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Abstract: Shallow sea underwater topography plays an important role in the development of islands
and reefs. The Qilianyu Islands, located in Xisha, South China Sea, are a key area for the development
and utilization of the South China Sea. Compared with traditional underwater topography detection
methods, synthetic aperture radar (SAR) has the advantages of low cost, short time consumption,
and the large-scale detection of shallow water topography. The GF-3 satellite is the first SAR satellite
launched by China, and its ability to probe shallow sea topography has never been assessed. To
detect the underwater topography of the Qilianyu Islands and test the application of GF-3 SAR
data in shallow sea underwater topography detection, this paper implements the SAR shallow sea
underwater topography detection model, the tidal information corresponding to the imaging time of
the SAR image, and six GF-3 SAR images to detect the underwater topography of the Qilianyu island
and reefs. The detection results have been analyzed from different imaging times, different water
depths and different polarization modes, and the first four SAR images show promising detection
results. The average absolute error (MAE) and average relative error (MRE) of the results are 1.5 m
and 14.33%, respectively, which demonstrates that GF-3 SAR images have an impressive performance
in underwater topography detection of South China Sea island reefs.

Keywords: GF-3; shallow sea underwater topography; synthetic aperture radar (SAR); Qilianyu
Islands; water depth

1. Introduction

The construction of the South China Sea is an important measure to protect the
country’s maritime rights and interests. The Qilianyu Islands are undeveloped islands
in the South China Sea. The distances among the islands are short, and the entire reef
is shallow, making it suitable for reclamation. Underwater topography is an important
environmental parameter that needs to be known for land reclamation projects. Traditional
shallow sea underwater topography detection technology mainly includes the on-site
measurement of ship platforms, using technologies such as sonar or multibeam scanners [1].
However, this type of method can only obtain water depths of a small area, which is time
consuming, labor intensive, and inefficient. For sea areas with very shallow water depths
and harsh environments, it is difficult for ships and surveyors to enter, and they cannot
enter controversial sea areas, which brings great challenges to the detection of shallow sea
underwater topography. With the continuous development of remote sensing technology;,
the use of synthetic aperture radar (SAR) to detect shallow sea underwater topography
has become a research hotspot in recent years. SAR can observe the sea surface all day,
with a high spatial resolution, large coverage, low cost and high time efficiency [2]; these
advantages overcome the shortcomings of traditional detection methods and provide a
new solution for topographic exploration in shallow seas.

In 1987, the Netherlands first implemented research on the “Undersea Topography”
project, using X-band and HH-polarized SAR sensors to verify the relationship between
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the SAR backscatter coefficient and topography [3]. Subsequently, the well-known AH
model laid a theoretical foundation for underwater topography imaging in the shallow
sea [4]. The model uses continuity equations to describe the interaction between underwa-
ter topography and tidal currents, and uses the relaxation time approximation method to
qualitatively describe the topographic features in the SAR image. Vogelazang [5] calculated
the radar backscattering cross section based on the first-order Bragg and integral equation
scattering model, and used the continuity equation to qualitatively explain the modulation
effect of sand waves on the tidal current. Shuchman [6] explained and quantified the rela-
tionship between the SAR signal and the topography of the ocean bottom, and developed
a numerical model of hydrodynamic-electromagnetic waves suitable for SAR imaging
of the bottom topography. The abovementioned theory and model of SAR imaging lays
a theoretical foundation for further detection of shallow sea topography based on SAR
images. Zheng [7] showed that SAR can detect underwater topography when the current
is perpendicular to the topographic features. However, recent satellite observations have
shown that shallow water topography can also appear on SAR images when currents
are parallel to topographic features such as underwater sand ridges, sandbars, or tidal
troughs [8-11]. Zhang [12] used 25 scenes of ASAR and ERS-2 SAR images from 2006 to
2010 to study and count the radar backscatter characteristics of the underwater topography
of the Subei Shoal, and combined the relationship between the Ekman current and tidal
current, finally proposing two possible SAR underwater topography imaging mechanisms
in shallow water. In addition, many scholars have analyzed the optimal radar parameter
conditions for topography simulation imaging [13-15] (Fan, 2008; Huang, 2000; Wang Jing,
2015) and obtained the optimal SAR parameters for topography inversion under shallow
sea conditions. Yang Jungang [16] used five scenes of ERS-2 SAR imagery to analyze the
tidal currents in the shallow sea area of Taiwan and obtained the relationship between
the shallow sea underwater topography and the tidal currents. This study shows that the
tidal field is an important factor in SAR underwater topographic imaging. Yuan Yeli [17]
solved the wavenumber spectrum balance equation and obtained the expression of the
saturation high-frequency spectrum of the sea surface microscale wave. Jin Meibing [18]
established a shallow sea underwater topography SAR image inversion model on the
basis of Yuan Yeli’s research, based on tidal current information and shallow water mo-
tion equations. Wang [19] performed water depth inversion on the Lingdingyang Bay
waterway of the Pearl River Estuary, and the results showed that the water depth in this
area increased by 2 m in 4 years. Bi Xiaolei [20] used a RADARSAT-2 fully polarized SAR
image to study the Taiwan Shoal, and used the polarization whitening filter method to
suppress the coherent speckle of the fully polarized SAR image. The detection accuracy
of the filtered fully polarized information is 8.41%. Bian [21] inverted the water depth of
the sea near the Hainan Province based on the scattering mechanism method. Research
shows that the method based on the scattering mechanism is more suitable for underwater
topography detection than single-polarization SAR data. The research areas in previous
SAR shallow sea underwater topography detections have mainly been offshore shallow
areas. For the remote sensing detection of the island reef topography, the main methods
are analysis models, semianalytical semiempirical models and statistical models based
on optical remote sensing images [22-24]. The detection effect of SAR for the underwater
topography of islands and reefs is still unknown.

