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The northern Jiangsu radial sand ridges are typical geomorphic deposit units distributed
off the Jiangsu coast. A coastal tidal flat typically develops and provides a good habitat for
many migratory birds and benthic organisms. However, topographic surveys of tidal flats
have always been difficult in marine surveys because of the dense tidal creek, poor
accessibility, and difficulty in setting up control points. In this study, we quickly obtained
the point cloud data of the tidal flat near Yangkou Port in the southern part of the radial
sand ridges based on an airborne LiDAR system, an integrated 3D laser scanner and a
positioning and attitude determination system. We analyzed the adaptabilities of multiple
filtering algorithms to tidal flats. In addition, a digital elevation model (DEM) of the tidal flat
was constructed and the accuracy was verified with synchronized beach GPS-RTK
topographic elevation measurements. The results show that the following: (1) Airborne
LiDAR can quickly obtain high precision, high resolution, and a large area of ground point
cloud information for tidal flats, overcoming the shortcomings of traditional measurement
methods. (2) The triangulated irregular network (TIN) filtering effect is better than that of
mathematical morphology and the filtering effect of point cloud normal vector clustering is
mediocre. (3) The DEM of the LiDAR point cloud is in good agreement with RTK and the
average error of the measurement results is 0.108 m. The error accuracy of the DEM
satisfies the surveying specification of a 1:500 topographic map in a flat area, which
proves that the airborne LiDAR system can be suitable for tidal flat elevation
measurement. Nevertheless, it is possible to provide high precision terrain detection
and DEM construction of a tidal flat with the development of airborne infrared and blue-
green laser detection radar.
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INTRODUCTION

Tidal flat refers to a muddy coastal intertidal shallow flat, which is
the transition zone from land to sea and is located between the
mean high tide and mean low tide (Wang and Zhu, 1990; Dyer
et al., 2000). As the most important geomorphic component of
coastal zones, tidal flats are widely distributed in many coastal
zones around the world, including the coast of England, the coast of
Wadden in Northern Europe, the banks of the Amazon in French
Guiana, Gomso Bay in South Korea, and the coast of China
(Mason et al., 1995; Wang, 2002; Ryu et al., 2008; Anthony et al.,
2010; Loon-Steensma and Jantsje, 2015). At the same time, tidal
flats are also the most sensitive land-sea dynamic interaction areas
and have important ecological functions and social and economic
values in protecting coastal areas from storm surges, increasing
potential land resources, supporting biodiversity, and promoting
carbon capture and storage (Murray et al., 2014; Zhang et al., 2017).
However, tidal flats are facing serious threats and unprecedented
challenges due to human activities, such as the construction of
coastal ports and channels, reclamation, and natural factors such as
sea level rise, storm surge, and biological invasion. Therefore, the
observation of regular topographic changes in tidal flats is critical
for coastal protection and sustainable development.

