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Multimodel Combination Bathymetry Inversion
Approach Based on Geomorphic Segmentation in

Coral Reef Habitats Using ICESat-2 and
Multispectral Satellite Images

Xiuling Zuo , Juncan Teng , Fenzhen Su, Zhengxian Duan, and Kefu Yu

Abstract—Owing to the high spatial heterogeneity of substrate
types and terrain, the present satellite-derived bathymetry (SDB)
methods have low accuracy in deriving large-scale bathymetry in
coral reef habitats. Taking 11 coral reefs of Xisha Islands (ocean
area of 607 km2) in the South China Sea as the study area, a
parametric multimodel combination approach based on geomor-
phic segmentation (PMCGS) for obtaining bathymetry was con-
structed by combining the Ice, Cloud and Land Elevation Satellite-2
(ICESat-2) data with Gaofen-1 (GF-1) medium- and Worldview-2/3
(WV-2/3) high-resolution multispectral images. In this approach,
five parametric SDB models were trained in each geomorphic zone
by combining ICESat-2 and multispectral satellite images. Then,
the optimal SDB models of each geomorphic zone were combined
and extrapolated to other coral reefs in the same geomorphic zone.
Results showed that the multiple ratios model was optimal for the
reef flat, shallow lagoon, and patch reef zones. The binomial model
was optimal for the reef slope and deep lagoon zones. Validated by
the in situ bathymetric data and ICESat-2 data, the bathymetry
inverted using the PMCGS had an RMSE of 0.91 m in GF-1 image
and 0.70–0.88 m in WV-2/3 images when extrapolated to other reefs,
which is significantly more accurate than active–passive one entire
model methods with the same resolution. Our method performed
better at 0–10 m and 15–25 m depth than the results obtained from
previous studies, especially in the shallow water areas of the reef flat
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and shallow lagoon. The proposed PMCGS can efficiently improve
the bathymetry inversion accuracy of medium- and high-resolution
satellite images and it has great potential applications in deriving
large-scale bathymetry, especially in Indo-Pacific coral reef habi-
tats.

Index Terms—Bathymetry, coral reef, geomorphology, Ice,
Cloud and Land Elevation Satellite-2 (ICESat-2), multispectral
image.

I. INTRODUCTION

S CLERACTINIAN corals are the foundation of the structure
and biodiversity of coral reef ecosystems [1]. Water depth

affects seawater temperature, solar radiation, and hydrodynamic
energy. Therefore, the growth rate, distribution pattern, and
morphology of scleractinian corals are significantly correlated
with water depth [2], [3], [4], [5], [6], [7]. Currently, scleractinian
corals are experiencing rapid degradation owing to both climate
change and human activities [8], [9]. An accurate bathymetric
map is essential in evaluating, protecting, and restoring coral
reef habitats.

Conventional field bathymetry surveys are costly and chal-
lenging in remote and large-scale coral reefs, and therefore,
airborne LiDAR, shipborne echosounders, and satellite im-
ages have recently been developed for bathymetry inversion
in coral reefs [10]. Among them, satellite-derived bathymetry
(SDB) methods are widely applied because they are highly
cost-effective, broad area coverage, and are not limited by time
and region [11]. SDB is typically categorized into physics-based
methods and statistical methods [12], [13]. Physics-based SDB
methods construct a physical optics model between water depth
and spectral reflectance based on radiative transfer theory [14],
[15], [16]. These models do not require any in situ data but
many optical parameters, and the model algorithm is complex
to construct. Statistical SDB methods use an empirical and hy-
pothetical mathematical regression model as the correspondence
between satellite spectral values and in situ bathymetry data [12],
[17], which include parametric models (PMs) and nonparametric
models [18]. Although these methods have been widely applied
because of their advantages of convenient operation and simple
calculation, their high dependence on field survey data limits
their application in deriving large-scale bathymetry in coral reef
habitats [17], [19], [20].
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Launched in September 2018, the Ice, Cloud, and Land Ele-
vation Satellite-2 (ICESat-2), which carries the advanced topo-
graphic laser altimeter system (ATLAS), offers new prospects
for expanding the application scope of statistical SDB methods.
By merging active ICESat-2 data and passive multispectral
satellite images, studies suggested that the small-scale statistical
SDB method can be extrapolated to other coral reefs that are
close by and have similar water transparency [21], [22], [23],
[24], [25], [26]. Although these active–passive studies retrieved
more accurate bathymetry in shallow areas of coral reefs, the
accuracy was still poor (RMSE>0.95 m) in the deeper water
(>5 m) because they constructed only one SDB model for the
entire coral reef area within different depth ranges [27]. In ad-
dition, these methods did not consider the effect of the substrate
spectrum on bathymetry inversion. Because it is affected by high
or low benthic spectral values, the water depth inverted from
satellite images was underestimated or overestimated between
different benthic types [28], [29], [30], [31], [32]. For example,
pixels with bright sand would be predicted as shallower than
coral pixels which have lower reflectance at the same depth.
The significant heterogeneity in the substrates is the main reason
why high-precision bathymetry inversion is more challenging in
coral reef habitats than in other marine areas [33]. Owing to the
diversity of reef types and benthic types in large-scale reef areas,
the existing active–passive fusion SDB methods based on one
model have low accuracy when directly extrapolated to derive
large-scale bathymetry data.

