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Abstract: Accurate bathymetric and topographical information is crucial for coastal and marine ap-
plications. In the past decades, owing to its low cost and high efficiency, satellite-derived bathymetry
has been widely used to estimate the depth of shallow water in coastal areas. However, insuffi-
cient spectral bands and availability of in situ water depths limit the application of satellite-derived
bathymetry. Currently, the investigation about the bathymetric potential of hyperspectral imaging is
relatively insufficient based on datasets of the Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2). In
this study, Zhuhai-1 hyperspectral images and ICESat-2 datasets were utilized to perform nearshore
bathymetry and explore the bathymetric capability by selecting different bands based on classical
empirical models (the band ratio model and the linear band model). Furthermore, experimental
results achieved at the South China Sea indicate that the combination of blue (2 and 3 band) and green
(9 band) bands and the combination of red (10 and 12 band) and near-infrared (29 band) bands are
most suitable to achieve nearshore bathymetry. Correspondingly, the highest accuracy of bathymetry
reached root mean square error values of 0.98 m and 1.19 m for different band combinations evaluated
through bathymetric results of reference water depth. The bathymetric accuracy of Zhuhai-1 image
is similar with that of Sentinel-2 when employing the blue and green bands. The combination of
red and near-infrared bands has a higher bathymetric accuracy for Zhuhai-1 image than that for
Sentinel-2 image.

Keywords: bathymetry; shallow water; Zhuhai-1; ICESat-2; Sentinel-2

1. Introduction

Underwater topography of shallow water is of fundamental importance to coastal,
island, and reef areas. Bathymetric information of these areas provides essential geographic
information for various applications, including but not limited to environmental protection,
natural resources utilization, ship navigation, and regional engineering construction [1–3].
In the past decades, two approaches, airborne LiDAR bathymetry (ALB) and shipborne
sonar sounding system, have been the main strategies with high accuracy used for shallow-
water bathymetry [4–6]. However, these two approaches are limited by a series of external
environmental conditions, such as airspace control, draft limitation, sea-surface wind speed,
weather conditions, high cost, and low efficiency [7,8]. With the development of satellite
and sensor technology, satellite-derived bathymetry (SDB) has gradually become one of
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the main methods for shallow-water bathymetry due to the characteristics of low cost and
high efficiency [9–11]. Research of shallow-water bathymetry based on satellite images
has spread from several regions to the whole world, and a series of satellite images with
different spatial and spectral resolutions have been successfully employed for shallow-
water bathymetry [12–16]. Among all the SDB methods used for shallow-water bathymetry,
empirical approaches are the most widely used due to the relatively simple forms and
physical interpretability [17,18]. Lyzenga et al. assumed that the ratio of the bottom
reflectance between two bands was constant for all types of substrates and proposed a
linear model for bathymetry [19,20]. Stumpf et al. proposed a dual-band ratio model that
has been successfully applied to various shallow-water areas [21]. Overall, SDB based on
remote sensing images and in situ measurements is a cost-effective alternative method that
can provide bathymetric maps that cover a wide area.

Currently, two factors limit the extension of SDB. One is that a large number of in situ
water depths are needed to calibrate the relationship between them and the reflectance
of the image [22], but the in situ water depth data for shallow water are extremely defi-
cient. However, the Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2), launched on
15 September 2018, provides a novel opportunity for shallow-water bathymetry [23]. The
only sensor onboard ICESat-2, the advanced topographic laser altimeter system (ATLAS),
employs photon-counting technology to obtain the global surface elevation. Due to the
employment of green laser (532 nm), ATLAS shows great potential for shallow-water
bathymetry [24]. Several studies have investigated the bathymetric capability of ATLAS,
reporting a maximum value of 38 m in the clear ocean water [25,26]. On a global scale,
there is still a lack of research on the SDB method by fusion of ICESat-2 data and remote
sensing images [27,28].

The other factor is the insufficient high-quality spaceborne hyperspectral images for
shallow-water areas [29,30]. In the past decades, owing to the superior spectral and spatial
resolution, many airborne hyperspectral sensors (e.g., CASI, CASI-2, HyMap, and AVIRIS)
have been used in inland water and coastal applications [31–35]. The first spaceborne
hyperspectral sensor Hyperion, which was onboard the EO-1 satellite and launched in 2000,
provided a new prospect for shallow-water bathymetry. Hyperion could provide hyper-
spectral images with a spatial resolution of 30 m, offering 196 usable spectral bands, which
have been successfully employed for shallow-water bathymetry in several places [36,37].
Currently, hyperspectral satellites in orbit include PROBA-1 CHRIS, HJ-1A, Zhuhai-1,
GaoFen-5, and PRISMA, and the recently launched EnMAP [38–42]. However, research of
shallow-water bathymetry using hyperspectral images still needs to be enriched.

The purpose of this study was to investigate the bathymetric capability and accuracy of
hyperspectral image from Zhuhai-1 by fusing the topographic profile provided by ICESat-2.
First, the bathymetric signal points from the noisy raw ICESat-2 ATL03 products were
detected and corrected. Second, some of the ICESat-2 bathymetric points were taken as the
in situ measurements and matched with the Zhuhai-1 hyperspectral image, and bathymetric
maps of the Xisha Islands were generated using the classical linear band model and the
band ratio model. Finally, the bathymetric performance was evaluated and compared with
the remaining ICESat-2 bathymetric points and in situ ALB data. Our research would
bridge a gap in knowledge of bathymetry based on spaceborne hyperspectral image and
ICESat-2 bathymetric points, and provide a more band-selective approach to shallow-water
bathymetry than existing approaches.

