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Abstract: Shallow water bathymetry is essential for maritime navigation, environmental monitoring,
and coastal management. While traditional methods such as sonar and airborne LiDAR provide
high accuracy, their high cost and time-consuming nature limit their application in remote and
sensitive areas. Satellite remote sensing offers a cost-effective and rapid alternative for large-scale
bathymetric inversion, but it still relies on significant in situ data to establish a mapping relationship
between spectral data and water depth. The ICESat-2 satellite, with its photon-counting LiDAR,
presents a promising solution for acquiring bathymetric data in shallow coastal regions. This study
proposes a rapid bathymetric inversion method based on ICESat-2 and Sentinel-2 data, integrating
spectral information, the Forel-Ule Index (FUI) for water color, and spatial location data (normalized
X and Y coordinates and polar coordinates). An automated script for extracting bathymetric photons
in shallow water regions is provided, aiming to facilitate the use of ICESat-2 data by researchers.
Multiple machine learning models were applied to invert bathymetry in the Dongsha Islands, and
their performance was compared. The results show that the XG-CID and RF-CID models achieved
the highest inversion accuracies, 93% and 94%, respectively, with the XG-CID model performing best
in the range from —10 m to 0 m and the RF-CID model excelling in the range from —15 m to —10 m.
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1. Introduction

Shallow bays and areas around islands and reefs are hotspots for human marine
activities, and information on bathymetry is crucial for the study of these shallow seas.
With the growth of the ocean economy and the increasing demand for the exploitation of
resources such as fisheries, oil and gas, and marine tourism, knowledge of bathymetry is
essential for safe navigation, harbor planning, and fishery resource assessments. These
areas are also often important components of ecosystems, such as coral reefs and seagrass
beds, and accurate bathymetric data can help to study their distribution and growth [1,2].
In addition, changes in bathymetry are closely linked to climate change, with rising sea
levels due to global warming raising concerns about coastline retreat. Monitoring changes
in bathymetry can also help to predict the extent of natural disasters such as tsunamis
and hurricanes, supporting the mitigation of potential damage. The in-depth study of
bathymetric information in shallow waters has significant scientific, economic, and social
value [3-5].

Traditional shallow water bathymetric methods are divided into five main categories.
(1) Sonar echo sounding techniques based on shipboard systems: These include single-
beam echo sounding (SBES [6]) and multibeam echo sounding (MBES [7,8]). The former has
a small coverage and low spatial resolution, while the latter provides detailed underwater
topography through complete insonification of the area. (2) Bathymetry using airborne
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LiDAR data from non-imaging active remote sensing and satellite radar altimetry (e.g.,
SEASAT altimetry), with the former obtaining accurate measured depths in near-shore
waters and the latter being suitable for only coarse, large-scale monitoring of seafloor
topography changes. (3) Synthetic Aperture Radar (SAR) based on imaging active remote
sensing for bathymetric inversion: When extracting seafloor features, this technique only
identifies features with wavelengths similar to those of the local swell. If there is a large
gap between the scale of the seabed topographic features and the wavelength of the waves,
the effectiveness of the SAR technique will be limited [3]. (4) Bathymetric techniques
based on imaging passive remote sensing: The use of satellite remote sensing images
to establish bathymetric inversion models is divided into statistical and physics-based
methods. Physics-based methods usually have higher accuracy, but need to consider
complex optical properties; statistics-based methods analyze the relationship between
spectral properties and depth through regression [9-16]. (5) Bathymetric inversion based
on photogrammetry: This technique uses high-resolution satellite or airborne imagery to
extract submerged features through advanced photogrammetric techniques. By applying
stereo-matching and disparity estimation, this method reconstructs three-dimensional
underwater topography. However, accurate refraction correction is essential for precise
bathymetric data, and the technique is primarily applicable to shallow and ultra-shallow
waters with depths up to 10 m [17-21]. Sonar and airborne LiDAR bathymetry are expensive
and have limitations in remote and sensitive areas that are difficult to reach by ships and
drones [22]. Photogrammetry can achieve high-resolution shallow water topography, but
its depth capability is limited (typically up to 10 m). Satellite bathymetry allows for fast
and cost-effective large-scale bathymetric inversion.

The research of satellite-derived empirical-based bathymetry (SDB) can be traced back
to the 1970s and 1980s, when Polcyn et al. [23-25] proposed the SDB algorithm based on
the band ratio, which gradually enabled the estimation of shallow water depths up to 5
m. Lyzenga et al. [26-28] simplified the classical radiative transfer equation to establish
a quantitative relationship between the surface radiant energy and the water depth, thus
simplifying the multispectral bathymetric inversion model and successfully estimated the
water depth up to 15 m. Subsequently, Lyzenga et al. [29] proposed a multi-band linear
model to correct optical attenuation and bottom reflection changes by log-transforming
the blue and green band radiance combinations to improve the bathymetry accuracy,
and Stumpf et al. [30] proposed an empirical ratio formula with only two unknown pa-
rameters, improving upon previous bathymetry inversion models. Experimental results
demonstrated that the dual-band ratio model not only requires fewer parameters, but
also performs well for low bottom depths and low reflectivity conditions. This model has
become one of the classical approaches and forms the basis for many current studies. In
recent years, scholars have made significant progress on the basis of these classical models.
Pacheco et al. [31] improved the linear transformation algorithm of Lyzenga and inverted
the nearshore SDB maps from Landsat 8 imagery. Hedley et al. [32] compared the ability of
Sentinel-2 and Landsat 8 imagery in shallow water bathymetry and seabed mapping. With
the development of machine learning technology, many researchers applied it to bathymet-
ric inversion. Sandidge et al. [33] proposed a BP neural network for bathymetric inversion
for the first time, and the effect exceeded traditional linear regression. Manessa et al. [34]
used the random forest algorithm to carry out the bathymetric inversion of shallow coral
reefs based on WorldView-2 imagery. Wang L et al. [35] used IKONOS-2 imagery and
airborne LiDAR samples to implement bathymetric inversion by support vector machine
model, while Wang Y et al. [5] improved the inversion accuracy by integrating spectral
and spatial features through multilayer perceptron. Leng Z et al. [36] used the GRU deep
learning model to carry out segmented bathymetric inversion of turbidity in Liaodong Bay.
Ji X et al. [9] proposed an adaptive empirical method for different substrate types based
on WorldView-2 imagery and multibeam echo sounding, airborne laser bathymetry (ALB)
system. Knudby A et al. [12] compared five SDB models and discussed the importance of
local neighborhood information for optimizing the effectiveness of bathymetric inversion.
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These studies have promoted the continuous development and application of SDB field,
but satellite bathymetry still needs a large amount of in situ measured data to construct the
mapping relationship between spectra and depth.