Studies have shown that geomorphology is a key factor affect-
ing substrate distribution and bathymetry patterns in large coral
reef areas [34]. The satellite band spectrum mainly reflects the
difference in benthic types in shallow geomorphic zones such
as the reef flat (depth 0.5–2 m), while it mainly reflects the
water depth variation information in deeper geomorphic zones
such as reef slope and lagoon. However, the band reflectance
values in the same water depth can vary markedly, e.g., a sand-
dominated lagoon slope will have significantly higher values
than those of the outer reef slope. Although the effect of the
benthic spectrum on the bathymetry inversion can be reduced
by adjusting the band logarithmic ratio of PMs [17], [22], [30],
[35], or using nonparametric machine learning models [27], [32],
one bathymetry inversion model constructed for an entire reef
can only achieve high accuracy in some of the reef geomorphic
zones. In the Indo-Pacific reef habitats, studies suggest that
the spatial pattern of scleractinian corals, macroalgae, terrain,
etc., are characterized by small differences within the same
geomorphic zone but significant differences between different
geomorphic zones [7], [36]. Based on ICESat-2 data and mul-
tispectral satellite images, the combination of multiple optimal
bathymetry inversion models for each geomorphic zone will take
into account both substrate distribution and bathymetry pattern,
which may help to obtain more accurate water depth data for
large coral reef areas.

Here, we used ICESat-2 data and Gaofen-1 (GF-1) medium-
and WorldView-2/3 (WV-2/3) high-resolution multispectral
satellite images to propose a parametric multimodel combina-
tion approach based on geomorphic segmentation (PMCGS)
to obtain the water depth in the Xisha Islands (ocean area of

approximately 607 km2) in the South China Sea section of the
Indo-Pacific reef region. In this methodology, we trained five
parametric SDB models in each geomorphic zone by combining
ICESat-2 and multispectral satellite images. Then, the optimal
SDB models of each geomorphic zone were combined and
extrapolated to the same geomorphic zones of 11 coral reefs to
invert large-scale bathymetry. This study aimed to 1) establish
the optimal bathymetry model for each geomorphic zone using
active–passive remote sensing data to improve the accuracy
of water depth inversion in coral reef areas and 2) verify the
extrapolation feasibility of the PMCGS to derive large-scale
water depths for coral reef areas where ICESat-2 data are not
available. This article can provide a methodological reference
for obtaining high-precision water depth data in large-scale coral
reef areas, to assist with the protection and management of coral
reefs.

II. STUDY AREA AND DATA

A. Study Area

The 11 coral reefs in the Xisha Islands in the South China Sea
were selected as the study area to demonstrate the bathymetry
inversion performance of our method [see Fig. 1(a)]. These
reefs include the big Yongle Atoll constituted of seven reefs,
Huaguang Reef, Panshi Islet, Yuzhuo Reef, and Qilian Islet.
The Xisha Islands are located in the northwestern South China
Sea. This archipelago has more than 30 atolls and table reefs.
The coral reefs of the Xisha Islands belong to the Indo-Pacific
coral reefs and have developed complete and regular geomorphic
zones [7]. Because the seawater is clear, bathymetry inverted
from an optical satellite can reach approximately 30 m in these
areas.

The study area was divided into following three regions.
1) Using ICESat-2 and GF-1 satellite image with 16 m resolu-

tion, a combination of optimal models was constructed in
the west of Huaguang Reef [see Fig. 1(b)] and extrapolated
to the 11 reefs in the Xisha Islands [see Fig. 1(a)].

2) Using ICESat-2 and WorldView-2 (WV-2) satellite image
with 2 m resolution, a combination of optimal models was
constructed in the east of Lingyang Reef and extrapolated
to the entire Lingyang Reef [see Fig. 2(a)].

3) Using ICESat-2 and WorldView-3 (WV-3) satellite image
with 2 m resolution, a combination of optimal models was
constructed in the west of Qilian Islet and extrapolated to
the entire Qilian Islet [see Fig. 2(c)]. Reef sections with
in situ bathymetry data in GF-1 [see Fig. 1(c)–(f)] and
WV-2/3 [see Fig. 2(b) and (d)] were used to evaluate our
proposed bathymetry inversion approach.

B. Data

1) Field Survey Data: Water depth and geomorphic data
were surveyed in eight reefs of Xisha Islands from 4 June 2013 to
29 June 2015, including Huaguang Reef, Panshi Islet, Lingyang
Reef, Qilian Islet, Yinyu, Quanfu Island, Ganquan Island, and
Yuzhuo Reef. Water depth was measured by a Hi-Target HD-370
depth sounder with 10 m positional accuracy and 0.3 m depth
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Fig. 1. (a) True-color image of the 11 coral reefs in Xisha Islands derived from GF-1 image. The inset image in the lower right corner shows the location of the
study area in the South China Sea. (b) West of Huaguang Reef, where the SDB models were constructed with ICESat-2 ground tracks. Then, a combination of
optimal models was extrapolated to 11 reefs in the Xisha Islands (a). Reef sections with in situ bathymetry data in (c) the east of Huaguang Reef, (d) the middle of
Panshi Islet, (e) the south of Lingyang Reef, and (f) the west of Qilian Islet were presented to evaluate the accuracy of the bathymetry models. Three blue dotted
lines represent ICESat-2 ground tracks: 20191020GT1R, 2R, 3R. Red dotted points represent in situ water depth data. Orange dots represent the in situ geomorphic
survey data.

accuracy, which was used to validate the extrapolated accuracy
of bathymetry inversion. A geomorphic survey of 20 m line
transects was conducted using a video camera through SCUBA
according to the interesting geomorphic sites. Prior to the field
survey, a Landsat-8 image was downloaded for preliminary ge-
omorphic presegmentation. Interested geomorphic survey sites
with diverse substrates were selected based on different spectral
brightness, which represented the various benthic environments
within the geomorphic zones. For example, dark areas of the reef
are usually regarded as corals, dense algae, or seagrass, while
bright areas are sand or clouds. Fifty-four in situ geomorphic
sites were surveyed [see Fig. 1(a)]. The actual geomorphic zone
of each survey site was distinguished according to the environ-
mental characteristics of substrate, water depth, and location.