2. Materials and Methods
2.1. Study Area

As shown in Figure 1a, our study area was located in the Yongle Atoll, which is
a part of the Xisha Islands. The Xisha Islands are one of the four islands in the South
China Sea, which consists of 22 islands, 7 sandbanks, and more than 10 sunken reefs. Our
experimental data were distributed in Shanhu Island and Ganquan Island. The area of
Shanhu Island including the main reef is approximately 5 km2 with an east to west distance
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of approximately 3.5 km. The central location of Shanhu Island is 111◦36′E, 16◦32′N.
Ganquan Island lies northwest of the Yongle Islands at 16◦30′N, 111◦35′E. The area of
Ganquan Island including the main reef is approximately 1.2 km2.
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Figure 1. (a) Location of the Yongle Atoll in the South China Sea and (b) Sentinel-2 image of the study
area. The trajectories of ATLAS laser beams used for calibrating the SDB models are plotted by green
lines, and the trajectories used for validation, 20191020GT2R and 20220114GT3L, are plotted by red
and pink lines. The reference ALB points are labeled with orange solid circles.

2.2. ICESat-2 ATL03 Dataset

ICESat-2 ATL03 Global Geolocated Photon Data were produced from ATL02 ATLAS
L1B Converted Telemetry Data. There are six “gtx” groups, with each group containing
segments for one laser beam of the ground track (three strong and three weak beams).
Each “gtx” group contains the latitude, longitude, time, height above the WGS-84 ellipsoid,
classified mark, and confidence for all the raw photons. During the preprocessing of the
ATLAS data, a large number of ground tracks were excluded due to data discontinuity and
failure to extract effective underwater photons. Therefore, in this study, seven ground tracks
from six ATL03 datasets were finally selected and processed to acquire the bathymetric
points (Table 1). Furthermore, five of the seven ground tracks were used for in situ water
depths to feed the SDB models. The remaining two ground tracks, 20191020GT2R and
20220114GT3L (red and pink solid lines, respectively, in Figure 1b), were used as reference
water depths to evaluate the performance of the SDB models.

Table 1. Acquisition time and geodetic coordinate distribution of the advanced topographic laser
altimeter system datasets.

ATL03 Dataset Time (Local) Track Used Geodetic Coordinate Distribution

20181022 15:38 GT1R 111.626◦E, 16.532◦N−111.624◦E, 16.553◦N
20190222 21:51 GT3L 111.618◦E, 16.552◦N−111.616◦E, 16.533◦N
20190421 06:58 * GT1L 111.597◦E, 16.530◦N−111.596◦E, 16.537◦N
20190524 17:31 GT2L 111.614◦E, 16.549◦N−111.612◦E, 16.529◦N

20191020
22:17 GT1R 111.598◦E, 16.529◦N−111.597◦E, 16.537◦N
22:17 GT2R (Validation) 111.628◦E, 16.530◦N−111.625◦E, 16.552◦N

20220114 07:20 * GT3L (Validation) 111.608◦E, 16.547◦N−111.610◦E, 16.526◦N

* Represent that the date of the local time was the day after the date of the data acquisition.
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2.3. Spaceborne Images and Reference ALB Data

A spaceborne hyperspectral imagery, the standard Zhuhai-1 Orbita HyperSpectral
(OHS) Level-1B product acquired on 13:06 of local time, 7 January 2020, was selected.
Zhuhai-1 is a micro nano satellite constellation developed by Zhuhai Orbita Aerospace
Technology Co., Ltd., Zhuhai, China. It was designed to be composed of 34 remote sensing
micro-nano satellites. Currently, there are eight hyperspectral satellites in orbit, including
OHS-2A/B/C/D and OHS-3A/B/C/D. The Zhuhai-1 hyperspectral satellite adopts the
push-broom imaging method. The spatial resolution is 10 m, and the spectral resolution
is 2.5 nm, with the wavelength between 400 and 1000 nm [43]. Due to the limitation of
compression and storage, it is designed to downlink data of default 32 bands (Table 2). The
spectrum bands could be re-selected by uploading commands. Multiple CMOS detectors
with gradient spectral filter were employed to receive the energy of different bands. The
uncontrolled positioning accuracy of Zhuhai-1 is greater than 500 m, and the controlled
positioning accuracy is less than 3 pixels. The Zhuhai-1 data were stored with quantitative
range of 10 bits. The relative radiometric calibration error is less than 3%, and the signal-to-
noise ratio is 25–40 dB (solar altitude > 30◦ and surface reflectance > 0.2). The image used
in this study was obtained from OHS-3D with cloud cover less than 10%.

Table 2. Band information and spatial resolution for Zhuhai-1 and Sentinel-2A.

Zhuhai-1 Sentinel-2A

Band Wavelength (nm) Resolution (m) Band Wavelength (nm) Resolution (m) Band Wavelength (nm) Resolution (m)

1 440–446 10 17 708–710 10 1 433–453 60
2 462–469 10 18 729–731 10 2 458–523 10
3 486–494 10 19 745–747 10 3 543–578 10
4 496–504 10 20 759–761 10 4 650–680 10
5 505–514 10 21 775–777 10 5 698–713 20
6 526–535 10 22 779–781 10 6 733–748 20
7 545–555 10 23 805–807 10 7 773–793 20
8 554–565 10 24 819–821 10 8 785–900 10
9 574–585 10 25 832–834 10 9 935–955 60

10 590–602 10 26 849–851 10 10 1360–1390 60
11 619–621 10 27 863–866 10 11 1565–1655 20
12 639–641 10 28 878–881 10 12 2100–2280 20
13 664–666 10 29 894–897 10
14 669–671 10 30 908–912 10
15 685–687 10 31 923–930 10
16 699–701 10 32 937–944 10

In addition, for the comparison of SDB results between hyperspectral and convenient
multispectral images, a standard Sentinel-2A Multispectral Instrument Level-2A product
acquired on 10:56 of local time, 5 March 2021, was downloaded on from the Copernicus data
center (https://scihub.copernicus.eu/dhus/#/home, 13 October 2021) of the European
Space Agency. Four bands with spatial resolution of 10 m, including bands 2, 3, 4, and 8,
were used for subsequent analysis.