Based on the SAR shallow sea topography imaging mechanism and radar backscatter-
ing theory, combined with tidal current information, this paper establishes a SAR shallow
sea underwater topography detection model, and uses GF-3 remote sensing images to
conduct underwater topography detection for the Qilianyu Islands in the South China
Sea. We test the ability of GF-3 SAR image data to be used for underwater topography
detection, and the detection results can provide a data reference for Qilianyu Islands Ocean
Engineering construction.
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2. Materials and Methods
2.1. Underwater Topography SAR Detection Model

Because microwaves cannot directly penetrate seawater, SAR cannot directly obtain
underwater topography information. SAR can identify the topography of the shallow sea
because when the tidal currents pass over the underwater topography, the underwater
topography will modulate the tidal currents, causing convergence or divergence of the
sea surface current. The changed sea surface current interacts with sea surface microscale
waves, and changes the spatial distribution of the sea surface micro-scale waves. Finally, the
changes in the microscale waves on the sea surface will be recorded by the SAR sensor in the
form of backscattered signals to produce an SAR image that characterizes the backscattered
intensity of the sea surface. Therefore, SAR images will contain rich underwater topography
information. The most commonly used SAR underwater topography imaging model is
the AH model proposed by Alpers and Hennings [4]. The theoretical model believes
that the divergence and convergence of the flow field are caused by the difference in sea
surface velocity between deep water and shallow water. When the sea surface roughness
in the divergent zone increases, the Bragg wave amplitude increases, the radar echo signal
increases, and then, the brightness of the corresponding position of the SAR image will
increase. Correspondingly, the reduction in the sea surface roughness in the divergent
zone causes the Bragg wave amplitude to decrease. The radar echo signal weakens, and
the brightness of the corresponding position of the SAR image decreases. Therefore,
the underwater topography information will be presented in the form of bright and dark
stripes on the SAR image. According to previous experiments and studies, SAR underwater
topographic imaging in shallow water is mainly divided into the following three processes:
(1) the interaction between the topography and tidal current under shallow water; (2) the
interaction between tidal current and sea surface microscale waves; and (3) the interaction
between sea surface microscale waves and radar waves. The physical process of imaging is
shown in Figure 1, which is modified from [4].
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Figure 1. Synthetic aperture radar (SAR) mechanism of shallow underwater topography imaging.

