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Featured Application: The main outcome and procedure described in this paper aim to equip
Public Administrations with a tool that can provide on-demand support.

Abstract: Bathymetric information has become essential to help maintain and operate coastal zones.
Traditional in situ bathymetry mapping using echo sounders is inefficient in shallow waters and
operates at a high logistical cost. On the other hand, lidar mapping provides an efficient means
of mapping coastal areas. However, this comes at a high acquisition cost as well. In comparison,
satellite-derived bathymetry (SDB) provides a more cost-effective way of mapping coastal regions,
albeit at a lower resolution. This work utilises all three of these methods collectively, to obtain
accurate bathymetric depth data of two pocket beaches, Golden Bay and G
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1. Introduction
Bathymetry is the key parameter that provides the depth difference between the sea 

surface and the sea floor [1] and provides means of quantifying the depths of multiple 
water bodies including oceans, rivers, seas, streams, and lakes [2]. Furthermore, 
bathymetry encompasses a similar geospatial framework to land topography, embodying 
critical boundary conditions for oceanographic, geological, biological, and geophysical 
systems [3]. Accurate determination of the water depth has become crucial in 
understanding several global interaction processes which in turn influence a number of 
marine factors including, but not solely, the flow of sea water carrying heat, pollutants, 
nutrients, and salt [4]. High resolution bathymetric data are crucial for various purposes 
including monitoring underwater topography, generating nautical charts to aid in 
navigation, and gauging the movement of deposited sediment underwater [5,6]. 
Additionally, in relation to ongoing worldwide effects on our environment, bathymetric 
information has become ever more important to understand the effect that climate change 
is inducing on the marine environment, to detect sea-level rise and underwater 
subsidence, and to notify scientists of any changes experienced by coastal 
morphodynamics [7]. 

Bathymetric information is paramount to help maintain and operate coastal zones. 
These transitional, dynamic, and rapidly changing regions between land and water 
incorporate significant economic, social, and biological value which experience various 
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a, located in
the northwestern region of Malta. Using the Google Earth Engine platform, together with Sentinel-
2 data and collected in situ measurements, an empirical pre-processing workflow for estimating
SDB was developed. Four different machine learning algorithms which produced differing depth
accuracies by calibrating SDBs with those derived from alternative techniques were tested. Thus, this
study provides an insight into the depth accuracy that can be achieved for shallow coastal regions
using SDB techniques.

Keywords: bathymetry; ocean remote sensing; satellite-derived bathymetry; Maltese islands

1. Introduction

Bathymetry is the key parameter that provides the depth difference between the
sea surface and the sea floor [1] and provides means of quantifying the depths of mul-
tiple water bodies including oceans, rivers, seas, streams, and lakes [2]. Furthermore,
bathymetry encompasses a similar geospatial framework to land topography, embodying
critical boundary conditions for oceanographic, geological, biological, and geophysical
systems [3]. Accurate determination of the water depth has become crucial in under-
standing several global interaction processes which in turn influence a number of marine
factors including, but not solely, the flow of sea water carrying heat, pollutants, nutrients,
and salt [4]. High resolution bathymetric data are crucial for various purposes including
monitoring underwater topography, generating nautical charts to aid in navigation, and
gauging the movement of deposited sediment underwater [5,6]. Additionally, in relation
to ongoing worldwide effects on our environment, bathymetric information has become
ever more important to understand the effect that climate change is inducing on the marine
environment, to detect sea-level rise and underwater subsidence, and to notify scientists of
any changes experienced by coastal morphodynamics [7].

Bathymetric information is paramount to help maintain and operate coastal zones.
These transitional, dynamic, and rapidly changing regions between land and water in-
corporate significant economic, social, and biological value which experience various
pressures resulting from both natural and anthropogenic processes [8,9]. Understanding
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the submerged topography helps in achieving a number of marine related applications, for
instance, realistic hydrodynamic 3D modelling, exploration of submerged landscapes and
archaeological sites, coastal climate assessments [10], and port and waterway dredging, as
well as resource management [11]. Bathymetry is at the forefront of coastal modelling, and
thus, the availability of comprehensive depth information at various temporal and spatial
scales is fundamental [12].

Acoustically driven technologies and airborne laser techniques are amongst the most
conventional methods used to conduct in situ bathymetric surveys. The two most widely
adopted acoustic methods for vessel-based high-resolution mapping of coastal regions are
Singlebeam (SBES) and Multibeam Echo Sounders (MBES) [13]. Sound navigation and
ranging (Sonar) bathymetry techniques produce highly precise depth values in deeper wa-
ters. Despite that, acoustic techniques encounter difficulties and lose efficacy in shallower
environments with depths measuring only a few tenths of a metre [14]. Moreover, there
are certain remote and constantly changing coastal areas that cannot be reached by hydro-
graphic vessels, leading to insufficient and outdated data in those particular locations [15].
Thus, under these circumstances, bathymetric data are gathered utilising airborne light
detection and ranging (lidar) techniques [16]. While lidar bathymetric mapping has the
potential to deliver precise results at a centimetre scale, it is constrained by spatial coverage
limitations, restricted only to small regions as a result of technical barriers [17]. Regardless
of the fact that these methods can generate precise water depth data, they are associated
with substantial expenses and logistical challenges that often impede the collection of
adequate coastal bathymetric data [18].