The reference ALB data for Ganquan Island (orange solid circles in Figure 1b) were
acquired on 15:38 of local time, 9 January 2013, using a scanned hydrographic operational
airborne LiDAR system (SHOALS-3000, Vaughan, ON, Canada). Using a green laser light
(532 nm) at 3000 pulses per second, this ALB system has a nominal bathymetric accuracy of
0.3 m [44,45].

2.4. Satellite-Derived Bathymetry Models

Based on spaceborne images and ATL03 bathymetric points, two traditional empirical
models were trained to generate bathymetric maps. The linear band model developed
by Lyzenga et al. uses log-transformed linear reflectance as the independent variable to
estimate water depths (Equation (1)):

hw = a0 +
k

∑
i=1

ai ln[Rw(λi)] (1)

https://scihub.copernicus.eu/dhus/#/home
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The second model is the widely used band ratio model proposed by Stumpf et al.
(Equation (2)), which uses a ratio logarithmic transformation to capture the relationship
between reflectance and in situ water depth:

hw = m0 ×
ln[c× Rw(λi)]

ln
[
c× Rw(λj)

] + m1 (2)

In the above two models, hw is the water depth derived from the spaceborne image,
and Rw(λi) and Rw(λj) are the above-water surface reflectance for bands i and j, respec-
tively. c in Equation (2) is a fixed coefficient (generally set to 1000) to ensure that the
logarithm is positive under any condition and that the ratio will produce a linear response
with depth [21]. a0, ai, m0, and m1 were obtained by minimizing the difference between the
estimated water depth and the in situ water depth.

2.5. Data Pre-Processing

All the ATL03 ground tracks were first processed using a filtering and refraction-
correction algorithm [28,46]. In this algorithm, a density-based variable elliptical filter was
employed to separate sea surface and seafloor photons from noisy raw ATL03 photons.
The filtering algorithm includes the following steps: (1) the original photons were divided
into segments along the height direction, and a Gaussian curve fitting was employed
to capture the relationship between the center elevation and the photon numbers of the
segments; (2) the above-water, water surface, and water column photons were separated by
the parameters of the fitted Gaussian curve; (3) initial parameters of the elliptical filter were
determined, and the water surface photons were detected; (4) the relationship between
the initial ellipse filter and the water-column photon density was established; and (5) the
bottom photons were detected by the variable elliptical filter.

To simplify the water refraction and facilitate the correction calculations, the instan-
taneous sea-surface was considered as a plane. Based on the instantaneous sea surface
and the spatial relationship between the laser beams and the instantaneous sea surface, the
refraction correction was applied. The refraction correction methods includes the following
steps: (1) for each seafloor photon, the instantaneous sea-surface was reconstructed by the
detected surface photons, which belongs to the same laser beam as the seafloor photon;
(2) the displacements in the along-track, cross-track, and elevation directions were acquired
based on the relationship of the laser beam, the incident angle, the refracted angle, and
the transmission distance in the water column; (3) the final displacement in the elevation
direction was obtained by the average of the corresponding elevation displacements in the
along- and cross-track directions. Finally, the water depths were obtained by calculating the
differences in elevations between the corrected seafloor photons and sea surface photons.

The Zhuhai-1 image was geometrically projected and atmospherically corrected based
on ENVI 5.3 following the operating manual [43]. The atmospheric correction was pro-
cessed with the fast line-of-sight atmospheric analysis of spectral hypercubes (FLAASH)
process tool embedded in ENVI. FLAASH was derived from the radiative transfer model
MODTRAN4 [47]. A series of parameters were needed to run the FLAASH, including
but not limited to scene center location, sensor altitude, average ground elevation, pixel
size, flight date, atmospheric model, and aerosol model. Some of these parameters were
directly acquired from the raw Zhuhai-1 image, and the others were acquired from the other
dataset (e.g., average ground elevation) or previous research (e.g., atmospheric model). The
preprocessing of Sentinel-2 image was conducted automatically by the Sen2Cor, which is
the ESA official procedure [48]. The atmospheric correction algorithm was based on the
libRadtran radiative transfer model, generating a large look-up table of sensor-specific
functions (path radiance, direct and diffuse transmittances, direct and diffuse solar fluxes,
and spherical albedo) that account for a wide variety of atmospheric conditions, solar
geometries, and ground elevations [49].

Tide correction was required to calibrate and validate the SDB models. In this study,
tide correction was conducted based on the tide model NAO.99b [50], a global ocean tide
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model representing 16 major constituents with a spatial resolution of 0.5◦. The constituents
were estimated by assimilating approximately five years of TOPEX/Poseidon altimeter
data into a barotropic hydrodynamic model [51]. The tidal height of the ATL03 ground
tracks, the images, and the in situ ALB data were acquired by inputting the location and
the precise acquisition time into the tidal model.

2.6. Evaluation of the Performances of the SDB Models

To estimate the accuracy of the SDB results based on Zhuhai-1 hyperspectral imagery
and ICESat-2 bathymetric points, the estimated water depths were compared with the
bathymetric results of two ATL03 ground tracks and ALB water depths at Ganquan Island,
respectively. The coefficient of determination (R2), bias, and root mean square error (RMSE)
were calculated and used to evaluate the performance of the SDB models.

3. Results

To ensure the bathymetric reliability of the ATL03 data, the filtering and bathymetric
results were illustrated in Section 3.1. Furthermore, the correlation between the products
generated by the reflectance of two or three bands (Zhuhai-1 and Sentinel-2) and the “in
situ” water depth acquired from the five ATL03 ground tracks were analyzed. Based on the
results of the correlation analysis, ten SDB models were calibrated, and the bathymetric
maps were generated. The accuracy of the calibration and the bathymetric maps are shown
in Sections 3.2 and 3.3, respectively. Moreover, to investigate the performances of the SDB
models, the bathymetric maps were validated by two ATL03 ground tracks, 20191020GT2R
and 20220114GT3L, and the results are illustrated in Section 3.4.1. Lastly, to clarify the
robustness of the SDB models, the bathymetric maps were validated using the ALB results
at Ganquan Island, and the results are illustrated in Section 3.4.2.