The incident angle of SAR to the sea surface is generally between 20° and 70°, which
conforms to the Bragg scattering theory, so it can be used to describe the interaction between
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sea surface microscale waves and incident radar waves. Based on the Bragg scattering
theory, Valenzuela expressed the radar backscattering cross section oy as follows [3]:

0o = 4mr*cos*0]g;(6) p(k, 9) @

In Formula (1), « is the microwave wavenumber, 6§ is the microwave incident angle,
¥(k, @) is the wavenumber spectrum of the sea surface at the microscale, g;;(0) is the
first-order scattering coefficient, ¢ represents the direction of the sea wavenumber k angle,
and the wavenumber mode k satisfies the following resonance conditions:

k = 2x sin6 2)

The first-order scattering coefficient g;;(6) has different expressions for different polar-
ization modes.
For horizontal polarization,

& —1
gHH(0) = : a2 (©)
[cos() + (&r — sin20) / }
For vertical polarization,
er — 1) [e, (1 + sin?6) — sin?6
gVV(9>: ( r )[1’( ) ] (4)

[srcos() + (& — sinZ())l/z} ’
where ¢, is the relative dielectric constant.

In the process of the SAR imaging of shallow sea topography, the microscale waves
that interact with the sea surface flow field are mainly gravitational capillary waves, so the
corresponding interaction can be expressed by the wavenumber spectrum balance equation
of the sea surface microscale waves. Yuan Yeli [17] solved the wavenumber spectrum
balance equation, connected microscale background field with the radar backscattering
cross section, and obtained the expression of the sea surface micro-scale wave saturation
high-frequency spectrum:

2
Y (k) = mfl [m(uc*) —4ok*w ! — S,X/gwl] k4 (5)

where m; and m are the dimensionless constants, c is the sea wave phase velocity, v is the
sea water motion viscosity coefficient, u, is the wind friction velocity, w is the angular
frequency, k is the wavenumber, S, is the residual momentum flux, and Uy is the velocity
component of the flow field. The modulation of the flow field change usually takes

aug 1 2 ou . Ju  Jv .5 0D
S“ﬁﬁ =35 {cos P55 +c05(psmq)<ay + E)x) + sin (Pay} (6)

where u, v are the east and north components of the tidal field velocity, respectively, and ¢
is the sea surface wind direction angle.
Substituting Formulas (5) and (6) into Formula (1) yields:

s

(U] 2

cot*6|g;i(6) lzml_l [m (%)2 — 4vk2w_1} — M(6,k)G(7, ¢) )

where -
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G(u, ¢) = cos Pae + cosgosmgo(ay + ax) + sin goay )
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M(6, k) is a function related to radar parameters such as incident angle and polarization
mode, and G(1, ¢) is a function related to the modulation of large-scale ocean currents on
sea surface microscale waves. Formula (9) reflects the relationship between the gray value
of the SAR image and the change in tidal current caused by topography, which can be used
as the calculation expression of the SAR gray value of the topography simulation.

The topography inversion model for shallow water is composed of tidal current
motion equations, appropriate initial boundary conditions, and SAR image gray value
expressions. The model is described as follows:

ou ou ou _ 00 GCyu

ar Tiax Ty T/0T 85 T (10)

ov v v __df G

ngua +0 8 + fu= gay 0 (11)
% | dhu) | ) _,, (12)

ot ox oy
G(;,G) = COSZ(P?TZ + cos<psinq)<g: + gz) + sinz(pg; (13)

where the initial conditions are u|;—¢, = Uy, v|t=t, = Vo, {|i=t, = 0, and h = Hy, the water
depth at the open boundary is the forced water level, Uy, Vp, and ( are the velocities u and
v of the east and north components of the tidal field at the imaging time t( corresponding
to the SAR image. H is the initial water depth, and C;, is the bottom friction coefficient,
generally taken as a constant. The closed boundary conditions are set to 0 for u, v, {, and h
in the vertical boundary direction.

In the shallow sea underwater topography inversion model, the input Formula (13) is
the gray value of the SAR image, not the backscatter coefficient of the real SAR image, so
it is necessary to convert the backscatter coefficient of the SAR image into gray values in
Formula (13). Here, we show the relationship between the SAR backscatter coefficient and
the SAR image gray value derived by statistical methods [25]:

S
GsArR = S*G(Uo — 0om) + Gm (14)
00
where S and S, are the standard deviations of G and oy, respectively, G,; and oy, are the
mean value of G and 0y, respectively.