The scale of tidal flats is large in China, ranging from Liaoning in
the north to Guangxi in the south, with a total tidal flat coastline
length of 4000 km. In particular, the largest and widest tidal flat is
distributed in the Jiangsu Province (Wang and Zhu, 1990; Xu et al.,
2012). The northern Jiangsu radial sand ridges are typical
geomorphic sedimentary units distributed off the coast of Jiangsu
Province in China (Wang, 2002). Historically, the Yellow River
delivered large amounts of sediment into the South Yellow Sea,
especially in 1128-1855 AD, and the tidal flats of the radial sand
ridges advanced seaward and formed the largest and most typical
muddy coastal tidal flat in China, providing a favorable habitat for
many migratory birds and benthic organisms (Zhang, 1984; Liu
et al., 2013; Xu et al., 2018; Zhao et al., 2020). In recent decades, the
topography of the coastal tidal flat in the radial sand ridges has
changed significantly under the influence of sea level rise, global
climate change, and human activities. However, the topographic
surveys of the tidal flat in the radial sand ridges have always been
difficult because of the tidal creek density, poor accessibility in data,
and difficulty in setting up control points. At present, the main
methods of topographic surveys for the silty tidal flat of the
northern Jiangsu radial sand ridges are manual field surveys and
remote sensing (Liu et al., 2004; Chen et al., 2010; Gong et al., 2014;
Ding et al., 2014; Wang et al., 2018). However, field surveys are
restricted because of low efficiency, high cost, limited measurement
area of the tidal flat, and inadequate spatiotemporal coverage,
although high precision can be obtained. Remote sensing
methods for terrain monitoring mainly include the water
boundary method and remote sensing water content method (Liu
et al., 2012; Li and Gong, 2016; Kang et al., 2017; Li et al., 2018).
Although large-scale monitoring can be obtained, there is a
horizontal offset error in the calculation of shoreline spatial
positioning, resulting in inaccuracy, which, in turn, cannot be
used for large-scale mapping of a tidal flat. Oblique photography
has a long data processing cycle and difficult image matching
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technology because of the limited number of image control points
that can be arranged, the large amount of field work, and the
monotonous texture information of a tidal flat. Airborne LiDAR
measurement technology is an effective and innovative technology
that integrates laser ranging technology, GPS differential technology,
and inertial measurement unit (IMU) technology. As an active
remote sensing technology, LiDAR is not limited by time and
climate conditions, can provide all-weather observations of the
Earth, and can quickly obtain high accuracy, high resolution
digital terrain models, and three-dimensional coordinates of
ground objects. In addition, LiDAR can also obtain the physical
characteristics of the Earth’s surface, which cannot be accomplished
using passive optical remote sensing. It provides a brand-new
technical means for obtaining 3D geographic space information
of a coastal zone with high accuracy, which has been widely applied
for geological disasters, forests, agriculture, and glaciers (Krabill
et al., 2000; Brock and Purkis, 2009; Zhao et al., 2018). Airborne
LiDAR is currently the most accurate sensor technology and has a
rapidly increasing application in intertidal zones. In recent years,
airborne and unmanned aerial vehicle (UAV) platforms have been
used in sandy coastal topography, coastal erosion, and marine
mapping (Walker et al., 2013; David et al., 2015; Houser et al.,
2015). At the same time, it is an efficient method to generate DEM
(such unique, wide, gently sloping of tidal flat) in a short time.
However, LiDAR technology is rarely used for topographic survey
studies of muddy coastal tidal flats due to their gentle slope and
shallow water.

In this study, we analyze the adaptability of multiple filtering
algorithms in the tidal flat by implementing different filtering
algorithms and interpolation algorithms. At the same time,
constructing a digital elevation model (DEM) of a tidal flat and
the verifying accuracy with synchronized beach GPS-RTK
topographic elevation measurements. Our specific objectives were
(1) toobtainoriginal airborneLiDARpoint clouddata and establish
key technologies for generating a DEM of a tidal flat; (2) to discuss
the adaptive range of the respective filtering algorithms of those
technologies and analyze their advantages and disadvantages by
implementing several mainstream filtering algorithms; and (3) to
evaluate the influences of different data interpolation methods on
DEM accuracy and compare their interpolation efficiency based on
the results of the tidal flat control points.
MATERIALS AND METHODS

Study Area
The northern Jiangsu radial sand ridges (NJRSRs) are located
between the Sheyang River estuary and the Yangtze River estuary
and cover an area of more than 200 km in length and 140 km in
width, with a total area of 22,470 km2 (Wang, 2012). The NJRSRs
consist of more than 70 sand ridges and tidal channels ranging
up to approximately 25 m in depth, with various dimensions
radially centered on the coastal city of Jianggang. The current
convergence and divergence between the radial sand ridges are
affected by waves and regular semidiurnal tides (Xing et al.,
2012). The sediment of the ridge system is composed of silt with
median grain sizes ranging from 8~63 mm (Wang and Ke, 1997).
May 2022 | Volume 9 | Article 871156
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Rudong County is located in the central part of the coast of
the NJRSRs, with a total coastline length of 102.59 km (muddy
coast), and a sea area of approximately 4758 km2 of which the
tidal flat area is more than 60 km2, accounting for 1/9 of the total
tidal flat area of Jiangsu Province (Jin, 2018). In the offshore sea,
sandbanks are scattered and alternate with waterways; there are
the Jiangjiasha, Zhugensha, Taiyangsha, Huoxingsha channels
and other sand ridges outside the northern coastline, and the
Yaosha, Lengjiasha, Lanshayang, and Huangshayang channels
are connected to the eastern coastline with good water depth and
navigable conditions. The water depth in the offshore intertidal
zone is shallow and the sediment grain size components are
primarily composed of sand, silt, and clay, with an average grain
size of 50.77~171.72 mm, and surface sediments are frequently
affected by tidal currents (Huang et al., 2020). According to a
2005 and a 2015 comparative analysis of the measured
topographic data of the intertidal tidal flats, the elevation
distribution range of this area is between -6.5~1.9 m (1985
National elevation standard), and the net sedimentation
volume is 3×106 m3. The most obvious changes in erosion and
deposition are concentrated between the ±1 m isobaths,
accounting for 72.8% of the area of the survey area (Gu, 2018).