ICESat-2 (Ice, Cloud, and land Elevation Satellite 2) [22,37-41] was launched in Septem-
ber 2018 with the first on-board photon-counting lidar system, known as ATLAS (Advanced
Topographic Laser Altimeter System). As a novel source of a priori bathymetry data, it
makes up for the shortcomings of traditional satellite bathymetry that requires a large
amount of measured data, and has been widely used in the field of Satellite-Derived
Bathymetry (SDB) in recent years. Parrish et al. [42] successfully achieved 40 m bathymetry
in clear waters using ICESat-2 data. Hsu H J et al. [43] combined ICESat-2 and Sentinel-2
data to achieve shallow water bathymetry of six islands in the South China Sea based
on a semi-empirical model [30]. Chen Y et al. [44] proposed a photon-counting LIDAR
bathymetry method based on adaptive variable ellipsoid filtering (AVEBM) and verified the
accuracy in Yongle Atoll and Chilianyu Archipelago. Xie C et al. [45] applied the density
clustering algorithm (DBSCAN) to remove noise from ICESat-2 raw photons and combined
them with Sentinel-2 data to perform bathymetric inversion, demonstrating the potential
of combining data from multiple sources. Peng K et al. [46] proposed a physically assisted
convolutional neural network (PACNN) model based on convolutional neural networks
(CNNs) by linking Sentinel-2 and ICESat-2 data for shallow water bathymetry. Guo X
et al. [47] performed bathymetric inversion by integrating ICESat-2 and Sentinel-2 data
using a BP neural network model, which effectively enhanced the bathymetric inversion
results. Xie C et al. [11] fused ICESat-2 and Sentinel-2 data and incorporated a radiative
transfer-based model into a convolutional neural network (CNN) for bathymetric inver-
sion, significantly improving inversion accuracy and further validating the effectiveness of
multi-source data fusion.

This study aims to propose a simple and convenient method for shallow water depth
inversion based on satellite datasets, enhancing the performance of the water depth inver-
sion model through the integration of various types of information. First, the feasibility of
applying ICESat-2 data in shallow water bathymetry is explored and improved. To this
end, we developed a fully automated script capable of extracting water depth photons,
where users only need to define the study area and select high-quality ICESat-2 data tracks
and dates. Second, this study uses the information from the red, green, and blue bands of
Sentinel-2 data as spectral feature information, the Forel-Ule index (FUI) [48-50] as water
color information, and normalized latitude and longitude coordinates, along with polar
coordinates, as spatial information. These are combined with the extracted ICESat-2 water
depth point data to train the traditional Stumpf model, Polynomial Regression model,
Random Forest model, Gradient Boosting model, and XGBoost model for water depth in-
version. Through a comprehensive analysis of the accuracy and applicability of each model
in shallow water bathymetry, this study provides new perspectives and methodologies for
the effective application of ICESat-2 and Sentinel-2 data in shallow water depth inversion.

2. Materials and Methods
2.1. Study Area and Data
2.1.1. Study Area and In Situ Bathymetric Data

The first study area is located in the shallow coastal regions of Clearwater Bay, Haitang
Bay, and Yalong Bay (Lingshui-Sanya Bay) in Hainan Province, China, situated in the
southeastern part of the province within a low-latitude coastal zone, as shown in Figure 1a.
The in situ data consist of 24 bathymetric points collected in 2020, which are used to
evaluate the bathymetric capability of ICESat-2 data. The locations of these measurement
points are indicated by red dots in Figure 1c.

The second study area is located in the Dongsha Islands (Figure 1b), a group of islands
and reefs in the northern part of the South China Sea. It consists of 11 coral reefs and
35 islands with a total area of about 0.57 km?. The Dongsha Islands are the furthest group
of islands in the South China Sea from Hainan, about 350 km from Hainan Island and
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about 460 km from the Leizhou Peninsula in Guangdong Province. These islands consist
mainly of coral reefs and sandy islands with low reliefs and small islands. The natural
environment of the Dongsha Islands remains relatively pristine, with a well-preserved
ecosystem. Covering a total sea area of approximately 5000 km?, the Dongsha Islands
feature a comprehensive topography that includes unique natural formations such as reef
flats, lagoons, sandbars, shoals, channels, and islands, making it a quintessential example
of an atoll landform.
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Figure 1. Map of the study area for this study. (a) Location of the study area for this study. (b) Sentinel-
2 image map of Dongsha Islands. (c) Sentinel-2 image map of Lingshui-Sanya Bay; the red dots are
the actual measurement points of water depth.

2.1.2. ICESat-2 Data

ICESat-2 (Ice, Cloud, and Land Elevation Satellite-2) is an Earth observation satellite
launched by NASA in September 2018, designed to accurately measure changes in surface
elevation through laser altimetry to support global environmental monitoring and climate
change research. ICESat-2 carries the Advanced Topographic Laser Altimeter System (AT-
LAS), one of the most advanced laser altimeters in Earth’s orbit to date. ICESat-2’s primary
mission includes assessing volumetric changes in the polar ice caps in order to establish
an active monitoring system related to sea level change and ocean circulation impacts. In
addition, ICESat-2 is used to measure global vegetation characteristics, land topography,
and the backscattering properties of molecules, clouds, and aerosols in the atmosphere.
These data are critical to understanding global change and supporting environmental pro-
tection [51-58]. The ATLAS uses six laser beams divided into three pairs, each consisting
of a strong beam and a weak beam. The strong beam has four times the energy of the
weak beam, a design that helps to obtain stable data under varying albedo conditions. The
distance between each pair of laser pulses is 90 m, while the distance between each pair
and the next is 3.3 km. This spatial configuration strikes a balance between high-resolution
sampling and wide area coverage, enabling ICESat-2 to capture detailed altimetry data
across diverse global surfaces with improved accuracy.

ICESat-2 provides a variety of data products, and the Level 2 data of ICESat-2, ATL03
(Global Geopositioning Photonics Data), was used in this study (as shown in Table 1). The
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ATLO03 dataset consists of all the raw photon data recorded in six different trajectories (three
strong beams and three weak beams), each with unique latitude, longitude, and elevation
angles based on the WGS84 ellipsoidal datum with unique latitude, longitude, and elevation
angles. The dataset is corrected for atmospheric delays, solid tides, and systematic pointing
biases, but does not correct for bathymetric errors such as water surface fluctuations, tilted
surfaces, and water column effects. Although the ATLO03 dataset provides detailed photon
data, due to the high sensitivity of the detector, the data contain a large number of noise
photons, especially in the daytime solar background. In order to distinguish between signal
and noise photons, the ATL03 dataset introduces a ‘confidence’” parameter ranging from 0
to 4, where the higher the confidence, the more likely the photon is a signal. However, due
to attenuation and scattering effects in the water column, the distributions of signal and
noise photons are different from those in the atmosphere, resulting in poor performance of
the confidence parameter in undersea signal photon detection [42]. Therefore, this study
proposes a density-based signal detection algorithm to filter the photons and identify the
water depth signal photons.

Table 1. Data table of ICESat-2 and Sentinel-2 in the study area.