3.1. Signal Photon Detection and Bathymetry of ATL03

Due to the large coral reef flat of Shanhu Island, extremely shallow-water areas were
observed in every ground track, for example, the signal photons with the along-track
distance between 1838.5 and 1838.8 km. Due to the attenuation of water on laser energy,
the number of the seafloor photons decreased rapidly with the increase in water depth
at the edge of the coral reef flat. Although different densities and spatial distributions
of the raw photons were observed for the six ATL03 ground tracks, the sea surface and
seafloor photons were successfully detected (Figure 2a–f). As shown in Table 3, due to
the different lighting environment during the data acquisition, as well as the filtering
algorithm, the number of the detected signal photons was different for the ATL03 ground
tracks. Ground track 20190222GT3L was acquired at the local time of 21:51 (UTC+8:00),
while 20191020GT1R and 20191020GT2R were acquire at the local time of 22:17 (UTC+8:00);
therefore, these ground tracks had fewer noisy photons than the other tracks. The max-
imum water depth of 23.58 m was acquired by the ground track 20191020GT2R, while
the maximum water depths of the other ground tracks were close, ranging from 9.64 to
14.89 m.

3.2. Band Selection for Zhuhai-1 Bathymetry

Compared with Sentinel-2, Zhuhai-1 has more band choices for shallow-water bathymetry.
The mean values of the remote sensing reflectance for Zhuhai-1 and Sentinel-2 at different
intervals of the ICESat-2 water depths are illustrated in Figure 3. As shown in Figure 3,
the characteristics of the reflectivity change varied for different bands. In the near-infrared
bands (band 8 for Sentinel-2 and bands 18–32 for Zhuhai-1), the decrease in water depth
had almost no effect on the reflectance. In the red bands (band 4 for Sentinel-2 and bands
12–17 for Zhuhai-1), the reflectance clearly decreased at water depths in the intervals of
0–2 m to 2–4 m. However, the reflectance became insensitive as the water depth continued
to increase. In addition, in the remaining blue and green bands, the reflectance of the bands
decreased with increasing water depth.
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the ATL03 for the seven ground tracks at Shanhu Island. The raw photons of ATL03, detected sea
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Table 3. Number of detected signal photons and maximum bathymetric results after refraction
correction for seven ATL03 ground tracks used at Shanhu Islands.

Ground Track Number of Detected
Sea-Surface Photons Number of Detected Bottom Photons Maximum Water Depth after Correction (m)

20181022GT1R 2891 2027 13.61
20190222GT3L 4922 3658 14.89
20190421GT1L 1166 881 11.70
20190524GT2L 4170 2514 12.01
20191020GT1R 941 568 9.64
20191020GT2R 880 795 23.58
20220114GT3L 5336 3534 10.61
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Figure 3. Mean values of remote sensing reflectance for (a) Zhuhai-1 and (b) Sentinel-2 in different
intervals of ICESat-2 water depth.

Before the SDB models were calibrated, the tidal correction was applied. Tidal heights
of the ATL03 ground tracks, images, and in situ ALB data are shown in Table 4. For the
five ground tracks used for calibration, the tidal heights ranged from −0.3020 to 0.3392 m.
The maximum tidal difference between the five ground tracks and the Zhuhai-1 image was
0.5535 m, and the corresponding value was 0.5026 m for Sentinel-2 image.

Table 4. Tidal height produced by NAO.99b for the ATL03 ground tracks, remote sensing images,
and the in situ ALB data.

Calibration Data Tidal Height (m) Images Tidal Height (m) Validation Data Tidal Height (m)

20181022GT1R −0.3020 Zhuhai-1 0.2515 20191020GT2R 0.3392
20190222GT3L 0.1755 Sentinel-2 −0.1634 20220114GT3L −0.4327
20190421GT1L 0.0372 ALB data 0.8168
20190524GT2L 0.1135
20191020GT1R 0.3392

To investigate the suitable bands of Zhuhai-1 for bathymetry, we randomly selected
two bands following the forms of band ratio and linear band models to calibrate the SDB
models. As shown in Figure 4a,b, the high correlation (R2 > 0.8) of the SDB models is
mainly distributed in two areas of band selection. A suitable dual-band selection strategy
is to choose two bands from blue to green light (bands 1 to 9 of Zhuhai-1), while another
strategy is to choose one band from the red bands (bands 10–17 of Zhuhai-1) and the other
from the near-infrared bands (bands 19–32). When two suitable bands were selected by the
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two strategies, the R2 between the depths of the ground tracks and the estimated depths
were over 0.8; additionally, RMSEs were less than 1.5 m.
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Figure 4. Distribution of R2 and root mean square error (RMSE) when two bands of Zhuhai-1 were ran-
domly selected to build the dual-band satellite-derived bathymetry models. Subfigures (a,b) display
the R2 of the band ratio and linear band models, and (c) displays the difference in R2 between the two
models. Subfigures (d,e) show the RMSE of the band ratio and linear band models, and (f) shows the
difference in RMSE between the two models.