2.2. Analysis of Detection Result

In this paper, the mean absolute error (MAE), mean relative error (MRE) and corre-
lation coefficient (R) are used to evaluate the accuracy of underwater topography SAR
detection results, and three evaluation indicators are calculated. The formula is:

" (H—H) (A — A) -

JZHH )2/ (

where H and A are the inverted water depth and the measured water depth, respectively, i
is the ith water depth point, and # is the total number of water depth points.
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2.3. Study Area and Data

Qilianyu Islands are located in the Paracel Islands in the South China Sea at 16°55'-
17°01'N and 112°12/-112°21'E. The area is composed of Zhaoshu Island, Beidao Island,
Zhongdao Island, Nansha Island, Beisha Island, Zhongsha Island, Nanshazhou Island
and nearby reefs and sandbars. The Qilianyu reef plate includes two relatively separate
sections: the Zhaoshudao Island—Xishazhou Island section in the west, the Beidao Island—
Nanshazhou Island section in the east, and the Zhaoshu Door in the middle. The area of
the reef is approximately 25 square kilometers. The sea area near Qilianyu Island and the
reef is relatively shallow, with a maximum depth of no more than 50 m, which belongs
to the range of shallow sea depths detected by SAR. The study area in this paper is the
Zhaoshudao Island—Xishazhou Island section, and the latitude and longitude ranges are
16.56'-17°01'N and 112°11'-112°18’E. The geographic location of the research area is shown
in Figure 2.
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Figure 2. Study area image. (a) The South China Sea map; (b) GF-6 image (UTC 12.March 2020,
downloaded from the National Satellite Ocean Application Service.

The GF-3 satellite is the first synthetic aperture radar (SAR) satellite in China’s high-
score special program. The satellite was launched in August 2016. It is equipped with a
C-band multipolarization SAR with a spatial resolution of 1-500 m and width is 10-650 km,
which assists global and large-scale resource and environmental surveys, but can also be
used for the identification of land and sea targets. The GF-3 satellite is equipped with
12 imaging modes, including the traditional strip imaging mode and scanning imaging
mode, as well as the wave imaging mode and global observation imaging mode applied to
ocean analysis, which is the spaceborne synthetic aperture radar with the most imaging
modes in the world currently. At present, GF-3 data have been used widely in marine mon-
itoring, marine target detection, meteorological monitoring, natural disaster forecasting,
and land resource surveys. GF-3 SAR data can be downloaded from the National Satellite
Ocean Application Service (http:/ /www.nsoas.org.cn/index.html).

This article uses 6 scenes of GF-3 SAR images and the 6 scenes are numbered. The
specific information is shown in Table 1. The scan mode of Image A is Fine Stripmap-I,
and the polarization mode is HH polarization and HV polarization. The scanning mode of
Images B and C are both Fine Stripmap-II, and the polarization modes are VV polarization
and VH polarization, respectively. The SAR image of the study area is shown in Figure 3.

Table 1. Main parameters of the GF-3 satellite.

Image Time (UTC) Polarization = Resolution (m) Mode
A 14 June 2020 10:09 HH, HV 5 Fine Stripmap-I
B 01 July 2020 22:26 VV,VH 10 Fine Stripmap-II

C 04 January 2020 22:32 VV, VH 10 Fine Stripmap-II
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Figure 3. Images of GF-3 in the study area after pretreatment: (a) Image A HH Polarization; (b)
Image A HV Polarization; (c) Image B VV Polarization; (d) Image B VH Polarization; (e) Image C VV

Polarization; (f) Image C VH Polarization.

The measured water depth is derived from the chart data published in July 2009, with
a total of 1157 water depth points, which are kriging interpolation to grid data with a grid
resolution of 0.03" x 0.03'. Resampling and sparse processing are performed on the chart
data points, then the minimum curvature method is used to interpolate the grid data, and
the grid data after the resolution is reduced as the initial water depth.

3. Underwater Topography SAR Detection of Qilianyu Islands

SAR detection of the Qilianyu Islands topography is mainly divided into four parts:
SAR image preprocessing, calculation and analysis of tidal currents corresponding to SAR
imaging time, underwater depth SAR inversion and error analysis of detection results. The
detection calculation process is shown in Figure 4.