The monitoring area in this study is located on the muddy
coast near Yangkou Port in Rudong County, Jiangsu Province
(Figure 1). The impact of the tidal wave system formed after the
confluence of the reflected tidal waves propagated from the
Shandong Peninsula has formed a reciprocating current that
converges and diverges with Jiang Port as the center (Zhu and
Yan, 1998). Under the dynamics of convergent and divergent tidal
currents, silty coastal tidal flats are typically developed. The tidal
flat has a gentle slope and a large area, with an average width of 6.5
km of the tidal flat, especially in the Tiaozi mud tidal flat, which
can reach 14 km. The tides are regular semidiurnal tides with an
average tidal range of 2.5 m-4 m, and the measured maximum
tidal range was 9.28 m (the largest tidal range recorded in coastal
areas in China) in the Huangshayang channel (Ye et al., 1986). In
addition, the Yangkou Port is the only port area in Nantong that
Frontiers in Marine Science | www.frontiersin.org 3
has the prospect of a 200,000-ton berth construction with wide
tidal flat resources and abundant land resources. In recent years,
there has been frequent commercialization the Yangkou Port area,
including fisheries and aquaculture, port industry, and maritime
transportation. The monitoring area in this study is 10.5 km2, near
the Yangkou Port Lingang Industrial Park and the Yellow Sea
Bridge (Figure 1).

LiDAR Monitoring System
The airborne LiDAR measurement site is located in the Lingang
Industrial Park and its outer intertidal zone in Rudong County. The
coastline of the measurement area is an artificial coastline,
approximately 4 km long. The measurement range is approximately
2 km from the seawall to the sea, with an area of approximately 10.5
km2 (Figure 1). Since themonitoring area is in the intertidal zone, it is
submergedathigh tide andexposedat low tide.Therefore,we chose to
perform airborne LiDAR topographic surveys at low tides.

In this study, a light aircraft equipped with a laser scanning
systemwas selected toobtain theoriginal point clouddata.A total of
16 survey lines were laid out and the numbers of the survey lines
were fromL1 toL16 (Figure 2). The azimuthof the survey lines was
determined to be near northwest to southeast and the flight
direction angle was 33°~213°. At the same time, a GPS base
station was set up in the survey area and its adjacent land area for
synchronous observation to realizedynamicDGPSphasedifference
measurement and positioning. In addition, the 29 tidal flat survey
points of tidal flat were measured based on GPS-RTK technology
(Figure2).The airborne laser scanning systemselected for system is
a Leica ALS70-HP Airborne LiDAR equipment, which mainly
includes a LS70 laser scanner, SC70 control system box, RCD30
aerial camera, SPAN inertial navigation system, OC62 operation
terminal, and other main components. The maximum scanning
frequency is 200 Hz, the maximum pulse frequency is 500 kHz, the
scanning angle is 45° or 60°, the maximum flight altitude is 3500 m
and theminimum flight altitude is 200m. After iterative processing
of the calibrationfield point cloud result data, themean square error
of the checkpoint was less than 5 cm. The result system adopted
FIGURE 1 | The map of study area.
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WGS-84 and the elevation system adopted geodetic height system.
The specific main technical parameters are shown in Table 1.

Ground Elevation Data Collection
To match the requirements of on-site measurement of tidal flats
compared to assist aerial platform triangulation, a ground survey
was carried out at the same time as theflight survey. TOPCONRTK
(Hiper SR) was used in this study for the ground elevation survey.
RTK is a measurement technology widely used in recent years
because of its use of satellite positioning and the measurement
accuracy of observation points is relatively higher, which is more
convenient and rapid in tidal flats. The ground survey points were
evenly arranged at an interval of approximately 300 m (Figure 2).
Frontiers in Marine Science | www.frontiersin.org 4
The output result of the RTK elevation survey is in the data under
theWGS 84 coordinate system and the elevation datum is the 1985
national elevation datum.

Measurement Methods of the Airborne
LiDAR System
An airborne LiDAR laser scanning system integrates an optical
mechanical scanner, laser rangefinder, differential GPS (DGPS)
receiver, imaging equipment, inertial navigation system (INS), and
a central control unit. An aircraft is used as the carrier to obtain
three-dimensional coordinates on the ground to generate ground
DEM products. An Airborne LiDAR system uses a laser scanning
rangefinder emitted from the transmitter to the target, which is
TABLE 1 | Main technical parameters of Airborne LiDAR scanning system.