3.3. Calibration of the SDB Models and Bathymetric Mapping

Based on the preliminary statistical test described in the previous section, five models
—two band ratio models and three linear band models—were employed to generate the
bathymetric mapping for the Zhuhai-1 and Sentinel-2 images (Table 5). For convenience,
the names of the models were simplified based on the source imagery, model form, and
selected bands. For instance, the band ratio model using bands 2 and 9 of Zhuhai-1 was
named ZBR2, 9. As shown in Table 5, for the Zhuhai-1 image, high correlations were
observed for all the calibration models (R2: 0.88–0.96, RMSE: 0.57–1.07 m). ZBR12, 29 was
the optimal model, with an R2 of 0.93 and RMSE of 0.81 m. For the Sentinel-2 image,
calibration models including blue and green bands (SBR2, 3, SLB2, 3, and SLB2, 3, 4) showed
high accuracy with R2 > 0.9 and RMSE < 1 m. However, calibration models using red and
near-infrared bands (SBR4, 8 and SLB4, 8) showed slightly poor accuracy with an R2 of 0.73
and 0.81 and RMSE of 1.53 and 1.31 m, respectively. In addition, compared with that of
linear dual-band models using blue and green bands (ZLB3, 9 and SLB2, 3), the accuracy of
the linear three-band model, which introduced information from the red band (ZLB3, 9, 12
and SLB2, 3, 4), was not significantly improved for either Zhuhai-1 or Sentinel-2 imagery.

The bathymetric maps produced from the Zhuhai-1 and Sentinel-2 images based on the
SDB models are shown in Figures 5 and 6, respectively. Although the spatial distributions
of the water depths were visually similar for both images and all models, some obvious
differences were observed. For Zhuhai-1 image, bathymetric maps of models ZBR2, 9,
ZLB3, 9, and ZLB3, 9, 12 showed better performance than models ZBR12, 29 and ZLB10, 29.
The SDB results of ZBR12, 29 (Figure 5c) were unable to exhibit the variation in water depth
north of Ganquan Island and at the periphery of Shanhu Island where the water was deeper
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than 12 m. The SDB results of ZBR10, 29 (Figure 5e) were able to show the variation in water
depth in these two areas; however, the bathymetric results were slightly underestimated
compared to those of the other models. For Sentinel-2, models SBR4, 8 and SLB4, 8 in
Figure 6c,e showed poor performance. Moreover, it is worth noting that the bathymetric
results for all models and both images were highly consistent with each other in extremely
shallow areas with depths < 5 m.

Table 5. Band selection, forms, parameters, and accuracy (represented by R2 and RMSE) of the
calibrated satellite-derived bathymetry models in this research. Abbreviations: B, blue light; G, green
light; R, red light, NI, near-infrared light; ZBR, Zhuhai-1 band ratio; ZLB, Zhuhai-1 linear band; SBR,
Sentinel-2 band ratio; SLB, Sentinel-2 linear band; RMSE, root mean square error.

Satellite Bands Models Abbreviation
of Models R2 RMSE (m) Equation

Zhuhai-1

2 (B)
9 (G)

Band
ratio ZBR2, 9 0.90 0.94 hw = 34.0142× ln[1000×Rw (B2)]

ln[1000×Rw (B9)] − 31.2315

12 (R)
29 (NI)

Band
ratio ZBR12, 29 0.93 0.81 hw = −10.2619× ln[1000×Rw (B12)]

ln[1000×Rw (B29)] + 12.1409

3 (B)
9 (G) Linear band ZLB3, 9 0.92 0.86 hw = 21.7878 + 4.4890× ln[Rw(B3)]− 7.2544× ln[Rw(B9)]

10 (R)
29 (NI) Linear band ZLB10, 29 0.88 1.07 hw = 25.6922− 3.9649× ln[Rw(B10)] + 0.6023× ln[Rw(B29)]

3 (B)
9 (G)

12 (R)
Linear band ZLB3, 9, 12 0.92 0.85 hw = 20.9437 + 4.0060× ln[Rw(B3)]−

6.3869× ln[Rw(B9)]− 0.3196× ln[Rw(B12)]

Sentinel-2

2 (B)
3 (G)

Band
ratio SBR2, 3 0.91 0.89 hw = 50.2883× ln[1000×Rw (B2)]

ln[1000×Rw (B3)] − 46.6726

4 (R)
8 (NI)

Band
ratio SBR4, 8 0.73 1.53 hw = −9.6127× ln[1000×Rw (B4)]

ln[1000×Rw (B8)] + 16.2537

2 (B)
3 (G) Linear band SLB2, 3 0.96 0.57 hw = 18.6427 + 8.2569× ln[Rw(B2)]− 10.3346× ln[Rw(B3)]

4 (R)
8 (NI) Linear band SLB4, 8 0.81 1.31 hw = 20.5107− 3.7745× ln[Rw(B4)] + 1.1431× ln[Rw(B8)]

2 (B)
3 (G)
4 (R)

Linear band SLB2, 3, 4 0.96 0.56 hw = 18.1009 + 8.7426× ln[Rw(B2)]−
10.9857× ln[Rw(B3)] + 0.2867× ln[Rw(B4)]