2) Satellite Images: GF-1 and WV-2/3 satellite images were
selected to construct the bathymetry inversion models combined
with the ICEsat-2 data. The GF-1 image that covered the Xisha
Islands was acquired on 30 May 2014 with a tide of 1.61 m
and was obtained from the China Resource Satellite Application
Center. It had four multispectral bands: blue, green, red, and
near-infrared. The WV-2 image covering Lingyang Reef was
acquired on 9 September 2014 with a tide of 1.20 m, and the
WV-3 image covering Qilian Islet was acquired on 10 October
2014 with a tide of 0.88 m.

3) ICESat-2 Data: ICESat-2 ATLAS measures the distance
to the ground at 10 kHz repetition frequency (∼70 cm sampling
distance) with three pairs of 532 nm green laser beams (90 m
between a dual set and 3.3 km between pairs). ATL03 is the
Level-2 Global Geolocated Photon Dataset, which includes six
“GTx” groups corresponding to six laser beam ground tracks.
In clear seawater, photons can reach 40 m depth with a root
mean square error (RMSE) of 0.43–0.89 m [22], [25], [37].
We obtained ATL03 data from the EarthData website1 to use
as control points for constructing bathymetry inversion models.
Because ICESat-2 has been collecting data since 2018, three
ground tracks of 20191020GT1R, 2R, 3R closest to the field
survey in time were downloaded and used for constructing
models with the GF-1 in the west of Huaguang Reef. The
tracks of 20200419GT3R in the east of Lingyang Reef and
20191016GT2R in the west of Qilian Islet were downloaded for
constructing the SDB models with WV-2/3 images, respectively.
In addition, because in situ bathymetric validation datasets were
available only in the reef slope of Qilian Islet, 131 ICEsat-2
bathymetric points of 20210413GT1R [see Fig. 2(c)] were
extracted as water depth validation data in the reef flat and
shallow lagoon.

1[Online]. Available: https://search.earthdata.nasa.gov/search.

https://search.earthdata.nasa.gov/search
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Fig. 2. (a) True-color image of Lingyang Reef derived from WV-2 image. The eastern ICESat-2 ground track (brown dotted line) was used to construct SDB
models, and then a combination of optimal models was extrapolated to the Lingyang Reef (a) for bathymetry inversion. (c) True-color image of Qilian Islet derived
from WV-3 image. The western ICESat-2 ground track (yellow dotted line) was used to construct SDB models, and then a combination of optimal models was
extrapolated to the Qilian Islet (c) for bathymetric inversion. Reef sections with in situ bathymetry data in (b) the south of Lingyang Reef and (d) the west of Qilian
Islet were presented to evaluate the accuracy of the bathymetry models. The in situ depth (red dotted line) and the ICESat-2 ground track of 20210413GT1R (pink
dotted line) in (d) are validation data of Qilian Islet.

III. METHODS

The overall technical framework diagram is shown in Fig. 3.
First, the GF-1 and WV-2/3 satellite images and ICESat-2
ATL03 data were preprocessed and used to construct SDB
models. Second, according to our proposed PMCGS approach,
five PMs were trained for five geomorphic zones, and the optimal
models of each geomorphic zone were combined and extrap-
olated to large regions for bathymetry inversion. To compare
with the PMCGS, a one-model approach was used, in which
one PM and three nonparametric machine learning models were
constructed throughout the entire area without geomorphic seg-
mentation and extrapolated to the same regions as the PMCGS
approach. Finally, the extrapolated bathymetric results were
validated with in situ water depth.

A. Field Data Processing

Tide correction was conducted for in situ water depth data
to the imaging time of satellite images according to the tide

table of the Xisha Islands. A pixel could contain multiple depth
points because the spatial resolution of in situ water depth
sample points was higher than satellite images. Thus, all in situ
water depth points within the same pixel were averaged using
ArcGIS 10.7 prior to bathymetry inversion. Finally, each mean
depth corresponded to a pixel, and the down-sampled in situ
water depth data were used to validate the proposed bathymetry
inversion method.

B. Satellite Image Processing

Satellite images were processed for radiometric calibration
and atmospheric correction using the FLAASH model in ENVI
5.3. Based on the panchromatic band of the Landsat-8 satellite
image, the GF-1 image was geometrically corrected. Then,
the pixels covered by land areas were removed [38]. Because
regional reflectance differences in the deep-sea pixels existed in
the GF-1 image, the band reflectance values of the GF-1 image in
the Xisha Islands were corrected based on the reflectance value
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Fig. 3. Technical framework diagram.

Fig. 4. Example of ICESat-2 data processing of the 20200419GT3R ground
track in the south of Lingyang Reef. (a) Raw point cloud, which includes noise
(black), seawater surface (blue), and terrain photons (red). (b) Transformation of
datum from ellipsoidal height (a) to water depth relative to the mean sea surface.
Terrain photons in (b) (red) were filtered out from (a), and then they were further
corrected for refraction (green).

of deep-sea pixels in the Qilian Islet. In addition, the effects
of sun glint in the WV-2 were removed using the technique
developed by Hedley et al. [39].