Site Lingshui-Sanya Bay Dongsha Islands
Latitude 18°3.84'N-18°33.3'N 20°34.75'N-20°47.20'N
Longitude 109°17.1’E-110°7.8'E 116°41.34'E-116°55.61'E

ICESat-2 Data

Sentinel-2 Data

ATL03_20200130213819_05370607_006_01
ATL03_20200427052044_04840701_006_02
ATL03_20200430171804_05370707_006_02
ATL03_20200530034826_09870701_006_01
ATL03_20200727010031_04840801_006_01
ATL03_20200828232813_09870801_006_01
ATL03_20200901112535_10400807_006_02
ATL03_20200930100134_00950907_006_02
ATL03_20210502234906_05981107_006_01
ATL03_20210524103607_09261101_006_01
ATL03_20210524103607_09261101_006_01
ATL03_20220624154329_00421601_006_01
ATL03_20220628034053_00951607_006_01
ATL03_20220829004446_10401607_006_01

S2A_MSIL2A_20201203T031109_NO0500_R075_

T49QCA_20230303T030821

ATL03_20190129144159_04910207_006_02
ATL03_20190730060118_04910407_006_02
ATL03_20191021135212_03770501_006_02
ATL03_20191029014115_04910507_006_01
ATL03_20200420051144_03770701_006_02
ATL03_20200427170047_04910707_006_02

S2A_MSIL2A_20240222T023721_N0510_R089_

T50QMH_20240222T061746

2.1.3. Sentinel-2 Data

Sentinel-2 [59] is a key satellite in the European Space Agency’s (ESA) Copernicus
program, designed to monitor the Earth’s surface through high-resolution optical imaging.
The Sentinel-2 satellites, comprising Sentinel-2A and Sentinel-2B, were launched in June
2015 and March 2017, respectively. Sentinel-2’s L2A-level data are radiometrically cali-
brated and atmospherically corrected surface reflectance images specifically designed for
detailed surface analyses. The L2A class data are processed from the original Level-1C data
(geometrically corrected orthophotos). It is characterized by high spatial resolution and
multi-spectral coverage. Sentinel-2 L2A level data provides resolutions of 10, 20, and 60 m.
The resolution varies by band, with the 10-meter resolution band being suitable for detailed
surface analysis. Coverage of 13 spectral bands, ranging from visible to near-infrared
(VNIR) and short-wave infrared (SWIR), provides rich spectral information to support a
wide range of applications.

The Sentinel-2 L2A level data for this study was obtained from the European Space
Agency’s (ESA) Copernicus Open Access Hub. The data are projected using the UTM/WGS84
(Universal Transverse Mercator/World Geodetic System 84) projection, which facilitates its
use in conjunction with other Geographic Information System (GIS) data (data table shown
in Table 1).
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2.2. Methodology

The main work of this study involves the following aspects: First, bathymetric mea-
sured data from Lingshui-Sanya Bay, as well as ICESat-2 data and Sentinel-2 images from
both Lingshui-Sanya Bay and Dongsha Islands, were obtained. Second, Sentinel-2 images
of the two study areas were preprocessed, and ICESat-2 bathymetric photon signals were
extracted using a fully automated script. In the Lingshui-Sanya Bay area, ICESat-2 bathy-
metric photon data were matched with measured bathymetric data in terms of coordinates
to evaluate the feasibility of ICESat-2 data for bathymetric applications. Subsequently,
ICESat-2 bathymetric photon data from Dongsha Islands were resampled to a 10 m resolu-
tion and matched with Sentinel-2 images to obtain the red, green, and blue band reflectance
values of the ICESat-2 bathymetric points. Additionally, the dataset was augmented with
the FUI to represent water color information and spatial information, including normalized
latitude and longitude coordinates as well as polar coordinates (radius and angle). Using
this comprehensive dataset, the Stumpf model, Polynomial Regression model, Random
Forest model, Gradient Boosting model, and XGBoost model were trained to invert the
bathymetry of the Dongsha Islands. Finally, the accuracy and applicability of each model
were comparatively evaluated. Figure 2 illustrates the technical workflow of this study.

Lingshui-Sanya Bay || Dongsha Islands Dongsha Islands
ICESat-2 Data ICESat-2 Data Sentinel-2 Data
] |

e o
/ Density-based signal detection \
]f algorithm for filtering photons ‘l
| I -
| I Remove land photons ‘ I ‘ WaterflanciSeparatlon |
| I
: | Extract surface and seabed | : | Sunglint Correction |
| i I
| ‘ Refraction correction ‘ : | |
'\ ! | | B4B3B2 | |Forel-Ule | | X.Y, Radius,Theta |
\ [ Export bathymetric data | /

N L _—_—_——— —_ __

.
Model Trainin
In-Situ et £
Bathymetric Data | I | |
| Random Gradient Polynomial Stumpf
l Test Training Forest Boosting Regression XGBoost Model
| Applicability Evaluation Set Set | | |
Accuracy

Bathymetric Inversion Mapping }'—

Figure 2. The technical flowchart of this study. The blue dashed box illustrates the key steps in the
ICESat-2 bathymetric photon extraction process.

2.2.1. Lingshui-Sanya Bay Measured Data Acquisition

On 15-16 August 2020, our team carried out a field collection of seawater depths in
Lingshui-Sanya Bay. This study used the bathymetric rod method, which measures the
distance from the seafloor to the water surface by inserting a bathymetric rod vertically into
the seawater and measuring the distance from the seafloor to the water surface through the
scale marked on the rod. The bathymetric rod detection method is widely used in marine
scientific research because of its simplicity and practicality. We used this method to detect a
total of 24 discrete points of seawater bathymetry data in Lingshui-Sanya Bay, and tidally
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corrected the measured data by checking the tide tables of the harbors near the measured
points, as shown in Table 2.

Table 2. In situ bathymetry data sheet.

Distance from Measured Water  Tide-Corrected

Longitude Latitude Shore (m) Depth (m) Water Depth (m) Time
110.07672 18.45667 23.7 0.1 0.5 11:49
110.07676 18.45665 27.4 0.6 1 11:49
110.07686 18.45660 39.1 1.1 15 11:52
109.91875 18.41580 57.8 0.1 1.02 16:50
109.91877 18.41569 70.5 0.46 1.38 16:50
109.91878 18.41562 78.1 1.1 2.02 16:53
109.91078 18.41475 85.8 0.1 1.02 17:12
109.91079 18.41464 97.5 0.4 1.32 17:13
109.91082 18.41454 109.4 1.1 2.02 17:15
109.73072 18.31802 11.8 0.1 0.78 18:24
109.73077 18.31799 18.9 0.4 1.08 18:25
109.73118 18.31777 67.4 1.1 1.78 18:30
109.72836 18.31361 321 0.1 0.78 18:41
109.72848 18.31354 46.1 0.4 1.08 18:42
109.72884 18.31329 93.2 1.1 1.78 18:47
109.65143 18.23303 15.2 0.1 0 10:17
109.65143 18.23300 18.5 0.5 0.4 10:18
109.65144 18.23284 36.4 1 0.9 10:22
109.51883 18.22201 15.8 0.1 0.97 14:24
109.51884 18.22172 48.2 0.3 1.17 14:25
109.51886 18.22095 133.9 0.9 1.77 14:32
109.48227 18.26732 40.2 0.1 1.01 15:07
109.48217 18.26719 57.2 0.4 131 15:08
109.48197 18.26691 95.5 1 191 15:13

2.2.2. ICESat-2 Data Preprocessing

Our main objective was to extract the bathymetric photon signals from ICESat-2
satellites and compare them with the measured data of Sanya Bay, and then to evaluate
the accuracy and reliability of the extraction method of ICESat-2 data bathymetric photon
signals used in this study, taking into account the hydrographic characteristics of Sanya Bay.
The specific data processing steps include data acquisition, signal filtering, land photon
removal, water surface and seafloor extraction, refraction correction, and the exportation of
bathymetric data, as shown in the blue box in Figure 2.