3.4. Validation and Error Analysis of the SDB Models
3.4.1. Validation Using ATL03 Ground Tracks

To investigate the bathymetric capability and accuracy of Zhuhai-1, the SDB re-
sults were first compared with the bathymetric profile of the ICESat-2 ground track
20191020GT2R and 20220114GT3L (Figure 7). Ground track 20191020GT2R overlapped
with the northeast of Shanhu Island. From south to north, the footprint of the laser beams
first covered a segment with water depth ranging from deep to shallow, then moved away
from the reef flat of shallow water, and finally returned to a segment with increasing depth.
The bathymetric profile of 20191020GT2R was in accordance with the underwater topogra-
phy with the along-track distance between 1832.4 and 1833.4 km. However, as the green
rectangle illustrated in Figure 7a,c,e, all the SDB profiles were significantly shallower than
the ICESat-2 profiles when the depth was greater than 12 m. As shown in Figure 8, when
using the 20191020GT2R (684 bathymetric points) as validation data, ZBR2, 9 showed the
best performance for Zhuhai-1 image with R2 of 0.91, RMSE of 1.43, and bias of −0.31 m,
and SBR2, 3 showed the best performance for Sentinel-2 image with R2 of 0.96, RMSE of
0.89, and bias of −0.13 m. As shown in Figure 9, most of the residuals were distributed
between −2 m and 2 m for all the SDB models. However, Table 6 showed that all SDB
results significantly underestimated water depth when the depth was greater than 12 m.
The maximal bias was less than −6 m, while the RMSE was over 6 m between the SDB
models and 20191020GT2R points.
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Figure 5. Satellite image and SDB results of Zhuhai-1. (a) The image from Zhuhai-1; (b–f) the satellite-
derived bathymetry results of ZBR2, 9, ZBR12, 29, ZLB3, 9, ZLB10, 29, and ZLB3, 9, 12, respectively.
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Zhuhai-1; (b–f) the SDB results of SBR2, 3, SBR4, 8, SLB2, 3, SLB4, 8, and SLB2, 3, 4, respectively. 
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Figure 7. Ground tracks of reference ATL03 data, (a) 20191020GT2R and (b) 20220114GT3L, over-
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and the SDB profile of Zhuhai-1, respectively; (e,f) the detected bottom photons of the reference 
data and the SDB profile of Sentinel-2, respectively. 

Figure 7. Ground tracks of reference ATL03 data, (a) 20191020GT2R and (b) 20220114GT3L, overlap-
ping on the enlarged Sentinel-2 images. (c,d) The detected bottom photons of the reference data and
the SDB profile of Zhuhai-1, respectively; (e,f) the detected bottom photons of the reference data and
the SDB profile of Sentinel-2, respectively.

Ground track 20220114GT3L passed through a piece of land (Zhaoshu Island); thus, a
gap was observed on the profile with the along-track distance between 1838.1 and 1838.8 km.
Validation results using 20220114GT3L (386 bathymetric points) were significantly better
than those of 20191020GT2R, with ZLB3, 9, 12 and SLB2, 3, 4 showing the best performance
for Zhuhai-1 and Sentinel-2 image, respectively (Figure 10). Moreover, the bias remained
between −2 and 2 m, and the RMSE was lower than 2 m in most cases (Table 6).

3.4.2. Validation Using ALB Data

To verify the robustness of the SDB models, the SDB results were also compared
with the in situ ALB results at Ganquan Island (Figure 11). A total of 719 bathymetric
points of ALB data were evenly distributed in the reef flat of the Ganquan Island. The
correlation between the SDB models and the ALB results seemed to be smaller than that
between SDB results and validation ATL03 ground tracks (R2: 0.51–0.93, RMSE: 1.17–2.93
m). SDB results slightly overestimated the depth when it was between 0 and 12 m (Table 7),
while in most cases, more than 80% of the residuals were distributed between 0 and 4 m
(Figure 12). However, this overestimation was not observed in comparisons of SDB results
with ICESat-2 results for Shanhu Island.
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Figure 8. Comparison between ICESat-2 20191020GT2R bathymetric results and SDB results. (a–e) 
Models ZBR2, 9, ZBR12, 29, ZLB3, 9, ZLB10, 29, and ZLB3, 9, 12, respectively, for Zhuhai-1. (f–j) Models SBR2, 

Figure 8. Comparison between ICESat-2 20191020GT2R bathymetric results and SDB results.
(a–e) Models ZBR2, 9, ZBR12, 29, ZLB3, 9, ZLB10, 29, and ZLB3, 9, 12, respectively, for Zhuhai-1.
(f–j) Models SBR2, 3, SBR4, 8, SLB2, 3, SLB4, 8, and SLB2, 3, 4, respectively, for Sentinel-2. A total of
684 bathymetric points of 20191020GT2R were used for validation.
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Table 6. Distribution of RMSE and bias between ground track 20191020GT2R and 20220114GT3L and
satellite-derived bathymetry (SDB) results with different intervals of water depth.

Ground Tracks
for Validation SDB Models Parameters (m)

Intervals of Water Depth (m)

[0, 2] [2, 4] [4, 6] [6, 8] [8, 10] [10, 12] [12, 14] [>14]

20191020GT2R

ZBR2, 9
RMSE 0.81 1.57 1.22 0.95 1.18 1.24 1.02 4.69
bias −0.21 −0.74 0.61 0.50 0.40 1.06 −0.53 −4.33

ZBR12, 29
RMSE 0.88 1.89 1.56 1.04 1.70 1.40 2.03 6.32
bias −0.59 0.21 1.29 −0.27 1.01 0.88 −1.80 −5.69

ZLB3, 9
RMSE 0.85 1.56 1.58 0.92 0.83 0.66 1.74 6.6
bias −0.33 0.44 1.52 0.82 0.67 0.45 −1.46 −6.32

ZLB10, 29
RMSE 0.75 2.53 2.86 1.76 1.38 0.69 1.65 6.51
bias −0.18 1.43 2.84 1.69 1.35 0.48 −1.47 −6.15

ZLB3, 9, 12
RMSE 0.84 1.72 1.87 1.15 1.47 1.22 1.32 6.28
bias −0.32 0.54 1.78 1.03 1.20 1.10 −0.94 −5.93

SBR2, 3
RMSE 0.68 0.83 0.97 0.71 0.54 1.17 2.81 3.6
bias 0.09 −0.62 −0.75 −0.35 0.16 0.54 −1.41 −3.11

SBR4, 8
RMSE 1.61 2.27 3.42 3.32 2.41 1.32 1.73 6.35
bias 0.84 2.09 3.23 3.25 2.20 0.86 −1.04 −6.10

SLB2, 3
RMSE 0.91 0.88 0.71 0.81 0.87 0.96 2.3 4.08
bias −0.07 −0.01 0.21 0.55 0.79 0.54 −1.53 −4.79