C. ICESat-2 ATL03 Data Processing

The ground track of 20200419GT3R in Lingyang Reef was
used as an example to demonstrate the processing steps (see
Fig. 4). First, according to the principle that the point cloud
density of noise is low and the signal is high, the terrain pho-
tons and sea surface photons were filtered manually [40] [see
Fig. 4(a)]. Second, the ICESat-2 ATL03 data were transformed

from WGS84 ellipsoid height to water depth relative to mean
sea level. Because laser beams refract as they pass through the
air–sea interface, terrain photons must be further corrected to
obtain accurate water depth [see Fig. 4(b)]. The algorithm of
refraction correction referred to Xie et al. [41] and was calculated
according to Snell’s Law. Finally, the tide correction was also
conducted on these ICEsat-2 data, and down-sample processes
were the same as in Section III-A. In this study, 224 ICESat-2
bathymetric points in the west of Huaguang Reef, 1346 points in
the east of Lingyang Reef, and 834 points in the west of Qilian
Islet were extracted and used for training their SDB models,
respectively.

D. Geomorphic Mapping

The geomorphic map of coral reefs in the Xisha Islands was
adopted, which was visually interpreted by Zuo et al. [7] using
the same GF-1 image and mapped eight geomorphic zones
for emergent reefs. According to the geomorphic segmentation
scheme (Supplementary material, Table S1), we merged the
geomorphic categories into five classes in ArcGIS 10.7, which
were reef slope, reef flat, shallow lagoon, deep lagoon, and patch
reef (see Fig. 5). Finally, the accuracy of the geomorphic map
was verified by the in situ geomorphic data (see Fig. 1), and the
overall accuracy and Kappa were 91% and 87% in the confusion
matrix (Supplementary material, Table S2), respectively.

E. Parametric Multimodel Combination Bathymetry Inversion
Approach Based on Geomorphic Segmentation

ICESat-2 depth points and satellite multispectral pixels were
spatially paired up to construct bathymetry inversion models
based on geomorphic segmentation, and the optimal model in
each geomorphic zone was combined for bathymetry inver-
sion. In this study, five parametric SDB models were tested in
each geomorphic zone: single band model (1), ratio model (2),
single-band binomial model (3), ratio binomial model (4), and
multiple ratios model (5). These parametric SDB models were
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Fig. 5. Geomorphic classification map of 11 coral reefs in the Xisha Islands.
(a) Seven reefs of Yongle Atoll. (b) Huaguang Reef. (c) Panshi Islet. (d) Yuzhuo
Reef. (e) Qilian Islet.

constructed in three regions, which were the west section of
Huaguang Reef with GF-1 [see Fig. 1(b)], the east section of
Lingyang Reef with WV-2 [see Fig. 2(a)], and the west section
of Qilian Islet with WV-3 [see Fig. 2(c)]. The equations and
rationality for adopting each parametric SDB model are listed
below.

Single band model: When the substrate and water quality are
homogeneous, spectral reflectance is only related to water depth
and they have a log-linear relationship [17]

D = a× lnR(λi) + b. (1)

Ratio model: The spectral reflectance varies significantly with
substrate types, but the ratio of spectral reflectance remains
constant and is only related to the water depth [35]

D = a× lnR(λi)

lnR(λj)
+ b. (2)

Single-band binomial model and ratio binomial model: The
reflectance of the single-band or band ratio to water depth is a
nonlinear binomial relationship [42]

D = a× [lnR (λi)]
2 + b× lnR (λi) + c (3)

D = a×
[
lnR (λi)

lnR (λj)

]2
+ b× lnR (λi)

lnR (λj)
+ c. (4)

Multiple ratios model: One reflectance ratio has the limited
ability to reduce the influence of substrate types, but multiple
reflectance ratios can further reduce the influence [30]

D =

n∑
i=1

n∑
j=1

[
aij × lnR (λi)

lnR (λj)

]
+ bij . (5)

In the above equations, Ri and Rj are the processed re-
flectance logarithm of i and j bands, and a, b, c, aij , bij are the
statistical coefficients. All band combination types were tested
in modeling.

F. One-Model Approaches Without Geomorphic Segmentation
for Comparison

For comparison with our PMCGS approach, the one-model
approach was conducted without geomorphic segmentation,

in which one PM and three nonparametric machine learning
models were tested. We used the same training and validation
data with the PMCGS. First, referring to Zhang et al. [23] and
Cao et al. [21], respectively, a multiple band model was trained
in the west of Huaguang Reef [see Fig. 1(b)] based on GF-1
and in the east of Lingyang Reef [see Fig. 2(a)] based on WV-2.
Referring to Li [19], a ratio binomial model was trained in the
west of Qilian Islet [see Fig. 2(c)] based on WV-3. Second, three
nonparametric machine learning models using random forest
(RF), support vector machine (SVM), and convolutional neural
network (CNN) were constructed using randomForest, e1071,
and keras3 package in R 4.4.1, respectively. All machine learn-
ing models were adjusted and tested, and the optimal results were
retained. The model parameters are shown in Supplementary
material Table S3.

G. Extrapolation and Accuracy Assessment of Bathymetry
Inversion Approaches

The PMCGS model and one-model approaches were all ex-
trapolated to other coral reefs outside the training area. Models
constructed in the west of Huaguang Reef [see Fig. 1(b)] were
extrapolated to the 11 coral reefs in Xisha Islands [see Fig. 1(a)]
based on the GF-1. Models constructed in the east of Lingyang
Reef [see Fig. 2(a)] and west of Qilian Islet [see Fig. 2(c)]
were extrapolated to the entire Lingyang Reef and Qilian Islet
based on the WV-2/3. For GF-1 image, four reef sections with
in situ bathymetry data, including the east of Huaguang Reef
[see Fig. 1(c)], the middle of Panshi Islet [see Fig. 1(d)], the
south of Lingyang Reef [see Fig. 1(e)], and the west of Qilian
Islet [see Fig. 1(f)] were presented to show the bathymetry
inversion results and the accuracy. For WV-2/3 high-resolution
images, accuracy evaluation was conducted on the south section
of Lingyang Reef [see Fig. 2(b)] with in situ bathymetry data
and on the west section of Qilian Islet [see Fig. 2(d)] with
approximately 20% in situ and 80% ICESat-2 bathymetry data.