In this study, we referred to the methodology provided by the 2023 ICESat-2 Hack-
week (https:/ /icesat-2-2023.hackweek.io/tutorials /bathymetry/bathymetry_tutorial.html
(accessed on 24 February 2024)) [60] to write a script that automatically extracts water
depths in batch based on the date and orbit number of ICESat-2 data within the study
area. Before running the script, we just needed to determine the study area extent and filter
out the orbits and dates with good data quality. Using OpenAltimetry ICESat-2 Webpage
(https:/ /openaltimetry.earthdatacloud.nasa.gov/data/icesat2/ (accessed on 24 February
2024)), we could select the region of interest. By modifying the date and orbit number, we
could select photon data orbits with good quality, density, and regular point clouds. By
inputting the selected orbit, date, and the latitude and longitude of the study area into the
script and running it, the water depth signal photons for the study area were automatically
filtered. The following describes the main workflow and theoretical methods of the script.

Our study utilized the Python library “Sliderule” and an EarthData account to down-
load the ATLO3 data corresponding to specific latitude, longitude, date, and orbit numbers
of the study area. ICESat-2, equipped with a laser altimeter system, conducts high-precision
measurements of the Earth’s surface, generating point cloud data that include ground and
water surface elevations. To ensure that the ICESat-2 orbital data acquired covers the target
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area’s laser detection information, we employed the distribution preview feature of the
ATLO8 dataset to identify orbits that potentially contain high-quality signals. After the data
was downloaded, we proceeded with the filtering of photon signals. The ATL03 product
provided by ICESat-2, along with the “Sliderule” tool, encompasses a variety of photon
signal measurement and processing techniques. In this study, we utilized the YAPC (Yet
Another Photon Classifier) algorithm, which was developed by NASA researchers [61].
The YAPC algorithm is a density-based signal detection method that identifies valid signals
by analyzing the spatial distribution of photon signals. Compared to traditional photon
classification approaches, YAPC exhibits heightened sensitivity to environmental variations,
enabling it to adapt more accurately to the characteristics of diverse water bodies. Utilizing
the YAPC algorithm, we filtered and identified effective photon signals. Taking the process-
ing of ATL03_20190129144159_04910207_006_02 data as an example, Figure 3a presents a
photon signal density confidence map based on the YAPC algorithm, illustrating the spatial
distribution of photon signals along the track. Different colors in the figure represent pho-
ton signals of varying density levels, with signals of higher confidence indicated by more
prominent colors. To determine the minimum threshold for valid signals, we employed the
Otsu [62] thresholding method for automatic acquisition (Figure 4a). Photons with YAPC
signal scores above this threshold are considered valid signals. Subsequently, we excluded
land photons from the valid signals. To achieve this, we constructed a histogram to tally
the frequency of photon occurrences across various height intervals, ranging from —50 m
to 50 m with a step size of 0.1 m. By identifying the height value with the highest frequency
in the histogram (i.e., the most common photon height), we estimated the water surface
height. To account for the effects of waves or surface undulations, we added a 1 m buffer
to this height. The vertical black line in Figure 4b represents the estimated water surface
height; photons above this height were considered land photons and were removed, while
valid photons below this height were classified as water area photons (Figure 3b). Building
on this foundation, we extracted the water surface and seafloor from the remaining water
area photons. We performed binning on the spatial distribution of photon signals, setting
the resolution along the track to 20 m. Based on the distribution of photon density, we
adaptively adjusted the height resolution and generated a two-dimensional histogram.
The binning operation aimed to divide the photon data into multiple intervals along both
the height and track dimensions, facilitating the analysis of photon height distribution
characteristics. To enhance the detection of signal peaks, we applied adaptive filtering
to the generated two-dimensional histogram. The filtering strength was dynamically ad-
justed based on local variance to smooth the signal and reduce the impact of noise, thereby
highlighting the main peaks of the signal. Subsequently, based on the peak values of
each waveform, we assumed that the topmost return signal represents the water surface.
After removing the water surface peak, we selected the prominent peak as an indicator of
seafloor depth, extracting water surface and seafloor return information from the photon
height histogram. After acquiring the water surface and seabed depth, we proceeded
with refraction correction based on the research outcomes of Parrish et al. [42] in 2019,
which effectively enhances the precision of bathymetric measurements. Subsequently, we
iteratively traversed each waveform, extracted the water surface and seabed information,
applied refraction correction (Figure 5), calculated the water depth, and compiled the
ICESat-2 bathymetric signal extraction results for the area.

Suitability assessment of processed ICESat-2 bathymetric data. The bathymetric per-
formance of the ICESat-2 satellite data were evaluated by matching and comparing with the
existing Lingshui-Sanya Bay bathymetry data. Firstly, the bathymetric real measurements
were coordinate-matched with the extracted Lingshui-Sanya Bay ICESat-2 bathymetry
data. For each measured point, the K Nearest Neighbours algorithm (KNN) was used
to find the five nearest ICESat-2 data points, and the difference in bathymetry between
these points and the measured points was computed, using the Root Mean Squared Error
(RMSE), MeanDepthDiff, Variance of Depth Difference (VarDepthDiff), and Mean Squared
Error (MSE) to quantify the differences to assess the consistency and error of the data.



Remote Sens. 2024, 16, 4603

90f23

(@

Orthometric Height (m)

(b)

Orthometric Height (m)

-15

-20

(@)

Frequency

1400

1200

Additionally, the average distance to the five nearest ICESat-2 points was calculated to
further assess the spatial distribution and proximity of the ICESat-2 points relative to the
measured locations.
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Figure 3. Noise and land photons were filtered using the YAPC algorithm. The right panel shows
a zoomed-in view of the rectangular area in the image. (a) Photon signal density confidence map
based on the YAPC algorithm, with red areas indicating high-confidence regions. (b) Water signal
estimation map, where the red dots represent valid photon signals from the water surface and below.
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to automatically determine the minimum threshold for valid photon signals, with the red vertical
line representing the threshold line for valid photon signals. (b) The estimated water surface height
is obtained based on the histogram statistics of valid photon signals along the track, with the vertical
black line indicating the estimated water surface height.
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Figure 5. Water depth map after refraction correction. The gray points represent uncorrected photon
data, while the black points indicate refraction-corrected photon data. The blue points denote
estimated water surface photons, and the red line represents the estimated seafloor.

2.2.3. Sentinel-2 Image Preprocessing

Pre-processing the Sentinel-2 L2A data was an important step in constructing models
for remote sensing analyses. Although the L2A data have been atmospherically corrected to
generate surface reflectance data, there are still some necessary preprocessing steps before
specific analyses can be performed.

Sentinel-2 L2A data were acquired from the Copernicus Open Access Hub (https:
/ /dataspace.copernicus.eu/ (accessed on 24 February 2024)), selecting high-quality imagery
with minimal cloud cover. After resampling to 10 m resolution using SNAP, the images
were cropped to the study area. Water bodies were extracted using a mask based on the
near-infrared band (B8) with the formula (If B8 > 0.05, then NaN, else 1) [63]. Sunglint
correction [64] was applied using the Deglint processor in the Sen2Cor plugin to reduce
surface reflections, enhancing water body analysis accuracy.