SLB4, 8
RMSE 1.03 2.37 3.15 2.9 1.26 1.08 2.95 7.45
bias −0.73 0.89 3.11 2.83 1.10 −0.81 −2.80 −7.37

SLB2, 3, 4
RMSE 0.93 0.79 0.71 0.78 0.94 1.08 2.24 3.65
bias 0.01 −0.03 0.07 0.49 0.86 0.72 −1.35 −3.32

20220114GT3L

ZBR2, 9
RMSE 0.71 0.86 1.05 1.16 1.21 1.05 - -
bias 0.14 0.32 0.41 0.20 0.67 0.04 - -

ZBR12, 29
RMSE 0.80 1.06 1.63 1.50 0.90 1.44 - -
bias 0.09 0.42 0.75 −0.13 −0.54 −1.01 - -

ZLB3, 9
RMSE 0.64 0.82 1.07 0.89 1.16 1.73 - -
bias 0.23 −0.13 0.68 0.30 −0.92 −1.59 - -

ZLB10, 29
RMSE 1.04 1.22 1.47 1.29 1.56 2.13 - -
bias 0.05 1.09 1.60 1.14 −0.37 −1.33 - -

ZLB3, 9, 12
RMSE 0.80 0.85 1.31 0.95 0.60 1.07 - -
bias 0.20 0.32 0.93 0.46 0.08 −0.48 - -

SBR2, 3
RMSE 0.91 0.69 0.87 1.13 1.18 1.22 - -
bias 0.66 −0.19 0.07 0.38 0.81 0.54 - -

SBR4, 8
RMSE 1.62 1.56 2.15 1.82 1.02 1.69 - -
bias 0.95 1.16 1.65 1.48 0.10 −1.36 - -

SLB2, 3
RMSE 0.72 0.88 1.22 1.26 0.99 0.76 - -
bias 0.43 0.31 0.81 0.84 0.66 0.09 - -

SLB4, 8
RMSE 0.89 1.9 2.4 2.53 1.29 0.74 - -
bias −0.40 1.12 1.99 2.18 0.82 −0.44 - -

SLB2, 3, 4
RMSE 0.79 0.84 1.18 1.25 1.09 0.84 - -
bias 0.51 0.25 0.74 0.81 0.76 0.23 - -
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20220114GT3L were used for validation. 

Figure 10. Comparison between ICESat-2 20220114GT3L bathymetric results and SDB results.
(a–e) Models ZBR2, 9, ZBR12, 29, ZLB3, 9, ZLB10, 29, and ZLB3, 9, 12, respectively, for Zhuhai-1.
(f–j) Models SBR2, 3, SBR4, 8, SLB2, 3, SLB4, 8, and SLB2, 3, 4, respectively, for Sentinel-2. A total of
386 bathymetric points of 20220114GT3L were used for validation.
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Figure 11. Comparison between airborne LiDAR bathymetry results in Ganquan Island and SDB
results. (a–e) Models ZBR2, 9, ZBR12, 29, ZLB3, 9, ZLB10, 29, and ZLB3, 9, 12, respectively, for Zhuhai-1.
(f–j) Models SBR2, 3, SBR4, 8, SLB2, 3, SLB4, 8, and SLB2, 3, 4, respectively, for Sentinel-2. A total of 719
bathymetric points of ALB data were used for validation.



Remote Sens. 2022, 14, 3406 18 of 23

Table 7. Distribution of RMSE and bias between ALB data and satellite-derived bathymetry (SDB)
results with different intervals of water depth.

SDB Models Parameters (m)
Intervals of Water Depth (m)

[0, 2] [2, 4] [4, 6] [6, 8] [8, 10] [10, 12] [12, 14] [>14]

ZBR2, 9
RMSE 2.34 2.70 2.51 2.65 2.50 1.98 1.50 1.14
bias 2.25 2.62 2.43 2.61 2.48 1.71 0.64 −0.87

ZBR12, 29
RMSE 2.56 2.41 2.08 3.00 2.64 1.79 2.25 3.77
bias 2.49 2.32 1.84 2.03 1.65 0.13 −1.62 −3.51

ZLB3, 9
RMSE 2.54 2.89 2.49 1.96 1.43 0.95 1.68 3.68
bias 2.39 2.78 2.28 1.78 1.21 0.08 −1.49 −3.64

ZLB10, 29
RMSE 3.29 3.90 3.46 2.51 1.72 0.99 2.07 4.79
bias 3.08 3.79 3.32 2.35 1.47 −0.02 −1.96 −4.72

ZLB3, 9, 12
RMSE 2.54 3.01 2.78 2.60 2.08 1.27 1.49 3.50
bias 2.39 2.90 2.57 2.34 1.81 0.63 −1.03 −3.34

SBR2, 3
RMSE 1.39 1.43 1.15 0.81 0.95 1.46 1.70 2.22
bias 1.29 1.33 0.85 0.49 0.38 0.04 −1.08 −2.14

SBR4, 8
RMSE 4.49 5.46 5.16 3.54 2.19 1.08 1.83 4.27
bias 4.10 5.24 4.86 3.25 1.72 −0.19 −1.72 −4.10

SLB2, 3
RMSE 1.74 1.90 1.48 0.91 0.61 1.01 2.00 3.27
bias 1.63 1.82 1.29 0.71 0.24 −0.59 −1.95 −3.35

SLB4, 8
RMSE 2.37 3.88 4.05 2.86 1.90 1.22 2.74 5.35
bias 2.03 3.68 3.83 2.63 1.56 −0.29 −2.72 −5.34

SLB2, 3, 4
RMSE 1.72 1.79 1.38 0.86 0.62 1.01 1.90 3.07
bias 1.61 1.71 1.17 0.66 0.24 −0.51 −1.82 −3.14
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4. Discussion
4.1. Comparison of Bathymetric Capability between Zhuhai-1 and Sentinel-2