The bathymetry inversion accuracy of SDB models was eval-
uated from three aspects (overall, depth segments, and geo-
morphic zones) by the fitting regression coefficient R2, RMSE,
mean absolute error (MAE), and mean relative error (MRE).
Finally, the overlapping bathymetric paths of in situ and SDB in
Lingyang Reef and Qilian Islet were extracted to compare the
model performance between GF-1 and WV-2/3

R2 = 1−
∑N

i=1 (Zd − Zv)
2

∑N
i=1 (Zv − Za)

2
(6)

RMSE =

√
1

N

∑N

i=1
(Zd − Zv)

2 (7)

MAE =
1

N

N∑
i=1

|Zd − Zv| (8)

MRE =
1

N

N∑
i=1

|Zd − Zv|
Zv

× 100% (9)

whereZd is water depth data inverted from satellite image.Zv is
in situ or ICESat-2 validated water depth data. Za is the average
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TABLE I
FITTED REGRESSION COEFFICIENTS R2 OF FIVE PARAMETRIC SDB MODELS IN EACH GEOMORPHIC ZONE IN SECTIONS OF WEST OF HUGUANG REEF (GF-1),

EAST OF LINGYANG REEF (WV-2), AND WEST OF QILIAN ISLET(WV-3)

of in situ or ICESat-2 validated water depth data. N is the number
of samples.

IV. RESULTS

A. Optimal Models in Geomorphic Zones

The R2 of five bathymetry models in each geomorphic zone
is shown in Table I. Taking the model with the highest R2 as
optimal, we found that the multiple ratios model was optimal
for the reef flat, shallow lagoon, and patch reef zones for GF-1
and WV-2/3 images. The single-band binomial and the ratio
binomial models were optimal for the reef slope and deep lagoon
zones for GF-1 and WV-2/3 images. These optimal models in
each geomorphic zone (Supplementary Material, Table S4) were
combined to constitute our PMCGS approach.

B. GF-1 Bathymetry Inversion

Using PMCGS approach, the bathymetric maps derived from
the GF-1 image were presented in the east section of Huaguang
Reef [see Fig. 6(a)], the middle section of Panshi Islet [see
Fig. 6(b)], the south section of Lingyang Reef [see Fig. 6(c)],
and the west section of Qilian Islet [see Fig. 6(d)]. Evaluation
with in situ data suggested that the PMCGS inverted bathymetry
in GF-1 image had an RMSE of 0.91 m, MAE of 0.62 m, and
MRE of 13.06% [see Fig. 7(a)], which had significantly higher
accuracy than the one-model approaches without geomorphic
segmentation [see Fig. 7(d), (g), (j), (m)]. In the one-model
approaches, the PM had an RMSE of 1.88 m [see Fig. 7(d)],
and the nonparametric machine learning models had RMSEs
between 2.21 and 2.46 m [see Fig. 7(g), (j), (m)].

Bathymetric profiles using the PMCGS approach reflected the
characteristics of each geomorphic zone [see Fig. 6(e)–(h)]. Reef
slope terrain was extremely steep and the water depth dropped
rapidly from 1 to 20 m over a short distance. The steepness was
ranked as south of Lingyang Reef > middle of Panshi Islet >

west of Qilian Islet > east of Huaguang Reef. The bathymetry
of reef flat and shallow lagoon was 2–3 m. The deep lagoon
of the east of Huaguang Reef was the deepest at approximately
20 m. Patch reefs rose vertically and were unevenly distributed
within the lagoon. The patch reefs of the east of Huaguang Reef
resembled a peak with a sharp top and two steep sides, while
those of the south of Lingyang Reef and the middle of Panshi
Islet resembled a mound with a rounded top and two gently
sloping sides.

C. WV-2/3 Bathymetry Inversion

Using the PMCGS approach, extrapolated bathymetric maps
and profiles derived from WV-2/3 were presented in the south
of Lingyang Reef and the west of Qilian Islet (see Fig. 8). Eval-
uation using the in situ data suggested that the PMCGS inverted
bathymetry had an RMSE of 0.70 m, MAE of 0.50 m, and MRE
of 11.99% in Lingyang Reef [see Fig. 7(b)]. Evaluation using the
in situ and the ICESat-2 data, the PMCGS inverted bathymetry
in Qilian Islet had an RMSE of 0.88 m, MAE of 0.52 m, and
MRE of 16.38% [see Fig. 7(c)]. Using the one-model approaches
without geomorphic segmentation, the water depth inverted by
PMs had an RMSE of 1.70 m in the Lingyang Reef [see Fig. 7(e)]
and 1.12 m in the Qilian Islet [see Fig. 7(f)], respectively. The
water depth inverted by machine learning models had RMSEs
from 1.13 to 1.88 m [see Fig. 7(h), (i), (k), (l), (n), (o)]. Thus,
the PM (RMSE= 1.12 m) outperformed nonparametric machine
learning models (RMSE=1.36–1.51 m) in Qilian Islet, although
it performed worse (RMSE= 1.70 m) than the machine learning
models (RMSE = 1.13–1.46 m) in Lingyang Reef, except for
the CNN model.