Finally, consistency between ICESat-2 bathymetric data and Sentinel-2 imagery was
ensured. To achieve spatial consistency, the ICESat-2 bathymetric data points were first
mapped to the nearest grid cell in a 10 m resolution raster coordinate system. Data cleaning
was then performed to ensure consistency: each RGB combination was checked against its
corresponding depth value to ensure a unique depth value for each RGB combination. Ad-
ditionally, it was verified that each depth value corresponded to a unique RGB combination,
preventing the association of a single depth value with multiple RGB combinations. This
process ensured that each raster cell was associated with only one depth value, providing a
consistent data foundation for subsequent analysis.

2.2.4. Bathymetric Inversion Model for the Dongsha Islands

With the development of satellite remote sensing technology, bathymetric inversion us-
ing satellite images has become a fast and economical alternative to traditional bathymetry.
Machine learning algorithms are good at learning complex nonlinear relationships from
large amounts of data, which can significantly improve the accuracy of bathymetric inver-
sion. This section describes the use of four machine learning methods, Random Forest,
Gradient Boosting, XGBoost, and Polynomial regression, to train bathymetric inversion
models based on spectral feature information, water body color information, and spatial
location data. The performance of these models is compared with the improved logarithmic
band ratio algorithm proposed by Stumpf et al. [30] in 2003 to explore the application of
machine learning in satellite-derived bathymetry.
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Creation of a Comprehensive Information Dataset

In the previous section, we obtained the ICESat-2 bathymetric dataset after data
consistency processing. The ICESat-2 bathymetric points were matched with Sentinel-2
imagery, and the reflectance values of the red, green, and blue bands corresponding to
each bathymetric point were extracted. These reflectance values were used as spectral
feature information.

The Forel-Ule Index (FUI) is a classic index used to characterize the color of water
bodies, primarily assessing the optical properties and water quality. In this study, we
adopted the FUI algorithm developed by Van der Woerd H. J. and Wernand M. R. in 2018
for Sentinel-2 imagery [48], using the obtained FUI values as water color information.

Previous studies [5,65] have shown that incorporating spatial location information
can improve the accuracy of bathymetric inversion using machine learning. However,
these studies typically considered only the X and Y coordinates of the pixels, without
accounting for polar coordinates. Polar coordinates provide additional spatial features,
such as distance and angle, which are more sensitive to areas with non-uniform data
distribution. In this study, spatial location information was enhanced by introducing polar
coordinates alongside the traditional normalized pixel coordinates (X, Y). Specifically, for
each pixel’s normalized coordinates, the distance (R) and angle (8) from the bottom left
corner of the image were calculated.

The integrated dataset includes the three aforementioned components of feature
information. Before model training, data standardization [Equation (1)] was applied to
address potential issues arising from discrepancies in the scale and range of different
features. Without standardization, features with larger numerical ranges could dominate
the training process, overshadowing other important variables. Additionally, significant
differences in feature scales could impede the convergence of gradient-based optimization
algorithms, ultimately reducing training efficiency. This standardization ensured consistent
value ranges across the different features, thereby improving the training performance and
predictive accuracy of the model.

X—p
g

Xstandardized = 1
where X is the original data, y is the mean of the feature, ¢ is the standard deviation of the
feature, and Xgiandardized 1S the standardized data. Through this standardization process,
the data distribution is adjusted to a normal distribution with a mean of 0 and a standard
deviation of 1.

Model Training

In this study, we use the integrated information as features and the ICESat-2 depth
values as labels for model training. The dataset is divided into 80% for training and 20%
for testing. During the hyperparameter optimization process, we employ the FLAML
framework for automated tuning. In this process, FLAML defines a hyperparameter space
for each model and utilizes a Bayesian optimization algorithm to search for the optimal
combination of hyperparameters. At each step of Bayesian optimization, FLAML evaluates
the performance of each hyperparameter combination using ten-fold cross-validation.
Specifically, we partition the 80% training data into 10 subsets, using 9 subsets for training
and 1 subset for validation, repeating this process 10 times to comprehensively assess the
model’s performance. This method allows us to calculate performance metrics for each
hyperparameter combination, including Root Mean Square Error (RMSE), Mean Absolute
Error (MAE), R? score, and Explained Variance Score. The mean and standard deviation
of these metrics demonstrate the stability of the model across different folds and help us
assess its fitting ability and predictive performance. After hyperparameter optimization,
FLAML returns the best hyperparameter configuration, and, based on this configuration,
the final model is trained on the entire training set to maximize performance. The five
models used in this study are described in detail below:
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(1) Random Forest algorithm: Random Forest [66] is an integrated learning algorithm
that performs classification and regression tasks by constructing multiple decision trees
and combining their predictions. Its core idea is to use diversity by randomly sampling
data with replacement to obtain a training subset and randomly selecting some of the
features when training each decision tree, so as to introduce diversity and reduce the risk of
overfitting. In the regression task, it gives the final prediction by taking the average value
[Equation (2)]. Random Forest has the advantages of high prediction accuracy, resistance to
overfitting, handling high-dimensional data, and strong robustness to noise and outliers.

B
7= 1Y ny(x) @)
Bb:l

where 7 is the predicted value obtained by averaging the predictions from B decision
trees, I, (x) is the prediction function of the b-th tree for the input data, and B is the total

B
number of decision trees in the random forest model. The summation ) indicates the
b=1
accumulation of the prediction results from all B trees, and dividing by B gives the average

prediction, which is the final predicted value 7.

(2) Gradient Boosting algorithm: Gradient Boosting [67] is a commonly used machine
learning method for classification and regression tasks. It constructs a high-performance
predictive model by iteratively combining multiple weak learners, typically decision trees.
The algorithm starts with an initial model to predict the target variable [Equation (3)]. Then,
new weak learners are trained to fit the residuals of the current model [Equations (4) and (5)],
progressively optimizing the model’s performance. The predictions of the new learner are
weighted and added to the current model to form the updated model [Equation (6)]. This
process aims to minimize the loss function, using gradient descent to guide each optimization
step. The final model is the weighted sum of multiple weak learners.

N
Fo(x) = argmﬂrinz L(y;,7y) 3)
i=1

where Fy(x) is the initial model obtained by minimizing the loss function L over all samples,
L(y;, ) is the loss function that measures the difference between the predicted value  and
the actual value y;, and v is the parameter of the initial model that we aim to optimize. The

N
summation ) indicates the accumulation of the loss over all N samples, and the argument
i=1
of the minimum argmin tells us the value of -y that minimizes this total loss.
gt

= - [P EC)]
IF(xi)  JF)=Fy1(v)

where 7;,, is the residual for the i-th observation at the m-th iteration of the Gradient
Boosting algorithm. The true value for the i-th observation is denoted by y;. The predicted
value generated by the model for the i-th observation is represented by F(x;). The model’s

predictions at the end of the (m — 1)-th iteration for all observations are given by F,,_1(x;).