Laser scanner LS70 INS SPAN

Maximum flying altitude 3500m System Product Name SPANOEM638
Minimum flying altitude 200m IMU sampling frequency 200Hz
Maximum pulsing frequency 500kHz IMU drift error 0.1°/h
Field angle 75 GPS GPS Receiver
Scanning mode Sine waves, triangles, parallel lines Erro 5~30cm
Maximum sweep frequency 200Hz Velocity 0.005m/s
Number of echo unlimited times Roll, Pitch 0.0025°
Storage 800GB SSD Heading 0.005°
May 2022 | Volume 9 |
FIGURE 2 | The Monitoring area and GPS-RTK station.
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reflected back to the receiver by the target. There is a certain time
difference during this period. Bymeasuring the time difference, the
rangefinder can accurately calculate the distance between the target
and the launch center. The INS will measure the aircraft heading
angle, roll angle, tilt angle, and other parameters during flight. In
addition, the GPS system locates the position of the aircraft in real
time and accurately calculates the specific coordinate information
of the three-dimensional position of the laser point. The system
principle is shown in Figure 3.

Assuming a vector in three-dimensional space, the starting point
coordinates O (X0, Y0, Z0) can be measured, the radial path S from
this point to a certain point Pi (Xi, Yi, Zi) on the ground is calculated,
and the coordinates of point P can be determined through the joint
vector calculation of the O coordinates. By accurately obtaining the
position of the aircraft platformusingGPSorDGPS, the coordinates
of the projection center (X0, Y0, Z0) can be determined. Then, a high
precision attitude measurement INS is used to obtain the main
optical axis attitude data (a, w, k) at the projection center, and the
angle q between the observation direction and the normal is
calculated. The three-dimensional coordinates of any specific
point P on the ground can be determined (Sun et al., 2017).

Xi = f1 X0,  Y0,  Z0,  a,  w,  k,  S,  qð Þ
Yi = f2 X0,  Y0,  Z0,  a,  w,  k,  S,  qð Þ
Zi = f3 X0,  Y0,  Z0,  a,  w,  k,  S,  qð Þ

8>><
>>:

(1)
Key Technologies of Point Cloud
Data Processing
Airborne LiDAR data processing includes data preprocessing
and postprocessing. Data preprocessing refers to solving the
precise trajectory based on DGPS base station data and GPS
Frontiers in Marine Science | www.frontiersin.org 5
and inertial navigation data, and finally generating the original
laser point cloud data with the original laser scanning record.
Data postprocessing is based on the original point cloud data,
performing gross error elimination (including histogram
analysis, outlier analysis, shaded relief map and profile map),
data filtering (mathematical morphology, irregular triangulation,
and point cloud normal vector) and human editors (including
shaded relief map, profile map and aerial image). In addition,
inverse distance weighted, kriging, and nature neighbor
interpolation algorithm were selected to interpolate the filtered
ground points and finally generating a DEM and other surveying
and mapping products. The technical process of Airborne
LiDAR data processing is shown in Figure 4.

To obtain the ground information of the laser point cloud
more accurately, it is necessary to separate the ground points and
nonground points from the point cloud data to retain the real
ground point cloud and filter the ground object information and
noise extracted from the point cloud (Brzank and Heipke, 2006).
At present, the filtering methods of Airborne LiDAR point cloud
data include filtering methods based on mathematical
morphology (Sui et al., 2010), triangulation progressive
encryption methods (Li et al., 2009), filtering algorithms based
on slope, and filtering methods based on moving windows
(Zhang, 2007). In this paper, a mathematical morphology
filtering algorithm, triangulation iterative filtering algorithm,
and point cloud vector clustering filtering algorithm are
implemented to process relevant data in order to discuss the
adaptability of several methods to intertidal tidal flats.

The mathematical morphology filtering algorithm includes
basic algorithms such as the expansion operation, corrosion
operation, opening operation, and closing operation and
analyzes raster data by calculating the maximum, minimum,
and average values of the data in the window (Chen, 2014). There
are differences between point cloud data processing and image
FIGURE 3 | Schematic diagram of airborne LiDAR system.
May 2022 | Volume 9 | Article 871156
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processing and the emphasis of morphological calculation is
elevation rather than pixels. The irregular triangular net filtering
algorithm assumes that the selected local area has a relatively flat
terrain and the lowest point can be selected to replace the initial
seed point in the grid. Then, a sparse triangulation network is
constructed to comprehensively judge each point through the
triangulation network. A schematic diagram of the triangulation
filter is shown in Figure 5A.

