and

an average positive change rate of 3.25 m/a. The change rate of 149

profile coastlines was negative, with a minimum negative change

rate of -1.98 m/a and an average negative change rate of -0.28 m/a.

The overall average rate of change was 1.32 m/a. According to the
FIGURE 6

Changes in coastlines from 2011-2021.
FIGURE 7

Changes in the coastline in the estuarine district from 2011-2021.
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classification standards for coastal erosion in the Technical

Regulations for Coastal Zone Survey (2005), 81% of the coastal

sections in the study area are in a stable state; 6% of the bank

sections are in a slightly eroded state, mainly distributed on both

sides of the river mouth; 13% of the shore section is in a state of

siltation, mainly concentrated in the estuary area. With the

acceleration of urbanization, the construction land in the upper

reaches of rivers has increased dramatically in the past decade.

Effective soil and water conservation measures have led to a

decrease in soil erosion, and the amount of soil carried by rivers

into the sea has been decreasing year by year (Ma et al., 2018).

Coastal sand dunes along the east and west sides of the estuary have

not been able to replenish sufficient sediment transport, resulting in

micro erosion on both sides of the estuary. Figure 8 shows that the

area with the greatest change was still in the estuarine district, which

was mainly caused by human cultivation and aquaculture. The

coastal dunes of Haiyang beach maintain a relatively stable state

overall, with some areas experiencing weak erosion.
3.2 Typical profile changes in coastal
dunes based on GNSS

According to the impacts of different human activities, the

research area was divided into three regions: Block ① was the

eastern section of Mahegang, Block ② was the western section of

Yangjiaopan, and Block ③ was the eastern section of Yangjiaopan

(Figure 9). Human activities had little impact on the eastern section

of Mahe Port, which resemble the nature of coastal dunes. There

were many farming activities in the western section of the

Yangjiaopan sand dunes, and Lianli Island was constructed in the

eastern section of Yangjiaopan.
Frontiers in Marine Science 08
In general, 68% of the profile foreshore in the 22 survey profiles

was in an erosion state, 54% of the profile beach slope became

steeper, 36% of the profile beach shoulder eroded or disappeared,

the sand dune foreshore in the Hekou District where Yangjiaoban is

located was slightly silted, the coastal dune foreshore extending to

both sides of Yangjiaoban was in an erosion trend, and the sand

dune foreshore far from the estuary and Lianli Island area was

relatively stable. L represents the monitoring profile, and some

typical profile elevation changes are shown in Figures 10–12.

(1) Coastal dunes (L1-L6) in the eastern section of Mahe Port in

area ①.

The sand dunes above the eastern section of Mahe Port had

slightly changed and been uplifted, mostly due to changes in coastal

aquaculture activities and beach sand extraction. Except for the

disappearance of the beach shoulder in the L1 profile, the beach

shoulder in the other profiles was basically stable, and the foreshore

remained relatively stable.

(2) Coastal dunes (L7-L14) in the western section of

Yangjiaopan in area ②.

The backshore of the L7-L14 profile underwent significant

erosion, while the foreshore underwent both coexistence of

erosion and sedimentation. From west to east, there was a trend

of erosion first, followed by sedimentation, mainly due to the

proximity of the area to the river mouth, which brought a large

amount of sediment into the sea, resulting in sedimentation.

(3) Coastal dunes (L7-L14) in the eastern section of

Yangjiaopan in area ②.

The front shores of profiles L17-L21 showed an erosion trend,

but the front shores of profiles L15 and L16, directly behind Lianli

Island, showed sedimentation, with the characteristics and trend of

island connected sandbars. This was due to the large amount

of sediment carried into the sea by the estuary, while the front
FIGURE 8

Temporal and spatial patterns of the coastline change rate (EPR) in coastal dunes from 2011-2021.
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shore of profile L22 experienced sedimentation, which may be due

to the blockage of seawater erosion by the construction of Haiyang

Port. The back shore of the L15- L22 profile was both silted and

eroded. Monitoring was conducted from July 2016 to 2018 during

the peak tourist season with many tourists, so the back shore was

strongly affected by tourists.