9L(y;,F(x;))
JF(x;)

respect to the predicted value F(x;), evaluated at the current model F,,_1 (x;). The residual
tim is calculated as the negative of this partial derivative and is used to guide the training
of the next weak learner in the Gradient Boosting process.

4)

The partial derivative [ } is the rate at which the loss function L changes with

2

N
() = argmin}_ (i, — h(x;)) ©
i=1
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where hy, (x) is the weak learner function that is being optimized during the m-th iteration
of the Gradient Boosting algorithm. The goal is to find a function / that minimizes the sum
of the squared differences between the residuals r;,, and the predictions of the weak learner
h(x;) across all N training samples. The residual r;,, represents the difference between the
true value y; and the prediction of the model from the previous iteration F,,_1(x;). The
notation argmhin indicates that we are looking for the function & (a weak learner, typically a

decision tree) that results in the smallest possible sum of squared errors.
Fu(x) = Fyp_1(x) + v - hy(x) (6)

where Fy, (x) represents the predictive model function after the m-th iteration of the Gradient
Boosting algorithm. This updated model is obtained by adding the contribution of the
newly trained weak learner h,,(x), scaled by the learning rate, to the predictive function
from the previous iteration F,,_1(x;). The weak learner h,, (x) is typically a decision tree that
has been optimized to predict the residuals from the previous iteration. The learning rate v
is a hyperparameter that controls the impact of each weak learner on the final prediction.

(3) Polynomial Regression algorithm: Polynomial Regression is an extended regres-
sion analysis method for modeling nonlinear relationships between dependent variables
and multiple independent variables. Unlike multivariate linear regression, Polynomial
Regression captures complex patterns in the data by introducing higher-order and inter-
action terms for the independent variables. The core idea is to use polynomial functions
to describe the relationship between dependent and independent variables [Equation (7)].
To balance the model’s expressive power and generalization, we select a second-order
polynomial as the model form. This choice effectively captures nonlinear relationships
while reducing model complexity to mitigate the risk of overfitting.

y=PBo+ ) Bixi+ ), ) Bijxixj+e 7)
i=1

i=1j=1

where y is the dependent variable, S is the intercept, j; is the coefficient for the independent
variable x;, B;; is the coefficient for the interaction term between the independent variables
x; and x;, and ¢ is the error term.

(4) XGBoost algorithm: XGBoost [68] (Extreme Gradient Boosting) is an efficient
machine learning algorithm widely used for classification and regression tasks. It en-
hances traditional gradient boosting methods through several key optimizations aimed
at improving model performance and computational efficiency. XGBoost introduces L1
and L2 regularization to control model complexity and reduce overfitting, and utilizes
second-order gradient information (Hessian matrix) to accelerate convergence and improve
precision. The algorithm supports column sampling and optimized tree splitting, which
randomly selects feature subsets to train decision trees, thereby increasing computational
efficiency and mitigating overfitting. Parallelization is also employed to speed up the train-
ing process, making XGBoost particularly effective for large datasets. These optimizations
lead to significant improvements in both model performance and training speed compared
to traditional Gradient Boosting algorithms.

(5) Stumpf logarithmic band ratio algorithm: The improved logarithmic band ratio
algorithm proposed by Stumpf et al. [30] is widely used in satellite bathymetric inversion
(SDB). The method is based on the differential absorption and scattering properties of
various wavelengths of light in the water column. In general, short-wavelength blue light
penetrates deeper, while long-wavelength green light penetrates shallower. However, this
relationship can vary depending on water quality, such as turbidity and other factors.
In clear shallow water areas, the reflectance ratio between blue and green wavelengths
changes with increasing depth. This nonlinear relationship is linearized by applying a
logarithmic transformation to the reflectance of each band, enabling the development of
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a mathematical model to describe water depth. The model’s constant parameters can be
determined through regression analysis of known depth data.

_In(nRes(A))
Z = mlm mo 8)

where Z represents the water depth, R,s(A;) and Rys (/\]-) are the reflectances of the respec-
tive bands i and j, and m; and my are the constants derived from the regression analysis of
calibration data. The constant m; is used to scale the ratio of the band reflectances to the
water depth, while m( represents the offset at a depth of 0 m (Z = 0). The variable # is a
predetermined fixed value that ranges between 500 and 1500, ensuring that the logarithmic
ratio is always positive and varies linearly with depth.

3. Results
3.1. ICESat-2 Bathymetric Photon Extraction Results and Bathymetric Performance Evaluation

The ICESat-2 bathymetric photon data of Lingshui-Sanya Bay and Dongsha Islands
were extracted using the fully automated bathymetric photon extraction algorithm con-
structed in this study (shown in Figure 6). Among them, 11,144 ICESat-2 bathymetry points
were extracted from Lingshui-Sanya Bay and 10,581 bathymetry points were extracted
from Dongsha Islands. In order to evaluate the accuracy of the ICESat-2 bathymetry data,
we coordinate-matched the measured bathymetry data of Lingshui-Sanya Bay with the
ICESat-2 bathymetry data. During the matching process, the K Nearest Neighbour (KNN)
algorithm was used to search for the five nearest ICESat-2 bathymetry points around
each measured point. The average distance to the five nearest ICESat-2 points from each
measured point was calculated to be 38.88 m. Using this method, we obtained a total of
120 data pairs and calculated the depth difference of each pair. In order to show the data
differences more intuitively, different colors were used to classify the data points according
to the absolute value of the depth differences, and a difference distribution map (shown in
Figure 7) was drawn to visualize the error distribution between the measured bathymetry
and the ICESat-2 bathymetry. The statistical analysis results are shown in Table 3, where
MeanDepthDiff represents the mean depth difference and VarDepthDiff represents the
variance of depth differences. Overall, the ICESat-2 bathymetry data are slightly higher
compared to the measured data, and the fluctuation of the bathymetry difference is small,
the error is more stable, and all of them are within the acceptable range. This indicates that
ICESat-2 data can obtain high-precision shallow water bathymetry data, which has good
potential for bathymetric applications.
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Figure 6. Plot of ICESat-2 bathymetric photon extraction data results. (a) Lingshui-Sanya Bay.
(b) Dongsha Islands.
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Figure 7. Difference distribution map showing the distribution of depth differences between the
measured points and the nearest ICESat-2 bathymetry points. The X-axis represents the sequence
number of the measured points.

Table 3. Comparison of ICESat-2 bathymetry data with in situ measurements.