The most commonly used band-combination strategy for shallow-water bathymetry
may be the employment of blue and green bands, of which principle and potential have
been revealed in previous research [52]. The blue and green bands of Sentinel-2 image
have been widely and successfully used for shallow-water bathymetry [53]. In this study,
relative high correlations were observed for the blue and green bands between Zhuhai-1
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and Sentinel-2 (R2 > 0.7, Figure 13). Moreover, the validation results of SDB models using
blue and green bands of Zhuhai-1 (ZBR2, 9, ZLB3, 9, and ZLB3, 9, 12) image showed a similar
accuracy to that of Sentinel-2 image (SBR2, 3, SLB2, 3, and SLB2, 3, 4), which further confirmed
the potential of using the blue and green bands of Zhuhai-1 for shallow-water bathymetry.
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Previous research demonstrated that the reflectance of the red band is sensitive in
water, with depths < 5–6 m, which was available for bathymetry in extremely shallow
areas [13,54]. Although the bathymetric accuracy did not improve significantly when the
red band was added into the linear band model using blue and green bands, we could not
completely ignore the effect of red bands for bathymetry in extremely shallow water of
depths < 5 m. In this study, the red and near-infrared bands of Zhuhai-1, especially the
red bands with short wavelength, contained more water-depth information than those of
Sentinel-2. The SDB models using the red and near-infrared bands of Zhuhai-1 (ZBR12, 29
and ZLB10, 29) image showed better performances than that of Sentinel-2 image (SBR4, 8 and
ZLB4, 8), which demonstrated the great potential of Zhuhai-1 for bathymetry in extremely
shallow areas.

4.2. SDB Error Analysis

Previous studies have investigated the bathymetric accuracy of the ICESat-2 ATLAS
in several areas and demonstrated an RMSE of 0.6 m [22,26,28]. When the bathymetric
results of the ICESat-2 ATL03 ground tracks were used as the in situ measurements to seed
the SDB models, certain errors were introduced into the SDB models. Previous research
has also demonstrated that the distribution of the in situ depths used to seed the SDB
models, including location and depth range, has a significant effect on the accuracy of
the SDB models [12,55]. Underestimation of depths greater than 12 m was observed for
all the SDB models. The main reasons for these biases in SDB results compared with the
reference ICESat-2 and ALB results are detailed as follows: (1) the ICESat-2 bathymetric
points of depths > 12 m used for calibration were insufficient, and the maximum depth was
approximately 14 m; (2) with the increase in water depth, the laser energy was increasingly
absorbed by the water column, resulting in insufficient reflected energy at the bottom [56].
A systematic deviation was observed when using ALB data in Ganquan Island as in situ
measurements, which may be due to the large number of calibration points in extremely
shallow areas of Shanhu Island, as well as the different bottom reflections between Ganquan
Island and Shanhu Island [57]. Additionally, the reference ALB data in Ganquan Island
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were acquired in 2013, which is somewhat out of date for the validation of the SDB models.
In this study, due to the limited of the in situ data, the achieved accuracies may not be
comparable to the ones obtained when using in situ measurements carried out with echo-
sounding devices. Generally speaking, the robustness of the SDB models combined with
the ICESat-2 and multi/hyper-spectral should be further investigated.

SDB errors were related to several other aspects, including the radiative quality of
the images, the optical characteristics of the water column, and the reflectance of the
bottom sediments [58,59]. Atmospheric correction of image is crucial for SDB models.
The atmospheric correction of Zhuhai-1 follows the standard process based on ENVI 5.3
and described in official documents [47]. The Sentinel-2 imagery used in this research
is a level-2A product that has been atmospherically corrected by the official procedure
Sen2Cor [49]. The residuals produced during the processing of atmospheric correction
cannot be neglected and introduce errors to the water depth measurements, and the
different strategies employed by Zhuhai-1 and Sentinel-2 affect the comparison of the SDB
results. Previous research has also demonstrated that the water transparency, characteristics
of the water column, sun glint, white cap of the sea surface, and bottom sediments seriously
influence the SDB results [60].

5. Conclusions

In this study, the bathymetric capability and accuracy of Zhuhai-1 were investigated at
the South China Sea based on ATLAS photon datasets and reference ALB datasets. For the
total 32 bands in the hyperspectral image of Zhuhai-1, two bands were evenly selected and
used to calibrate the band ratio and linear band models. Assessing the modeling accuracy
for various spectral band combinations in the two models, the most suitable bands were
selected and determined for nearshore bathymetry through the hyperspectral image of
Zhuhai-1. Additionally, experimental results of shallow-water bathymetric maps of Yongle
Atoll, including Ganquan Island and Shanhu Island, demonstrated that the combination
of blue (band 2 and 3) and green (band 9) bands and the combination of red (band 10 and
12) and near-infrared (band 29) bands are most suitable to achieve nearshore bathymetry.
Correspondingly, the highest accuracy of bathymetry reached RMSE 0.98 m and 1.19 m
for different band combinations. Furthermore, compared with the bathymetric results
using the similar band combinations of blue and green bands in the Sentinel-2 image, the
bathymetric accuracy of Zhuhai-1 is very close to the result accuracy of Sentinel-2. For the
combination of red and near-infrared bands, the bathymetric accuracy of Zhuhai-1 is better
than the accuracy of Sentinel-2. Considering that Zhuhai-1 has a total of 32 bands, including
16 distributed from the visible to near-infrared, and has the same spatial resolution of
Sentinel-2, Zhuhai-1 has great potential for shallow-water bathymetry. In future research,
experiments using Zhuhai-1 image and ICESat-2 data will be performed to explore the
potential applications of hyperspectral image in different study areas and environments,
including but not limited to sediment classification, coral reef monitoring, biodiversity
mapping, water quality monitoring, oil pollution detection and sea ice distribution.
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