GF-3 SAR
Images
Correlation
Pfe‘“:o Ic‘:‘:sﬁ Analysis of Tidal POM
3 s Current Field
SAR Image Simulated SAR
Backscatter Gray Value
Coefficient Eq.(13)
Ulmda%e C_irray Valu; Tidal Current
sedlor fopography Equations and Initial
Detection Conditions
Eq. (14)

]

Underwater
Topography

Figure 4. Flow chart of shallow sea underwater topography detection. The state of the Princeton
Ocean Model (POM) is described in Section 3.2.
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3.1. SAR Image Preprocessing

This article uses L1A level GF-3 data, which require image preprocessing. The GF-3
processing module is used in the PIE-SAR software to sequentially perform multiview
processing, complex conversion intensity, EnLee filtering, geocoding, cropping, and output
backscatter coefficient processing on the SAR image and, finally, generate the appropriate
SAR images for water depth inversion. The preprocessed SAR image of the study area
is shown in Figure 4. After pretreatment, the visual effect is good, and the islands and
reefs in the study area can be clearly displayed in the image. The topography in Image
A is the most obvious, which is mainly because the spatial resolution of Image A is
significantly better than that of the other two scene images. In the cross-polarized images
of the three scenes, there are bands with large brightness values except for the islands.
After analysis, this phenomenon is caused by the breaking of waves. When sea waves
rush from the deep sea to the shallow sea area, deformation and refraction will occur
due to the influence of seabed topography, the waves will break, and the roughness
of the broken waves will be larger, which will produce high brightness value areas on
SAR images. By querying the sea surface wind field data of the ASCAT scatterometer
(https:/ /manati.star.nesdis.noaa.gov/datasets/ ASCATData.php), the wind direction at the
corresponding imaging time of Images A and B is southeast, and the wind direction of Image C
is northeast, which corresponds to the high brightness area caused by the breaking of the waves
in the SAR image. We use the aperiodic denoising method [26] to denoise this area.

3.2. Calculation and Analysis of Tidal currents at Times of SAR Imaging

The tidal currents have a very important influence on the imaging of shallow sea
underwater topography on the SAR. Therefore, for the inversion of shallow sea depth using
SAR images, the tidal currents information corresponding to the SAR imaging time must
first be determined. SAR has the strongest imaging capability for shallow sea topography
when the current flow rate is large and the flow direction is the same or opposite to the
topography gradient direction. This can be used as a condition for judging whether the
SAR image is applicable.

In this paper, the POM (Princeton Ocean Model) is used to calculate the tidal currents
corresponding to the SAR images of the three scenes at different times. The specific
calculation range is 16°~17°N, 111°~113°E, the grid resolution is set to 0.3/, and the four
tidal components are Oy, K1, 5> and M;. The forced water level in the open boundary
condition in the POM is input by the following formula:

(= ZHicos(Uit + 0o — &i) (18)

where, H;, g; (i = 1, 2, 3, and 4) are the amplitude and phase of the partial tides Oy, K1,
Sy and My, respectively; o; is the angular frequency of the four partial tides; and vy; is the
astronomical initial phase angle.

The initial water depth and open boundary conditions are input to the POM to
calculate the tide level {, the east component u and the north component v of the tidal
current at each time. Three characteristic points with more obvious topography are chosen,
namely, point 1 (112°13/50”E, 16°57'52”N), point 2 (112°14'24”E, 17°59'39”N) and point 3
(112°17'8”E, 16°58’46”N). The tidal level changes at this point were recorded 10 h before
and after the imaging time and the tidal current component at the imaging time, as shown
in Figure 5. As seen in the figure, the imaging time of Image A is low tide, the imaging time
of Image B is 4 h after the high tide and 3 h before low tide, which is located in the middle
of high and low tide, and the imaging time of Image C is 3 h after high tide and 4 h before
low tide. The time is also in the middle of high tide and low tides. Through the tide manual,
we find that the tide type of the study area is forward tidal wave [27,28]. By combining the
relationship between high and low tide and diverting flow, the imaging time of Image A is
the low tide time, and the tidal velocity is relatively large; the imaging moments of Images
B and C are at the turning point of high and low tides, and the current is relatively small.
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Figure 6 shows the tidal current vectors of three SAR images at three feature points. The
tidal velocity at the imaging moment of Image A is the largest, that of Image B is the second
largest and that of Image C is the smallest. The tidal current flow direction corresponding
to the imaging moment of Images A and B is close to the topographic gradient direction
at the characteristic point and the tidal current flow direction of Image A is closer to the
topographic gradient direction. Therefore, Images A and B are suitable for shallow sea
underwater topography inversion; the corresponding tidal current direction of Image C is
almost perpendicular to the topographic gradient direction, and the inversion result will
be quite different from the actual topography.
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Figure 5. Change in tide level 10 h before and after imaging at 3 points: (a) Point 1; (b) Point 2; and
(c) Point 3.
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Figure 6. Schematic diagram of the tide flow vector at the feature point.