The irregular triangulation filtering method was formally
proposed by Axelsson in the late 20th century (Axelsson,
2000). A point to be determined is represented by P and d
represents the distance between the P and the projection surface.
The angles between P and the vertices of the projection triangle
(V1, V2, V3) are a, b, and c, and then determine the relationship
between d, a, b, and c and a set threshold can be determined. If
the result is within the threshold, P will be recognized as a
ground point and TIN iteration will continue unless no new
ground points are added (Figure 5B).
Frontiers in Marine Science | www.frontiersin.org 6
Where V1, V2, and V3 represent the vertices of the triangle,
respectively. In the same plane, the expressions are as follows:

Ax + By + Cz + D = 0 (2)

where d represents the distance from P to the plane:

d =
Axp + Byp + Czp + Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 + B2 + C2
p

����
���� (3)

S represents the distance from P to the three vertices V1, V2, and
V3 of the triangle:

SViP =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XVi

− Xp

� �2+ YVi
− Yp

� �2+ ZVi
− Zp

� �2q
, i = 1, 2, 3 (4)

and a represents the repetition angle:

a = arcsin
d

SViP
(5)
FIGURE 4 | The flow chart of airborne LiDAR data processing.
A B

FIGURE 5 | (A) Schematic diagram of mathematical morphological filtering; (B) principle diagram of triangulation filter.
May 2022 | Volume 9 | Article 871156
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In addition, a filtering algorithm of point cloud normal vector
clustering was also used in this study. The upper and top surfaces
of artificial ground objects such as bridges and roofs are relatively
horizontal with gentle slopes and most of them are composed of
several planes. The normal vectors of point clouds have similar
characteristics and the normal vectors of any point are mostly
distributed in one or more directions with strong regularity. The
feature of a normal vector is affected by the spatial distribution of
its neighborhood points. A normal vector is an important
geometric characteristic in the point cloud data which can
represent the trend of surface changes to a certain extent. With
the fluctuation of the surface, the normal vector also changes
accordingly. The basic method of point cloud normal vector
clustering filtering is to select a seed point from the point cloud
data and judge whether it meets the preset judgment standard by
calculating the normal vector angle between the seed point and
an adjacent point. If the neighboring points meet the criteria,
they will belong to an area homogenous with the seed point until
no new similar feature points are added in the neighborhood, so
as to complete the segmentation of the ground feature point
cloud and ground point cloud (Sun et al., 2019).

After the LiDAR data are filtered, there will be data holes in
the ground point data. Thus, a data interpolation method can be
used to eliminate data holes caused by filtering. The interpolation
method is based on the continuous smoothness of the original
terrain undulations and it is possible to interpolate the elevation
of the neighboring data points to obtain the elevation of a
pending point. We further discuss the practical application of
three data interpolation methods: inverse distance weighting,
kriging, and natural adjacent points in tidal flats.
RESULTS AND DISCUSSION

In May 2019, airborne LiDAR measurements were carried out in
the study area and measurements of 10.5 km2 were obtained. The
survey area covered approximately 1,650 m of coastline,
extending approximately 1,500 m to land and 2,400 m to sea.
A total of 2220.146 thousand point cloud data were obtained
from aircraft scanning, with a density of 1.679 points/m2, a
Frontiers in Marine Science | www.frontiersin.org 7
maximum elevation value of 805.450 m, a minimum elevation
value of -10.478 m, an average elevation value of 10.603 m, and
an elevation standard deviation of 1.655 m (Figure 6).

Gross Error Processing
When airborne LiDAR obtains point cloud data, it is highly
random and vulnerable to interference from external factors and
the scattering and diffraction of laser pulses. A considerable
number of noise points (including high points, low points, and
outliers) will inevitably appear (Wang, 2011; Zhang et al., 2012),
which will affect the accuracy of the data and the construction of
the DEM. The point cloud data need to be preprocessed before
filtering and classification to eliminate noise points.

In this experiment, data interpolation was performed on the
original point cloud data of the study region and to generate the
point cloud shading map of the study area. However, it is difficult
to eliminate noise points in the tidal flat area with this method.
Gross error processing of outlier analysis uses Terrasolid
software to eliminate the noise of the original point cloud data.
The principle of this algorithm compares the elevation value of a
point (the center point) with the elevation value of each point
within a given distance. If the center point is significantly lower
than the other points, the point will be separated. The set
parameter excludes points within 5 m from the points that are
lower than the general ground height of 0.5 m. The set
parameters exclude points at a radius of 5 m and a high-level
error greater than 5 times the standard deviation. The set
parameter excludes points within 5m from the point 0.5m
below the general ground height, and the radius of parameter
elimination is the point with high error greater than 5 times
standard deviation within 5m.