In summary, the PMCGS outperformed the one-model
approaches without geomorphic segmentation. Besides, the
bathymetry inverted from WV-2/3 was more accurate than that
from GF-1 image (see Fig. 7). Finer terrain changes from the
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Fig. 6. Bathymetric maps and profiles derived from GF-1 using the PMCGS
approach. Study areas were (a) the east of Huaguang Reef, (b) the middle of
Panshi Islet, (c) the south of Lingyang Reef, and (d) the west of Qilian Islet.
(e)–(h) Bathymetric profiles corresponding to (a)–(d), respectively, from the reef
slope to the lagoon.

reef slope to the lagoon can be identified from WV-2/3 images
(see Fig. 8) than from GF-1 image (see Fig. 6).

D. Accuracy of the PMCGS Approach in Different Depth
Segments and Geomorphic Zones.

The comparison of the water depth data inverted from
medium- and high-resolution images at overlapping paths sug-
gested that the bathymetry derived from WV-2/3 images better
matched in situ data than that from GF-1 image, both in the south
of Lingyang Reef [see Fig. 9(a)] and in the west of Qilian Islet
[see Fig. 9(b)]. The performance differences between WV-2/3
and GF-1 were particularly noticeable in the reef slope and the
deep lagoon. The accuracy still varied in different reefs, depth
segments, and geomorphic zones.

The accuracy of the bathymetric data inverted using the
PMCGS approach in each depth segment is shown in Fig. 10

and Supplementary Material, Table S5. Results suggested that
the PMCGS approach performed best at 0–5 m depth, with an
RMSE of 0.27–0.56 m and MAE of 0.21–0.38 m [see Fig. 10(a),
(b)]. The accuracy was lowest at 10–15 m depth segment, with an
RMSE of 0.96–2.44 m and MAE of 0.84–2.04 m [see Fig. 10(a),
(b)]. The PMCGS approach in the WV-2/3 images performed
better than in the GF-1 image at depths of 10–15 m (see Fig. 10).
The MRE varied from 6.73% to 18.38% in all depth segments
[see Fig. 10(c)].

The bathymetric errors in geomorphic zones showed that the
PMCGS approach performed best in shallow-water geomorphic
zones in both GF-1 and WV-2/3 images, such as the reef flat and
shallow lagoon, with an RMSE of 0.17–0.46 m [see Fig. 11(a),
Supplementary Material, Table S6). The accuracy was lowest
in the reef slope, with an RMSE of 1.20–1.83 m, MAE of
1.03–1.47 m, and MRE of 13.11%–22.33% [see Fig. 11, Sup-
plementary Material, Table S6). The bathymetric data inverted
from the WV-2 image in the Lingyang Reef had the highest
accuracy among all satellite images [see Fig. 11(a) and (b)].

V. DISCUSSION

A. Optimal Bathymetry Inversion Model in Each Geomorphic
Zone

The highest R2 was used to determine the optimal model.
In this process, the errors of each model were also evaluated
using RMSE value to ensure the criteria of the highest R2 was
justifiable in this area. Because a poor optimal model may also
have large errors but high R2 in other study areas, we should also
consider the errors for future work with this approach. Modeling
results of the PMCGS indicated that the multiple ratios model
was optimal for the reef flat, shallow lagoon, and patch reef (see
Table I). These geomorphic zones are characterized by shallow
water, flat terrain, and uniform water column optical properties
in the vertical direction. However, their substrate types are
highly heterogeneous and the spectra are mixed with various
information, which affects the bathymetry inversion accuracy
[43]. Studies found that the multiple ratios model was more
effective in reducing the effects of substrate types than the single
ratio model [30], [35], which is consistent with our models.

The binomial models, including the ratio binomial and single-
band binomial models, were optimal for the reef slope and deep
lagoon (see Table I). These geomorphic zones are characterized
by deep water and rapidly changing terrain, thus the spectra
predominantly carry water depth information. However, studies
have shown that the assumption of vertical uniformity of the
water column is no longer valid in deep water, and the signal-
to-noise ratio decreases as the depth increases. Thus, the SDB
accuracy decreases as water depth increases [42], [44], [45].
Another study found that increasing the polynomial degree of
the SDB model better fit the relationship between depth and
reflectance in deep water, which could improve SDB accuracy
in deep water [46]. The study also found that binomial models
were suitable for reef slopes and deep lagoons (see Table I).
Therefore, the PMCGS approach has simultaneously considered
the benthic and terrain variation features in different geomorphic
zones, which effectively reduced SDB error.
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Fig. 7. Error scatter plots of derived depth versus in situ depth in the extrapolated study areas of 11 reefs of Xisha Islands (GF-1), Lingyang Reef (WV-2), and
Qilian Islet (WV-3). (a)–(c) Results used the parametric multimodels combination approach based on geomorphic segmentation (PMCGS). (d)–(o) Results used
the one-model approaches, where (d)–(f) used the PMs, (g)–(i) used the RF model, (j)–(l) used the SVM model, (m)–(o) used the CNN model. The red line is the
1:1 line. The color of the scatter dots represents the density, and the colors from dark to light represent the density from low to high. (a) PMCGS. (b) PMCGS.
(c) PMCGS. (d) PM. (e) PM. (f) PM. (g) RF. (h) RF. (i) RF. (j) SVM. (k) SVM. (l) SVM. (m) CNN. (n) CNN. (o) CNN.
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Fig. 8. Bathymetric maps and profiles derived from WV-2/3 using the PMCGS
approach. Study areas were (a) the south of Lingyang Reef and (b) the west
of Qilian Islet. (c) and (d) Bathymetric profiles from reef slope to lagoon
corresponding to (a) and (b), respectively.