3.3. Water Depths Inversion

First, the initial water depth and open boundary conditions are substituted into the
POM to calculate the tidal currents corresponding to the imaging time of the six SAR images,
and the underwater topography SAR image is simulated according to the tidal currents
through Formula (13). Then, the simulated image and the real SAR image are statistically
processed to obtain the SAR image used for water depth inversion by Formula (14). Finally,
the initial water depth, initial boundary conditions and the SAR image used for water
depth inversion are input into the tidal current equations to determine the water depth in
the detection area.

4. Results and Discussions
4.1. Results of Topography Detection

Figure 7 is the contour map of the water depth inversion results of 6 GF-3 SAR images.
The entire reef in the western Qilianyu Islands is well displayed, which is consistent with
the bright and dark stripes on the SAR image. The water depth inside the reef is relatively
shallow, ranging from 0-10 m. The area with a water depth of 0-5 m is mainly located
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on the edge of the reef and some small areas in the inner area of the reef, and the area of
5-10 m is mainly located in the inner area of reef. The underwater topography on the reef
is relatively flat and the degree of undulation is small. The water depth at the edge of the
reef drops sharply from 5 to 10 m where the water depth changes very obviously, which
indicates a steep slope. The water depth around the islands and reefs is mainly 10-15 m,
of which there are two deep water areas in the northeast of the islands and reefs and just
south of Zhaoshu Island, and the water depth is greater than 15 m.
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Figure 7. Inversion results by contour map on six images: (a) Image A HH Polarization; (b) Image
A HV Polarization; (c¢) Image B VV Polarization; (d) Image B VH Polarization; (e) Image C VV
Polarization; and (f) Image C VH Polarization.

4.2. Comparison of the Accuracies of Different Imaging Times

Figure 8 is a scatter diagram comparing the detection results of 6 GF-3 SAR images
with the actual water depth. The HH polarization and HV polarization of Image A and the
VV polarization and VH polarization of Image B have a high correlation with the actual
water depth. The correlation between the two polarization detection results of Image C
and the actual water depth is low. The average R of the six scene images is 0.86, and the
average R of the first four scene images is 0.89, which shows that the model can detect
topography. Figure 8 shows that the detection result of the HV polarization of Image A
has the highest accuracy, with MAEs and MREs of 1.45 m and 13.91%, respectively; the
detection result of Image C VV polarization has the lowest accuracy, with MAEs and MREs
of 2.24 m and 21.41%, respectively. The order of accuracy of the inversion results of the
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other four images is Image A HH polarization, Image B VV polarization, Image B VH
polarization, and Image C VH polarization. Among the three images at different imaging
times, Table 2 shows that the average inversion accuracy of Image A is the highest, with an
MRE of 13.92%, followed by Image B, and Image C has the worst inversion accuracy.
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Figure 8. Scatter plots of inversion depth and measured depth of different images: (a) Image A HH
Polarization; (b) Image A HV Polarization; (c) Image B VV Polarization; (d) Image B VH Polarization;
(e) Image C VV Polarization; and (f) Image C VH Polarization. The equation in the picture is the
linear regression equation, and the red solid line is the linear fitting line.

Table 2. Error table of image detection results at different imaging times.

Image MAE (m) MRE (%) R
A 13.92 0.900
B 14.73 0.885
C 20.67 0.805




Remote Sens. 2021, 13,76

12 of 17

The correlation analysis between the inversion results and the tidal current calculation
results shows that the tidal current velocity of Image A is relatively large, and the flow
direction is the closest to the topography gradient direction. Thus, the SAR shallow water
topography inversion accuracy is shown to be the best. The tidal flow velocity of Image B is
smaller than that of Image A, and the flow direction is less consistent with the topography
gradient direction, so the inversion accuracy of Image B is worse than that of Image A.
The MAE and MRE of the two polarization data detection results of Image C are 2.17 m
and 20.67%, respectively. This result is because the flow velocity of the tidal current for
Image C is too small and the flow direction is close to vertical to the topographic gradient
direction. The above analysis shows that only SAR images with high tidal velocities and
flow directions close to topography gradients at corresponding imaging times can be used
for SAR underwater topography detection.