In summary, due to the significant impact of many tourist

activities during the monitoring period, there were no obvious

regular features on the backside of the sand dunes along the coast,

while the foreshore was generally in a state of erosion.
Frontiers in Marine Science 09
3.3 Changes in coastal dune morphology
based on LiDAR

In April 2018 and October 2018, unmanned aerial vehicle

(UAV) radar monitoring was conducted on coastal dunes in the

study area, and point cloud data from two phases of coastal dunes

were obtained, as shown in Figure 13. Because the number of point

clouds in LiDAR data typically reaches the order of millions, to

improve the processing efficiency of computers while ensuring that

the spatial point spacing of the point cloud is not too large due to
FIGURE 10

Typical sand dune profile changes in section ①.
FIGURE 9

Coastal dune zoning.
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sampling at a small analysis scale, resulting in a low number of

neighboring points and reduced accuracy, the generated point cloud

data were concatenated, filtered, and denoised with adjacent

airstrips, and the entire denoised point cloud was used as the

background for search thinning and complete point cloud

classification. Then, a coastal dune surface TIN model was

constructed using an irregular triangular network (Figure 14), and

the DEM results of the monitoring shore section were obtained

through the natural neighborhood interpolation method.

3.3.1 UAV LiDAR monitoring accuracy evaluation
To ensure detection accuracy and verify whether the

measurement accuracy of the UAV LiDAR system met

monitoring needs, its accuracy was verified through sand dune

terrain profiles. We measured cross-sections on the shore and
Frontiers in Marine Science 10
compared the cross-sections extracted by DEM with the

measured cross-sections. While the unmanned aerial vehicle

LiDAR system collected terrain data for sandy coasts, the GNSS

RTK was used to measure terrain profiles for vertical sandy coasts.

The DEM generated from laser point cloud data was used to extract

cross-sections, which were subsequently compared with the GNSS

RTKmeasured points. The results are shown in Figure 15. Figure 15

shows that the extracted section data from the point clouds were in

good agreement with the measured section point data, and the

change trends were basically consistent. The average elevation

difference between coastal dunes and beach profiles was 4 cm,

and some jumping points exceeding 10 cm were due mainly to

water accumulation on the beach, which affected the accuracy due

to the inability of the lasers to penetrate the water. Furthermore, the

humidity of the beach significantly impacted the accuracy. In
FIGURE 11

Typical sand dune profile changes in section ②.
FIGURE 12

Typical sand dune profile changes in section ③.
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addition, in the edge zone of the laser, the accuracy was relatively

lower than that in the middle zone. However, overall, the accuracy

of unmanned aerial vehicle LiDAR systems can meet the needs of

monitoring dynamic changes in coastal dunes.

3.3.2 Morphological changes in coastal
dune areas

To obtain the changes in coastal dunes during the two

monitoring periods, the DEMs from the two periods were unified

in the same coordinate system and cropped to the same range

(Figure 16). Then, the difference between the DEMs of the two
Frontiers in Marine Science 11
periods was calculated to obtain the results of coastal dune changes,

as shown in Figure 17. Figure 17 shows that the estuarine district ②

had the largest area of change. The main reason was that there was

ponding in the estuarine district during LiDAR monitoring in April

2018, and LiDAR point cloud data were not obtained in this area.

When the area was interpolated into the TIN, the deviation was

large, so there was a large difference when calculating the difference

between the two DEMs. There was a slight erosion phenomenon at

the front edge of the coastal dunes in Area ①, while there was slight

uplift at the back of the sand dunes. Weak erosion also occurred at

the front edge of the coastal dunes in Area ③, while the backside of
BA

FIGURE 13

Results of the point cloud data for two monitoring periods of coastal dunes in April (A) and October (B), 2018.
BA

FIGURE 14

Two monitoring phases of TIN for coastal dune sections in April (A) and October (B), 2018.
BA

FIGURE 15

Comparison of GNSS RTK measured points and DEM profile elevation accuracy (A), and comparison of elevation changes (B).
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the sand dunes remained basically unchanged. According to the

rainfall monitoring results from nearby meteorological stations

from April to August 2018, the climate was dry during this

period, with less rainfall than usual, resulting in a significant

reduction in the amount of sediment carried by the Liugezhuang

River and Yangjiao Bank. This failure to timely supplement the

coastal sand dunes with sediment transport from land rivers into

the sea has disrupted the dynamic balance system between regional

sediment transport and seawater erosion, providing a possibility for

coastal erosion. The slight uplift phenomenon behind the sand

dunes in Area ① may be caused by human activities in the

aquaculture area or the behavior of tourists during the peak

summer tourism season. Overall, the Haiyang coastal dune was

relatively stable, with weak erosion on the front shore of the dune.

According to the 2022 China Sea Level Bulletin released by the

Ministry of Natural Resources of China, from 1980 to 2022, the rate

of sea level rise along the coast of China was 3.5mm/a. And the
Frontiers in Marine Science 12
Shandong Peninsula has experienced in the process of slow crustal

uplift at a rate of 1~4 mm/a (Zhang, 2004). Therefore, coastal

erosion in this study area is less affected by sea level rise. The beach

sediment in the research area comes from the sediment carried by

the Liugezhuang River and the Yangjiaopan River into the sea.