B. Comparison of the Bathymetry Inversion Approaches

In previous studies, a geographically adaptive inversion
method [20] was proposed to improve the bathymetry
inversion accuracy, but its extrapolating performance has not
been analyzed. The PMCGS method was constructed based on
the geomorphic characteristics due to complex seafloor environ-
ment of coral reefs and can extrapolate efficiently to other coral
reefs, which was more accurate than the one-model methods
(PM, RF, SVM, CNN) without geomorphic segmentation (see
Fig. 7). To compare the PMCGS method with previous SDB
methods, we referred to studies in the Xisha Islands, which
used the same sensor or sensors with similar spatial resolu-
tion. Results suggested that the inverted bathymetry from GF-1
(RMSE = 0.91 m), adopting PMCGS, was more accurate than
the multitemporal method (RMSE = 1.08 m) [25], and had
higher accuracy than other one-model methods without geo-
morphic segmentation (RMSE = 0.94–1.58 m) [23], [24], [47],
[48]. The inverted bathymetry from WV-2/3 (RMSE = 0.70–
0.88 m) using the PMCGS approach was more accurate than the
one-model approach that merged active–passive remote sensing
data (RMSE = 0.931 m) [21]. The proposed PMCGS model
significantly improved the bathymetric accuracy compared with
the entirely one-model approaches and previous studies.

Using the one-model SDB approaches without geomorphic
segmentation, previous studies found that nonparametric ma-
chine learning models generally outperformed parametric mod-
els [27], [49]. However, the parametric model outperformed
the three machine learning models in the 11 reefs of Xisha
Islands in GF-1 and Qilian Islet in WV-3, although it performed
worse than the RF and SVM in the Lingyang Reef in WV-2
in this study (see Fig. 7). The model performance differences
may be because machine learning models rely more on training
sample size than parametric models. A large number of 1346
training samples were used in Lingyang Reef, while a small set

of training sample points of 224 and 834 were used in 11 coral
reefs in the Xisha Islands and Qilian Islet, respectively. The
relationship between training data volume and model perfor-
mance was further analyzed across four one-model approaches
(see Fig. 12). Results showed that the errors of three machine
learning models decreased as the training data volume increased,
especially for the CNN model. However, no obvious relationship
was found between the training data volume and the PM model
performance. This is consistent with the findings of previous
studies that the performances of machine learning models are
affected by training sample size, while those of the parametric
models are affected by sample quality [49], [18]. Owing to
the limited training samples in each geomorphic zone, this
relationship analysis could not be carried out for the PMCGS
model. Additionally, the sensor type and study area may also
cause a difference in model performances [23].

Although the nonparametric machine learning models per-
formed poorly in this study [see Fig.7(g)–(o)], other studies
found that the machine learning models could more effectively
improve the SDB accuracy than parametric models in turbid
and terrain-complex areas with sufficient training data volume
[12], [50]. However, machine learning models require a large
number of training samples, and their extrapolation to invert
large-scale bathymetry is challenging in coral reef areas because
of the heterogeneous substrate and terrain [27]. In contrast, the
PMCGS approach proposed in this study was extrapolated effec-
tively to other coral reefs and obtained large-scale bathymetry
[see Fig. 7(a)–(c)]. Therefore, the geomorphic segmentation and
machine learning models can be further combined in future
research to discover whether this method can further improve the
SDB model performance if more training samples are acquired.
In addition, geomorphic mapping is a necessary step for the PM-
CGS construction. Coral reef geomorphology is influenced by
geological structure, biology, hydrodynamics, and sedimentary
processes. The boundaries of each zone are clear and can be
accurately mapped from moderate- to high-resolution satellite
images. There are many references for the geomorphic mapping
of coral reefs [5], [34], [51], [52], [53]. Because Indo-Pacific
coral reefs have developed complete and regular geomorphic
zones, the geomorphological partitioning procedure is feasible
and can be achieved universally.

C. Bathymetry Inversion Accuracy in Depth and Geomorphic
Segments

The bathymetric accuracy of the proposed PMCGS was sig-
nificantly higher than previous studies in the 0–5 m, 5–10 m, and
15–25 m depth segments [54], [55], while it was relatively lower
at 10–15 m (see Fig. 10). The bathymetric points in the 10–15 m
depth segment were further geographically analyzed. In GF-1,
we found that these bathymetric points were predominantly
located in the reef slope and the deep lagoon, but only the points
in the reef slope deviated significantly from the in situ water
depth points (Supplementary Material, Fig. S1). In WV-2/3,
these bathymetric points were all located on the reef slope. In
addition, the bathymetric accuracy in each geomorphic zone
indicated that the reef slope was the primary error source (see
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Fig. 9. Comparison of the in situ bathymetry data (black dotted line) versus satellite inverted bathymetry data (red and green dotted lines) at overlapping paths
using the PMCGS approach. The paths were in (a) the south of Lingyang Reef and (b) the west of Qilian Islet. The x-axis is the serial number of bathymetric points
arranged in the coral reef section, and their locations refer to Fig. 2(b) and (d).

Fig. 10. Bathymetry inversion errors of different depth segments using the PMCGS approach in extrapolated areas, including the 11 reefs of Xisha Islands (GF-1),
Lingyang Reef (WV-2), and Qilian Islet (WV-3). Error indexes include (a) RMSE, (b) MAE, and (c) MRE.