4.3. Comparison of Accuracies at Different Water Depths

Four scenes were selected with reasonable topographic detection (Image A HH polar-
ization and HV polarization, Image B VV polarization and VH polarization), segmented
at 5 m intervals, and the detection capabilities are analyzed at different depths. Because
the water depth of 0-1 m is too shallow, there will be very large abnormal values when
calculating the average relative error. This water depth section will not be analyzed here.
Figure 9 shows that the MAE of the detection results of the four SAR images is distributed
in 0-9 m, but mainly concentrated at 0—4 m. The larger error is caused by the noise points
in the SAR image. The three ranges with the highest error frequencies are 0-1, 1-2 and
2-3 m. The sum of the three frequencies exceeds 90%. The error exists at the high frequency
range of 0-1 m. As the error range increases, the number of points in the error range is
significantly reduced, which also illustrates the reliability of the detection model.
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Figure 9. Histogram of average absolute error distribution of detection results on four images: (a)
Image A HH Polarization; (b) Image A HV Polarization; (c) Image B VV Polarization; and (d) Image
B VH Polarization.
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Figure 10a,b show the MAE and MRE curves of the detection result with water depth,
respectively. Figure 10a shows that the MAE and the water depth are not simply related,
and the curve has multiple peaks. The errors in ranges of 0-10 and 17-20 m are relatively
large, and the error within 10-17 m is relatively small. The error at 14 m is the smallest,
and the error at 20 m is the largest (the error for the Image B VV polarization at 1 m is as
high as 5 m, which is an outlier). Figure 10b shows that the MRE of the detection result
and the water depth are roughly negatively correlated. The error in the range of 1-7 m is
more than 50%. Combined with Figure 10a, the main reason for this phenomenon is that
the water depth itself is too small, when the water depth value is used as the denominator,
the average relative error will be too large. The MRE within 10-20 m is less than 30%, and
the error is the smallest at 14 m. Table 3 shows the accuracy of the detection results at four
different water depths. The MAEs at the four water depths of 1-5, 5-10, 10-15 and 15-20
m are 2.22, 2.50, 1.02 and 1.57 m, respectively, and the MREs are 124%, 35.60%, 8.08% and
9.83%, respectively. The water depth section with the highest detection accuracy is 10-15 m,
followed by 15-20 m, and the detection accuracy of 1-5 m is the worst. Combined with the
topography detection results in Figure 8, 1-5 m is the main water depth on the reef, and
the topographic undulation and reef area are relatively small. It is not easy to recognize
this feature by the SAR images, so the detection result has a large error; the water depth
of 5-10 m is mainly located on the edge of the reef, the topography gradient changes too
sharply, and the detection error is relatively poor. However, the topography gradient at
10-20 m water depth is large and the topography obviously changes, which is conducive
to the detection of topography by SAR.
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Figure 10. Error graph of detection results on four images: (a) mean absolute error (MAE); (b) mean
relative error (MRE).

Table 3. Precision error table of different water depths.

Image A Image B
Depth (m) Error HH HV vV VH Mean Error
Polarization Polarization Polarization Polarization
MAE (m) 2.38 2.30 1.97 2.23 222
1-5 MRE (%) 130 129 110 127 124
MAE (m) 2.38 2.43 2.61 2.59 2.50
5-10 MRE (%) 33.75 3458 37.11 36.95 35.60
10-15 MAE (m) 0.98 1.00 1.06 1.03 1.02
MRE (%) 7.83 7.93 8.49 8.19 8.08
MAE (m) 1.48 1.46 1.68 1.67 1.57
15-20 MRE (%) 9.16 9.16 10.52 10.46 9.83
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4.4. Comparison of Accuracy in Different Polarization Images

Section 1 (112°12'-112°16’E, 16°59'N) and Section 2 (112°13’E, 16°57/13”-16°58'50"N)
are selected in the SAR image as shown by the red solid line in Figure 11. The error analysis
is carried out for the water depth detection results, as shown in Figure 12 and Table 4.
The change trend of the water depth detection results of Image A and Image B at the
two sections is consistent with the actual water depth, but the detection result of Image
C changes drastically compared with the actual water depth. The MRE of the detection
results of the Image B VV polarization in the two sections is the smallest, which is 0.54 m.
By analyzing the detection results of the three SAR images at different imaging moments,
we know that the MRE of the Image B inversion results is the smallest, which is 0.65 m,
followed by Images A and C.
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Figure 12. Cont.
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Figure 12. Detection results of different polarization images along two sections: (a) Image A, Section 1;
(b) Image A, Section 2; (c) Image B, Section 1; (d) Image B, Section 2; (e) Image C, Section 1; (f) Image C,
Section 2.