However, in the past 20 years, the amount of construction land in

the region has increased dramatically, and the amount of soil

entering the sea has decreased, which provides the possibility of

coastal erosion (Ma et al., 2018). Haiyang’s Ten Thousand Meters

dune terrain is open, the coastline is flat and straight, and the coastal

trend is basically vertical to the normal wave direction. Most

coastlines lack protection, and coasts are directly impacted by

waves. After the waves break up in the nearshore surf zone, they

will form strong scouring force, which provides dynamic conditions

for coastal erosion.

According to the field investigation and analysis, the areas with

large changes in coastal dunes were mostly distributed in areas with
FIGURE 17

Difference in DEMs between the two monitoring periods of coastal dunes in 2018.
BA

FIGURE 16

Two monitoring phases of the DEMs for coastal dune sections in April (A) and October (B), 2018.
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strong human disturbance, especially in areas where coastal

aquaculture, artificial island and protruding dikes are located.

Aquaculture along the west coast of Yangjiao Bank mostly

occurred adjacent to the construction of sand dunes. Some

aquaculture facilities occupy the back shore of sand dunes, and

drainage pipes and culverts are exposed on the beach, directly

damaging the beach profile shape and causing changes in the beach

surface boundary and bottom friction, as well as changes in the

beach’s ebb and flow patterns and coastal sediment transport.

Moreover, some aquaculture farms use sand from coastal dunes

for construction. After the construction of Lianli Island, most of the

SSE waves and some of the SSW waves (Wang et al., 2021) were

blocked, a wave shadow area was formed behind Lianli Island, and

the waves diffract when passing through the island, breaking the

dynamic equilibrium of the rear beach and leading to unbalanced

sediment transport. In addition, multiple protruding embankments

are distributed along the east coast of Haiyang Port, dividing the

complete coastal dunes into multiple small sand dunes. The lengths

of the protruding embankments are slightly longer than the length

of the small beach, which not only breaks the original sediment

transport pattern from west to east but also greatly changes the local

water and sediment dynamic environment.

Open coastal sand dunes are prone to natural erosion and are a

common erosion phenomenon in sandy coasts. However, the

coastal sand dune changes that occurred at the Haiyang Ten

Thousand Meters Beach not only disrupted the dynamic balance

with seawater erosion due to the decrease in sediment transport

from rivers entering the sea, but also resulted from unreasonable

human activities that disrupted the beach profile and altered the

regional water and sand dynamic environment, leading to

coastal erosion.
4 Conclusion

(1) We comprehensively utilized LiDAR, GNSS, and RS

technologies to detect changes in the coastal dunes of Haiyang

and conducted a systematic and comprehensive analysis and

evaluation of the morphological evolution of the dunes using

three dimensions: point, line, and surface. Between 2016 and

2018, 68% of the foreshores of the 22 survey profiles of coastal

dunes surveyed by GNSS points were in an eroded state. During

2011-2020, the coastline based on the RS data basically remained

stable, only the estuarine district changed significantly, and the

overall average change rate was 1.32 m/a. The overall morphological

evolution of coastal dunes obtained by LiDAR in 2018 was relatively

stable, but there was a weak erosion trend in the foreshore of the

coastal dunes.

(2) This study used the UAV LiDAR system to carry out full-

coverage monitoring of coastal dunes, quickly obtained high-

precision laser point cloud data, generated DEMs, and conducted

accuracy testing, allowing the monitoring results to be more

intuitive. The ability to meet the needs of coastal dune migration

monitoring has created an effective and rapid technical process for

obtaining and producing DEM data. This is a successful attempt to

apply UAV LiDAR technology in the marine industry, enriching the
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technical system for monitoring the evolution of coastal dune

morphology, and providing a practical path for promoting UAV

LiDAR in island and coastal zone monitoring. With the low cost of

UAV platforms and the continuous maturity and lightweight design

of LiDAR, this technology has enormous development prospects

and application use.

(3) The major reasons for the changes in coastal dunes are the

changes in coastal dynamic processes and coastal sediment

transport caused by human activities in the Haiyang coastal dune

area. The research results can provide precise guidance for

remediating and restoring eroded beaches. It is also

recommended to gradually dismantle the aquaculture near the

west coast of Yangjiao Bank and multiple protruding

embankments on the west side of the Haiyang Nuclear Power

Plant, and implement beach feeding on coastal dunes.
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