According to the profile of the original point cloud data of the
study area (Figure 7A), it can be found that there is no special
regularity in the distribution of gross error points and the
number of points around gross error points is relatively small.
After analysis, the elevation range of extremely high points is
between 168.060 and 805.450 m, and the range of the extremely
low points is between -10.478 and 9 m (Figure 7B), which
provides a certain reference for establishing the histogram gross
error analysis threshold.
FIGURE 6 | The results of point cloud data.
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The abscissa of the point cloud elevation histogram represents
the elevation value of the point cloud and the ordinate represents
the frequency of occurrence of the elevation value. The number
of points with a statistical elevation value less than 8.6 m or
greater than 35 m is extremely small and the frequency of
normalized elevation values within this range is less than 15 m.
Therefore, 35 m is taken as the high point threshold and
elevation values greater than this value are eliminated; 8.6 m is
taken as the low point threshold and elevation values lower than
this value are eliminated. The eliminated gross error points are
superimposed with the remote sensing image to further clearly
and intuitively analyze the source and distribution of gross
error points.

In this experiment, a total of 538 gross error points were
eliminated through the outlier analysis, point cloud profile, and
elevation statistical histogram, including 354 extremely low points
and 184 extremely high points (Figure 8). The elevation values of
the extremely low points are -10.48~1.47 m and the average
elevation value is -2.53 m. The elevation values of the extremely
high points are between 36.32 m and 805.45 m and the average
elevation value is 92.32m. The extremely low points in the survey
area are concentrated and distributed in strips on the east and west
sides of the Yellow Sea Bridge and these points do not belong to
the surface points, as most of them come from systematic errors.
These extremely low points are significantly lower than the tidal
flat points because the emitted laser pulses are reflected back to the
Frontiers in Marine Science | www.frontiersin.org 8
receiving device multiple times by the tidal flat surface. However,
the number of extremely high points in the survey area is small
and the distribution is disorderly and without obvious regularity.
A

B

FIGURE 7 | (A) the original point cloud data profile; (B) the original point cloud data elevation statistical histogram.
FIGURE 8 | (A) The removed gross error points; (B) The denoised point
cloud data.
May 2022 | Volume 9 | Article 871156
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In addition, the extremely high points are not ground points and
usually come from aerial objects such as birds and low-altitude
aircraft. Consequently, there is an obvious height difference
between the gross error points, the tidal flat terrain, bridges, and
other ground objects. The gross error points can be effectively
eliminated through the statistical histogram of the point cloud
elevation. The point cloud data, after the gross error is eliminated,
is further processed through a specific filtering algorithm.

Filtering Processing
The three filtering methods proposed above are used to perform
filtering experiments on the point cloud data after eliminating
the gross errors points. The ground points obtained through
mathematical morphology filtering, irregular grid TIN filtering,
and point cloud normal vector filtering are shown in Figure 9.

On this basis, the laser footprint error rate specified by ISPRS
is used as an evaluation criterion and it is combined with the
actual situation divided into three types of errors to qualitatively
evaluate the filtering effect of the three filtering algorithms, e.g.,
type I error (a ground point error is classified as a nonground
point error), type II error (a nonground point is regarded as a
Frontiers in Marine Science | www.frontiersin.org 9
ground point error), and total error (Hu et al., 2015). The specific
calculation formula is shown in Table 2, where ‘a’ represents the
number of ground points correctly classified, ‘b’ represents the
number of ground points that are incorrectly divided into
nonground points, ‘c’ represents the number of nonground
points incorrectly divided into ground points, ‘d’ represents the
number of nonground points correctly classified, and ‘n’
represents the total number of laser points.

Artificial classification was carried out according to the point
cloud profile of the study area and aerial photography assisted
interpretation, and after filtering by the three algorithms, the
type I error, type II error, and total error were calculated
respectively (Table 3) since there are no standard reference
point cloud data in the study area. The purpose of filtering is
to restore the real terrain and the number of nonground points
and after filtering, the number should be reduced, e.g., the type II
error should be minimized.

The type I error of the mathematical morphology filtering
method is 0.19%, which is higher than that of the other two
algorithms. This kind of error is mostly concentrated on the
edges of buildings such as pipe racks and bridges and has
TABLE 2 | Error calculation formula.