MeasuredPointIndex =~ MeanDepthDiff (m)  VarDepthDiff (m) MSE (m) RMSE (m)

1 0.50 0.14 0.36 0.60
2 0.00 0.14 0.11 0.33
3 —0.50 0.14 0.36 0.60
4 0.55 0.14 0.41 0.64
5 0.19 0.14 0.15 0.39
6 —0.45 0.14 0.32 0.57
7 0.40 0.06 0.20 0.45
8 0.10 0.06 0.06 0.24
9 —0.60 0.06 0.41 0.64
10 0.98 0.13 1.06 1.03
11 0.68 0.13 0.57 0.75
12 —0.02 0.13 0.10 0.32
13 0.94 0.03 0.90 0.95
14 0.64 0.03 0.43 0.65
15 —0.06 0.03 0.03 0.17
16 1.49 0.00 223 1.49
17 1.09 0.00 1.19 1.09
18 0.59 0.00 0.35 0.59
19 0.52 0.01 0.28 0.53
20 0.32 0.01 0.11 0.33
21 —-0.22 0.02 0.06 0.24
22 0.62 0.02 0.39 0.63
23 0.32 0.02 0.11 0.34
24 —-0.28 0.02 0.09 0.31
ALL 0.32 0.33 0.43 0.65

3.2. Bathymetric Inversion Based on Sentinel-2 Data

Through the preprocessing of Sentinel-2 imagery over the Dongsha Islands (Figure 1),
we extracted the spectral characteristics of the region and performed data consistency
processing, ultimately obtaining 9562 ICESat-2 bathymetry points. Using the computed
FUI (shown in Figure 8k), we extracted the corresponding FUI values for the ICESat-
2 bathymetry points and calculated the spatial information for each bathymetry point.
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Based on these data, we constructed a comprehensive information dataset and used it for
model training. The trained model was then applied to perform bathymetry inversion for
the Dongsha Islands (Figure 8). The inversion results from all machine learning models
exhibited similar overall trends and were consistent with previous bathymetry inversion
results for this region [43,69]. Therefore, our automated script for extracting ICESat-2
bathymetry points demonstrates good feasibility in shallow, clear-water areas, providing
effective support for rapid bathymetric inversion.

@) e epel  uwew () ieEv  mewes  Eepe (0 g aepe  awen (@
g { < 2N . Dot @)
o a4 o e Nz o B
H T — H H —— —— — H T T T

116° 45'0"E 116° 50" 0"E 116° 55" 0"E 116° 45" 0"E 116° 50" 0"E 116° 55" 0"E 116° 45'0"E 116° 50" 0"F 116° 55" 0"E

(e) 116° 45°0°E 16° 50°0°F 16° 55 0°F ® 116° 45°0°8 116 50°0°E 16° 55 0°F (g) 16 45°0°E 116 50°0°E 16° 55 0°F (h) 116 45°0°E 16 50°0°F 16° 85°0°F
z £y - < ot @ <4 < p—
= bt . -0 — o . - —_

B o Nz e Bt A | o N sz B
9 ; e { G » SR R B ! SR ! = L T R T T T
116° 45’ 0"E 116° 50" 0"E 116° 55" 0"E 116° 45’ 0"E 116° 50"0"E 116° 55’ 0"E 116° 45'0"E 116° 50" 0"E 116° 55'0"E 116° 45°0"E 116° 50" 0"E 116° 55" 0"E

(i) 16° 4570 16 500 16" 5570 ()] 16° 450 16 500 16" 5507 (k) 16° 4570 16 500 16" 550

z 2l ot @ 5 [—
2] . = | ==
o . o~ — — 1 - o« — — -
8 — = &

116° 55'0"E

T T T T T T T T
116° 45" 0" 116" 50° 0" 116° 45° 0" 116" 50° 0" 1167 55 0"E 116° 45°0"E 116" 50’ 0" 116° 55' 0"

Figure 8. Plot of inversion results based on four models for Dongsha Islands, where ‘-Bands’ rep-
resents bathymetric images inverted using spectral characteristic information, and ‘-CID’ repre-
sents bathymetric images inverted using comprehensive information. (a) Random Forest-Bands.
(b) Gradient Boosting-Bands. (c) Polynomial Regression-Bands. (d) XGBoost-Bands. (e) Random
Forest-CID. (f) Gradient Boosting-CID. (g) Polynomial Regression-CID. (h) XGBoost-CID. (i) Stumpf-
BG. (j) Stumpf-BR. (k) Forel-Ule Index.

3.3. Evaluation of Model Accuracy

The trained models were evaluated on a 20% test set to assess their generalization.
Scatter plots comparing predicted water depth with ICESat-2 depth values were gener-
ated to visually demonstrate the model’s prediction performance (as shown in Figure 9).
Additionally, the R? and RMSE for each model were calculated on the test set to quantify
the correlation between the predicted and true values, providing further validation of the
model’s performance. The results indicate that the bathymetric inversion models using
integrated features significantly improved R? and reduced RMSE compared to models
with single features. When only spectral information was used as the input feature, the
prediction performance of Random Forest, Gradient Boosting, and XGBoost models was
similar. However, after incorporating water color information and spatial data, the Random
Forest model performed the best, achieving an R? of 0.94 and an RMSE of 0.84 m.
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Figure 9. Scatter plots, residual plots, and deviation distributions of predicted bathymetry versus
ICESat-2 bathymetry values. (a) Random Forest-Bands. (b) Gradient Boosting-Bands. (c¢) Polyno-

mial Regression-Bands. (d) XGBoost-Bands. (e) Random Forest-CID. (f) Gradient Boosting-CID.
(g) Polynomial Regression-CID. (h) XGBoost-CID. (i) Stumpf-BG. (j) Stumpf-BR.

4. Discussion
4.1. The Rationality of Feature Selection

In this study, we selected spectral information, spatial data (including normalized X
and Y coordinates, as well as polar coordinates), and water color information (Forel-Ule
Index, FUI) as model features. Spectral information is the core variable for bathymetric
inversion, as water depth directly influences the absorption and scattering properties of
light within the water column. Despite minimal changes in water quality within the study
area, FUI, as a proxy for water color, provides complementary optical features. In clear
waters, FUI assists in capturing subtle optical characteristics of the water, thereby enhancing
the model’s ability to detect depth-related variations. The inclusion of spatial information,
particularly normalized X and Y coordinates and polar coordinates, effectively captures
spatial patterns in bathymetric distribution. The use of polar coordinates simplifies spatial
calculations and improves the model’s ability to learn depth variations. By integrating
these features, the model comprehensively accounts for optical, spatial, and water-related
characteristics, ultimately improving the accuracy of bathymetric inversion and enhancing
model performance in clear water environments.
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4.2. Model Evaluation

To further evaluate the predictive performance of the models, residual and bias dis-
tribution plots were generated (as shown in Figure 9). Statistical analysis was performed
for three depth ranges: from —5 m to 0 m, from —10 m to —5 m, and from —15 m to
—10 m. The root mean square error (RMSE), mean absolute error (MAE), bias average
(BIAS_AVG), and bias standard deviation (BIAS_STD) for each depth range were calculated
(as shown in Table 4). Additionally, bar charts of the performance evaluation metrics for
each model across different depth ranges were plotted (as shown in Figure 10) to provide a
comprehensive comparison of model performance at various depth intervals. RMSE and
MAE reflect the predictive accuracy of the models, with lower values indicating smaller
prediction errors within the depth ranges. BIAS_AVG and BIAS_STD reveal the bias in
model predictions, with a lower BIAS_AVG indicating predictions closer to the true water
depths and a smaller BIAS_STD suggesting higher stability in the model’s performance
across different depth ranges.

Table 4. Statistics for different depth bands for different models.