Table 4. Detection error table along sections depth.

I Section 1 Section 2 Mean Error
mage  Polarizati
8 olanization =y IAE/m MRE/% MAE/m MRE/% MAE/m MRE/%
HH 0.79 26.91 045 9.17
A HY 0.94 3220 0.77 15.63 0.74 20.98
A% 0.60 20.50 0.48 9.77
B VH 0.45 15.55 1.07 21.72 0.65 16.89
A% 3.00 100 2.16 43.66
C VH 213 72.45 255 51.47 246 66.90

The correlation between the different polarization modes and the detection results
is analyzed in the two sections. Figure 12 shows the distribution curves of the detection
water depth along the two sections of the six different polarization images. The error
analysis of the detection results is shown in Table 4. The MAEs of the detection results
of the HH polarization of Image A at Sections 1 and 2 are 0.79 and 0.45 m, respectively,
and the MAEs of HV polarization are 0.94 and 0.77 m, respectively. The accuracy of the
detection result of HH polarization is obviously better than that of the HV polarization. For
the four detection results of Images B and C, the detection accuracy of the VH polarization
at Section 1 is higher than that of the VV polarization, and the detection accuracy of the
VV polarization at Section 2 is higher than that of the VH polarization. However, taking
the average detected value of the two sections, the VV polarization effect in Image B is
reasonable, and the VH polarization effect in Image C is good.

In previous studies, images with different polarization modes have different imaging
capabilities for different topographies. In the case of underwater dune topography, the
imaging capability of single polarization is better than that of cross polarization, and the
radar sea surface of VV polarization has the strongest backscatter and the best signal-to-
noise ratio. This technique is most suitable for the recognition of underwater dune topogra-
phy [14,29]. For trough topography (such as navigation channels), the HH-polarized radar
has the strongest backscattering intensity on the sea surface, and the contrast between
bright and dark stripes in the image is the most obvious. The imaging effect of topography
is significantly better than that of the VV polarization and cross polarization [30]. In this
study, the study area contains island and reef topography, which is different from the
topographic types previously studied, and the obtained conclusions are also different from
those of previous studies.

5. Conclusions

Based on the SAR shallow sea underwater topography inversion model, this paper
uses 6 GF-3 SAR images to carry out research on underwater topography detection in the
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Qilianyu Islands of the South China Sea, and analyzes the relationship between the tidal
field and the underwater topography gradient at the time of SAR image imaging. Studies
have shown that the water depth west of the Qilian Islands is mainly 0-20 m. The water
depth in the reef is shallower (0-10 m), and the water depth around the reef is deeper,
with the deepest part reaching 20 m. The MAE and MRE of the four GF-3 images with
reasonable water depth inversion for the sea surrounding Qilianyu Islands are 1.5 m and
14.33%, respectively, and the detection accuracy is high. Specifically, the MRE of the HV
polarization detection result of Image A is only 13.91%, and the MAE is 1.45 m, which
shows that GF-3 satellite data can be applied effectively to SAR underwater topography
detection. In addition, by analyzing the relationship between the tidal currents and the
topography gradient, it is verified that a larger flow velocity and a flow direction close to
the change direction of the topography gradient are beneficial to the SAR detection of the
shallow water topography. By analyzing the detection capabilities of the detection model
for different water depths in the sea surrounding Qilianyu Islands, we conclude that the
detection ability of topography in the range of 10-15 m is the high, and the topography
detection in the range of 1-5 m is the low, which is related to the gradient of water depth.
In this paper, dual-polarization SAR data are used, and the imaging time of the data is
also different, which makes it difficult to compare the detection ability of SAR images with
different polarization modes (HH, HV, VV, and VH) with the reef topography. Further
studies using fully polarized SAR data will be required.
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