Filtered point cloud dataReference data

Number of ground points Number of non-ground points error

Number of ground points a b e=a+b b/e × 100% (Type I)
Number of non-ground points c d f=c+d c/f × 100% (Type II)
Total m=e+f (b+c)/n × 100% (Total)
May 2022 | Vol
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FIGURE 9 | The results of Mathematical morphology filtering (ground points) (A); Irregular Triangulation filtering (B); Point cloud normal vector filtering (C).
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relatively obvious terrain fluctuation and results in
misclassification. The design principle of the algorithm in this
paper is to classify ground points as ground object points as
much as possible, so some ground points will be misclassified
into ground object points, but such misclassified points have
little influence on the subsequent interpolated DEM data in the
later period. The key to this algorithm is the setting of the
window size. However, there are relatively few ground objects in
the tidal flat, so a large number of ground points can be saved
and most ground points can be eliminated under the premise of
setting an appropriate window size. The data organization form
of this algorithm is a regular grid, which reduces the accuracy of
the original data and increases the difficulty of filtering.

The type II error and total error distributions of the point
cloud normal vector clustering filtering method are 3.98% and
0.32%, respectively, and the filtering effect is relatively poor,
which indicates that the algorithm’s ability to filter ground
objects needs further improvement. The principle of the
algorithm is that the normal vector of the point cloud is
similar to that of a ground point cloud with a flat roof surface
or small curved surface, but the normal vector characteristic of a
point depends on the spatial distribution of the surrounding
points. For the point cloud data at the boundary of buildings with
complex top structures and tall buildings, the algorithm cannot
completely filter out the ground objects, and the filtering effect
will be especially poor at relatively low point cloud densities. A
small part of the tidal flats was flooded around the bridge and the
laser points were lost. Thus, the point cloud density is low and
the filtering effect is general. In addition, the filtering accuracy of
the algorithm is also affected by the determination of
neighborhood point sets. The point cloud data of the study
area include ground objects with relatively complex top
structures, such as pipe racks and electric towers. The point
cloud density in some tidal flats is low and lacks prior knowledge
of filtering, so the algorithm has certain limitations in tidal flats,
resulting in high numbers of type II error and total errors.

The type II error and total error of the irregular triangulation
filter method are relatively low, 2.84% and 0.18%, respectively.
Under the premise of an appropriate threshold setting, the
filtering ability for complex buildings and their surrounding
microfeatures is slightly better than that of other two
algorithms. The advantage of this algorithm is that the original
point cloud data will not be lost and the terrain information can
be better preserved. The disadvantage of this algorithm is that it
must have prior knowledge of the largest building size and slope
in the survey area. If the initial ground point selection effect is not
satisfactory, the filtering accuracy will be greatly reduced. In
addition, the algorithm needs to be continuously encrypted,
which requires a long processing time. The filtering results of
Frontiers in Marine Science | www.frontiersin.org 10
the irregular triangulation network filtering algorithm show that
the removal effect of this method on different ground objects is
considerable (Figure 6). Buildings (houses and oil tanks) with
large areas and simple structures are well removed. In addition,
the higher vegetation (mainly located on both sides of a road) is
better filtered because it changes significantly compared to the
surrounding terrain. Consequently, the algorithm can better
separate obvious ground features.

Construction and Accuracy Verification of
the Tidal Flat 3D DEM
After denoising and filtering out the generated laser point cloud
data, inverse distance weighted interpolation, kriging
interpolation, and the natural neighbor interpolation method
based on ArcGIS 10.3 software was used to interpolate the real
ground point cloud data of the tidal flat to generate a tidal flat
DEM (Figure 10). At the same time, five vertical coastal sections
were established and the topographic profile was measured using
GPS-RTK while the airborne LiDAR system collected the muddy
coastal topographic data. The accuracy of the DEM results
generated by the airborne LiDAR point cloud is verified based
on the synchronized GPS-RTK elevation data (Table 4). The
section extracted from the point cloud generation DEM obtained
using LiDAR is in good agreement with the section point data
measured using RTK and shows a consistent trend of change.
However, there are large errors in individual points mainly due
to the high humidity on the tidal flat or the presence of water.
The laser cannot penetrate the water, which has an impact on
the accuracy.