Model Segment N RMSE MAE BIAS_AVG BIAS_STD
—5~0m 1006 0.82 0.46 —0.22 0.79
RF-Bands —10~-5m 727 1.23 0.86 —0.08 1.23
—15~—-10m 179 2.20 1.88 1.75 1.34
—5~0m 1006 0.82 0.46 —-0.18 0.79
GB-Bands —10~-5m 727 1.26 0.89 -0.12 1.26
—15~—10m 179 2.07 1.77 1.58 1.33
—5~0m 1006 1.30 0.91 —0.41 1.23
PR-Bands —10~-5m 727 1.12 0.83 —0.01 1.12
—15~—-10m 179 2.65 237 2.32 1.28
—5~0m 1006 0.84 0.48 —0.18 0.82
XG-Bands —10~-5m 727 1.23 0.87 -0.11 1.23
—15~—10m 179 2.15 1.81 1.60 1.43
—5~0m 1006 0.68 0.35 —0.13 0.66
RF-CID —10~-5m 727 0.89 0.55 —0.05 0.89
—15~-10m 179 1.51 1.15 0.94 1.18
—5~0m 1006 0.70 0.36 -0.13 0.69
GB-CID —10~-5m 727 1.00 0.67 —0.05 1.00
—15~—10m 179 1.74 1.37 1.15 1.31
—5~0m 1006 1.19 0.78 —0.34 1.15
PR-CID —10~—5m 727 1.07 0.77 —0.01 1.07
—15~—-10m 179 2.36 1.91 1.81 1.52
—5~0m 1006 0.66 0.31 -0.12 0.65
XG-CID —10~-5m 727 0.88 0.53 —0.04 0.88
—15~—10m 179 1.54 1.12 0.79 1.32
—5~0m 998 1.45 1.10 0.21 1.44
Stumpf-BG —10~—5m 737 1.56 1.10 —-0.35 1.51
—15~—-10m 175 2.06 1.54 0.99 1.81
—5~0m 998 2.32 2.05 0.87 2.16
Stumpf-BR —10~-5m 737 3.34 2.89 —-1.92 2.73
—15~—10m 175 4.65 4.18 4.17 2.05

The analysis indicates that incorporating comprehensive information as input features
improves model accuracy across all depth intervals. In the range from —15m to —10 m,
prediction errors were significantly reduced, suggesting that the inclusion of comprehensive
information enhances the accuracy of predictions for the deeper segments of the shallow
water zone (from —15 m to —10 m). The XGBoost model with Comprehensive Information
(XG-CID) as input features performed best across all depth intervals, especially in the
range from —10 m to 0 m, where both RMSE and MAE remained low. The Random Forest
model with Comprehensive Information (RF-CID) inputs followed closely, demonstrating
stable performance across all depth intervals, particularly maintaining strong predictive
capability in the range from —15 m to —10 m.
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Figure 10. The bar charts of performance evaluation metrics for each model across different depth ranges.

However, in the range from —15 m to —10 m, all models exhibited systematic positive
bias, with prediction errors generally exceeding 1 m. This bias is likely related to the sparse
data in this depth range. The ICESat-2 data in this region is relatively sparse, which limits
the model’s ability to accurately capture the complex variation in water depth, leading to
an overestimation of the water depth and resulting in positive bias.

Furthermore, to gain deeper insights into the contribution of each feature to the
model’s predictions, we employed SHAP (Shapley Additive Explanations) plots to analyze
the impact of each feature on the model’s outputs across different depth intervals. SHAP
values were calculated for each feature, highlighting their importance in the model’s pre-
dictions for various depth ranges (Figure 11). The results indicate that spectral information
contributed the most to the model’s depth predictions. Despite the relatively minor changes
in water quality, the Forel-Ule Index (FUI), which represents water color, played a signifi-
cant role in capturing the optical properties of the water. Additionally, spatial information
also contributed to the model’s predictions. Through these analyses, we gained a clearer
understanding of the model’s behavior, which provides a basis for further optimization.
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Figure 11. SHAP analysis of feature contributions across depth intervals. The leftmost plot in
each group represents the overall analysis, covering feature contribution analysis across all depth
intervals, while the remaining plots correspond to different depth intervals. (a) Random Forest-CID.
(b) Gradient Boosting-CID. (c) XGBoost-CID.
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4.3. Limitations and Directions for Improvement

Due to practical limitations, the in situ water depth data in Lingshui-Sanya Bay in
this study reached a maximum depth of only 2 m. This depth restriction hindered a more
in-depth analysis of the script’s ability to extract water depth photons in deeper waters,
and as a result, a comprehensive validation of the script’s performance in deeper regions
was not possible. However, the water depth inversion results obtained in this study align
with previous experimental findings, indicating that the water depth photon extraction
script can still effectively provide water depth information in shallow areas, thus offering
a convenient tool for water depth inversion in shallow waters. It is worth noting that the
portability of this script requires further investigation, particularly in regions with complex
water characteristics, which will be a key focus for future research improvements. Further
validation of ICESat-2’s performance in deeper waters will require more extensive and
deeper in situ data.

Additionally, ICESat-2 faces certain technical limitations in ultra-shallow water areas,
particularly in regions where the water depth is less than 2 m. Due to the similarity
between the water surface and seabed echo signals, the lidar system struggles to effectively
distinguish between the reflections from the water surface and the seabed, thereby affecting
depth measurement accuracy. Consequently, the depth accuracy of ICESat-2 in this depth
range is relatively low, limiting its application potential in ultra-shallow water zones.

Furthermore, the water depth photon data provided by ICESat-2 has relatively low
spatial resolution, leading to data sparsity and uneven distribution in certain areas. The
discontinuity of the data may impact the accuracy of water depth inversion, especially in
regions where water body characteristics are complex or data are sparse. Future research
could optimize the inversion process by improving data fusion methods, integrating
additional high-resolution remote sensing data, and considering factors such as water
depth spatial distribution and water body environments. This could enhance the accuracy
and applicability of the model.

5. Conclusions

This study proposes a rapid bathymetric inversion method based on ICESat-2 and
Sentinel-2 data, integrating spectral information, the Forel-Ule Index (FUI) as water color
information, and spatial location data (normalized X and Y coordinates and polar coor-
dinates). Building upon previous work, an automated script for extracting bathymetric
photon data was developed, enabling users to easily obtain the required photon data by
simply inputting the study area, photon orbit number, and date. This aims to facilitate the
use of ICESat-2 data for a wider range of researchers.

Although the in situ water depth data in Sanya Bay only reached 2 m, the bathymetric
inversion results for the Dongsha Islands in this study are consistent with previous research,
validating the script’s effectiveness in shallow water regions. The performance evaluation
of several machine learning models showed that the XGBoost model with comprehensive
input features (XG-CID) performed best across all depth intervals, particularly in the
range from —10 m to 0 m, where its prediction accuracy was especially notable. The
Random Forest model with comprehensive input features (RF-CID) also demonstrated
strong predictive capability in the range from —15 m to —10 m.

Through SHAP analysis, this study enhanced the model’s interpretability, visually
illustrating the influence of each feature on the predictions across different depth intervals.
Spectral information contributed the most to the depth predictions, while FUI and spatial
data also played a significant role in improving prediction accuracy.

Future research will focus on improving the extraction of bathymetric photons, incor-
porating higher-resolution remote sensing data, and considering additional factors such as
spatial distribution of water depths and water body environment to further enhance the
accuracy and applicability of the model.
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