Fig. 11. Bathymetry inversion errors of different geomorphic zones using the PMCGS approach in extrapolated areas, including the 11 reefs of Xisha Islands
(GF-1), Huaguang Reef (WV-2), and Qilian Islet (WV-3). Error indexes include (a) RMSE, (b) MAE, and (c) MRE.
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Fig. 12. Relationship between training sample size and model performance across four one-model approaches without geomorphic segmentation. Study areas
were (a) 11 reefs of Xisha Island with GF-1, (b) Lingyang Reef with WV-2, and (c) Qilian Islet with WV-3. Four colors of lines represent the PM, RF model, SVM
model, and CNN model, respectively.

Fig. 11). Because the reef slope is characterized by steep seafloor
terrain, the geolocation-induced inverted bathymetry accuracy
tends to decrease when the slope is steeper [56]. Besides, the reef
slope is the deepest zone among all geomorphic zones, and the
SDB accuracy generally decreases with increasing water depth
because spectral reflectance was attenuated rapidly [57], [58].
Therefore, the reef slope, characterized by steep terrain and deep
water, is the main zone affecting the bathymetric accuracy in the
10–15 m depth segment.

The performances of the one-model approaches without ge-
omorphic segmentation across geomorphic zones were further
compared using the RMSE value. Results showed that these four
approaches had low bathymetric accuracy in most geomorphic
zones (Supplementary Material, Fig. S2), except for the reef flat
and shallow lagoon of Lingyang Reef and Qilian Islet, which had
more training samples than those of 11 reefs of Xisha Islands.
The performances of the parametric model and nonparametric
machine learning models had no significant differences in shal-
low geomorphic zones, such as reef flat, shallow lagoon, and
patch reef. However, their performances showed obvious differ-
ences in the reef slope and deep lagoon zones (Supplementary
Material, Fig. S2). Overall, none of the four models analyzed
performed best in all geomorphic zones, and training respective
SDB models for geomorphic zones is necessary.

D. Accuracy Comparison Between GF-1 and WV-2/3

The Xisha Islands are far from human activities, and the ac-
quisition time between GF-1 and WV-2/3 was only four months,
suggesting that the terrain and water environment were nearly
the same in both satellite images. In addition, no significant
visual differences were observed between GF-1 and WV-2/3
true-color images. Thus, the performance differences between
the WV-2/3 and GF-1 images were mostly due to the spatial res-
olution of the two sensors. The comparison of in situ and satellite
inverted bathymetric data in overlapping paths suggested that no
obvious differences were found between GF-1 and WV-2/3 in
shallow water (see Fig. 9). However, the high-resolution WV-2/3
images performed better than the medium-resolution GF-1 im-
age in bathymetry inversion in deep water, especially in the reef

slope (see Fig. 9). Reef slopes have high coral diversity and steep
terrain [7], and their water depth changes significantly over short
distances. Thus, the pixel scale is inversely proportional to the
inversion accuracy due to geolocation, which is consistent with
previous studies [22], [56]. Nonetheless, the medium-resolution
image is a balanced choice to simultaneously derive accurate
and large-scale bathymetric maps.

E. Limitations

The SDB accuracy can be affected by the tide, sun glint, and
time interval of dataset. The reef flat water depth in the west
of Qilian Islet was shallower than 1 m owing to low tide, thus
the WV-3 image spectra carried mostly substrate information
instead of water depth, which resulted in an R2 = 0.65 for the
optimal bathymetry inversion model (see Table I). In addition,
the WV-2 image of Lingyang Reef was affected severely by
sun glint, and some abnormal pixels still existed even after the
removal of sun glint, which may also affect the bathymetric
accuracy. Thus, to derive accurate bathymetric maps, we suggest
that high-quality satellite images taken at high tide should be
used as much as possible.

Although a temporal interval existed between ICESat-2 data
derived in 2019 and in situ data obtained in 2014, a significant
correlation was observed between derived bathymetry data and
in situ bathymetry data (see Fig. 7). Our results indicate that the
coral reef terrain in the study area did not change much from
2014 to 2019, and the ICESat-2 data can be used instead of in
situ water depth in some areas with stable terrain.

VI. CONCLUSION

On the basis of ICESat-2 ATL03 data and multispectral satel-
lite images from GF-1 and WV-2/3, we proposed a PMCGS
approach for obtaining bathymetry of large-scale coral reef
areas. In this approach, five parametric SDB models in each
geomorphic zone of coral reef habitats were constructed, and
the combination of optimal parametric models was extrapolated
to 11 reefs in Xisha Islands. Results suggested that the optimal
models were the multiple ratios regression model for the reef
flat, shallow lagoon, and patch reef zones. The binomial models,
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including the single-band binomial model and the ratio binomial
model, were optimal for the reef slope and deep lagoon. When
extrapolating to other reefs in the Xisha Islands, the proposed
PMCGS had an RMSE of 0.91 m in the GF-1 image and
0.70–0.88 m in the WV-2/3 image, which performed better
than the PM, RF, SVM, and CNN models without geomorphic
segmentation.

The PMCGS method efficiently reduced the impact of sub-
strate and water depth heterogeneity on SDB inversion through
geomorphic segmentation and has great potential to derive
large-scale bathymetry in Indo-Pacific coral reef habitats. Using
SDB methods to achieve higher accuracy, factors that affect
the inversion accuracy should be considered, such as the tide,
sun glint, temporal interval of dataset, and terrain variation.
However, the bathymetric accuracy was relatively low on the
reef slope owing to the deep water and steep terrain. A study
suggested that machine learning models performed well in deep
water [48]. Thus, we will try to obtain more training samples and
train machine learning models in this zone in future research.
Additionally, owing to the irregular geomorphology in Atlantic
and Caribbean coral reefs, further validation is required to assess
whether our method is applicable to these regions.
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