Through the analysis of the experimental results of the above
three data interpolation methods, the filtered tidal flat point
cloud data has no gross error points and no abnormal elevation
values. The DEM shading effect map generated by the three
interpolation methods of inverse distance weighting, kriging, and
natural adjacent points has similar results: good smoothness,
strong continuity, and has good interpolation results for the area
with missing data. Consequently, the mean square error of DEM
elevation processed by inverse distance weighting, natural
adjacent points, and Kriging interpolation are 0.112 m, 0.106
m and 0.105 m, respectively, by using two measurement methods
to subtract the obtained elevation values (Table 4). The average
value of the error in the elevation is 0.108 m and the accuracy of
the error in the elevation meets the 1:500 topographic map
measurement specification for flat areas, indicating that the
airborne LiDAR system can be suitable for tidal flat elevation
measurement at low tide levels. In addition, the interpolation
accuracy of natural adjacent points is equivalent to that of
Kriging interpolation in terms of the accuracy of tidal flat
DEM, which is higher than that of inverse distance weighted
TABLE 3 | Accuracy analysis of filtering results.

Study area Type I (%) Type II (%) Total error (%)

Mathematical morphological filtering 0.19 3.28 0.23
Point cloud normal vector filtering 0.12 3.98 0.32
TIN filtering 0.16 2.84 0.18
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interpolation, but the kriging method has the lowest processing
efficiency and takes too long. Therefore, considering the factors
of processing efficiency and accuracy, it is recommended to use
natural adjacent points for interpolation in the production of
tidal flat DEM.
CONCLUSION

In this paper, the LiDAR point cloud data were collected in the
Yangkou Port area of Rudong County in Jiangsu Province and
the key technology of airborne LiDAR point cloud data
postprocessing of typical intertidal tidal flats in Jiangsu were
discussed. The airborne LiDAR point cloud data process was
designed to quickly generate a high precision tidal flat DEM. The
Frontiers in Marine Science | www.frontiersin.org 11
accuracy of tidal flat check points measured in the field was
verified using GPS-RTK technology. The results show
the following:

1. Airborne LiDAR, as an active remote sensing technology, can
quickly obtain high precision, high resolution, and a large
area of the ground object parameter information, providing
new technical means for the high precision and fast
acquisition of three-dimensional tidal flat geographic space
information, overcoming the shortcomings of traditional
measurement methods.

2. In the process of filtering, mathematical morphology,
irregular grid TIN, and point cloud normal vector
clustering have better filtering effects for most flat and
sparse tidal flats. In general, the TIN filtering effect is
TABLE 4 | The accuracy evaluation of DEM.

Number GPS-RTK measurement IDW Error NAPI Error Kriging Error

x y z DEM Dz DEM Dz DEM Dz

1 121.317 32.454 11.567 11.642 -0.075 11.642 -0.075 11.638 -0.071
2 121.320 32.452 11.426 11.445 -0.019 11.451 -0.025 11.434 -0.008
3 121.323 32.451 11.360 11.282 0.078 11.283 0.076 11.263 0.097
…

10 121.321 32.458 10.855 10.914 -0.059 10.907 -0.052 10.923 -0.068
11 121.324 32.457 10.967 10.966 0.001 10.966 0.001 10.970 -0.003
…

28 121.334 32.462 10.140 10.003 0.137 10.009 0.132 9.971 0.169
29 121.337 32.460 9.993 9.831 0.162 9.841 0.152 9.806 0.187
Error 0.112 0.106 0.105
May 2022 | V
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FIGURE 10 | DEM shading map of tidal flat. (A) Inverse distance interpolation; (B) Kriging interpolation; and (C) Natural neighborhood interpolation.
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better, followed by mathematical morphology, and the point
cloud vector clustering filtering effect is general. If we have a
priori knowledge of the topography and features in the survey
area, the filtering accuracy will be greatly improved;

3. Based on an airborne LiDAR system with an integrated 3D
laser scanner, positioning and attitude system, tidal flat
point cloud data can be quickly acquired, a DEM generated,
and its accuracy verified with synchronized tidal flat GPS-
RTK terrain elevation measurements. The section extracted
from the point cloud-generated DEM obtained using
LiDAR is in good agreement with the section point data
measured by RTK, which shows a consistent change trend.
The average error of the measurement results is 0.108 m,
and the accuracy of the errors in the elevation meets the
1:500 topographic map measurement specifications for
tidal flat. The expected results have been achieved, which
further shows that an airborne LiDAR system can be well
adapted to the needs of tidal flat elevation measurement at
low tide levels.

4. The LiDAR measurements have null values in tidal flat
ponding, which will affect the accuracy of the tidal flat
topography. The development of airborne infrared and
blue-green laser detection radars provide the possibility for
high precision terrain detection and DEM construction in the
water areas of a tidal flat.
Frontiers in Marine Science | www.frontiersin.org 12
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