Presently, the collection of bathymetric data is being conducted via satellites equipped
with optical sensors that utilise multi-spectral and hyper-spectral technology [19]. Multi-
spectral satellites provide an alternative method for gathering shallow coastal water depth
data by virtue of their wide swath width that enables them to provide information at
different spatial and temporal scales in a cost-effective manner [20]. Furthermore, SDB
holds significant value for researchers, particularly in remote regions of the world where
in situ measurements are challenging or unfeasible [1]. Therefore, despite having a lower
resolution, SDB mitigates the limitations inherent by the conventional in situ acoustic and
optical methods [21].

Recent technological developments in SDB provide opportunities for new methodolo-
gies that can reveal the bathymetry of uncharted coastal areas and facilitate the investigation
of seabed morphology changes. In Europe, bathymetric data are either considerably an-
tiquated or not accessible [9]. Hence, modern techniques that integrate both in situ data
and satellite-derived imagery can aid in the comprehensive mapping of the shallow coastal
characteristics in Europe [22]. The primary objective of the current study is to compute the
bathymetry of two coastal regions in the Maltese Islands through the utilisation of remote
sensing satellite data, together with in situ lidar and sonar technologies.

The Maltese Islands are located in the centre of the Mediterranean Sea between Sicily
and the North African coast and are made up of three principal islands, Malta, Gozo,
and Comino together with a number of islets and rocks, having a total land surface area
of 316.75 square kilometres [23]. The Maltese archipelago straddles the northern rim of
the Pantelleria rift, a graben system that has been active since the late Miocene up to
present times, traversing the wide shelf platform connecting Europe and Africa [24]. The
bathymetry bordering the eastern flank of the Maltese Islands is composed of a wide planar
continental shelf, bounded by a linear escarpment aligned parallel to the coast. On the other
hand, the western side of the islands consists of a narrow shelf, ranging a few hundred
metres away from the coast encompassing steep scarps around 100 m high [25].

Two beaches located along the western side of the Maltese Islands are Golden Bay and
G
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a Bay (Figure 1). Golden Bay epitomises a typical Maltese sandy embayment
as it is found at a bottom of a valley. This is a pocket beach and experiences sediment
runoff from the surrounding natural regions. The sandy beach is composed mainly of
pale yellow-brown sand derived from the Globigerina Limestone-dominated cliffs [26].
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a headland and the Qarraba headland, along
Malta’s northwestern coast. This area experiences vigorous waves coming from the west
and northwest which erode the base of the coastal slopes consequently resulting in mass
movement processes and slope forms leading to sediment movement [27]. Riviera beach is
300 m in length and has a maximum width of 25 m and is composed mainly of pale orange-
brown medium sand with gravel towards the south. The beach sediment is mostly derived
from the Upper Coralline Limestone erosion of the flanking headlands as well as erosion
from the mudslide toes behind the beach [27]. These two beaches have been chosen as both
experience similar anthropogenic activities as well as natural process such as sediment
transport, due to both being closed pocket beaches situated along the northwestern coast
of Malta. This paper aims to make use of several bathymetric mapping techniques to
understand the bathymetric profile of these two pocket beaches during differing times of
the year.
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Figure 1. (a) Topo-bathymetric map of the Maltese archipelago showing the main structural linea-
ments. In the inset, Malta’s location in the Mediterranean is highlighted with a star. The red rectangle
indicates the position of the studied bays and image “b”. (b) orthomosaic of the study area generated
by UAV photogrammetry.

2. DataSets
2.1. Satellite Data

In this study, the twin polar-orbiting satellites Sentinel-2A and Sentinel-2B were
used [5]. These satellites were developed by the European Space Agency for the Copernicus
programme, with each satellite having a revisit period of 10-days. Due to the availability
and revisit time of the two satellites, each area is regularly covered every 5-days, with the
onboard instruments having the same viewing conditions [28]. The twin satellites carry
the Multi-Spectral Instrument (MSI), with a radiometric resolution of 12-bit, giving the
satellites a higher capability of detecting differences between reflectance or intensity of the
different structures [28]. When compared to Landsat 8, the Sentinel-2 satellites produce an
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overall higher accuracy, better results, and a spatial resolution of 10 m [29]. The Sentinel-2
constellation can also measure more spectral bands relative to Landsat 8, producing a
clearer, distinct image classification [30].

Sentinel-2 data for the Golden Bay and G
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a coastal areas was downloaded
through a code implemented within Google Earth Engine (GEE). The downloaded GeoTIFF
files corresponded to Level-1C (L1C) products with each radiometric measurement being
corrected to Top of Atmosphere (TOA) reflectance. GEE is a cloud-based geographical
information analysis system [31], which makes use of a cloud storage system containing
a vast catalogue of satellite imagery and several other geospatial data produced in an
analysis-ready format [32]. This made GEE optimal for this study as it allowed data to
be extracted over the required domain rather than having to download an entire scene
as provided by the Copernicus data hub. The Id GEE script allowed the fusion of data
collected over seven consecutive days to obtain a gap-free product. Three files representing
measurements from 7 July 2020 to 13 July 2020, from 17 August 2020 to 24 August 2020,
and from 19 February 2021 to 25 February 2021, were downloaded. A buffer of three days
from the date in which the in situ measurements were captured was applied in order to
generate averaged raster sets with reduced cloud coverage, surface reflectance, and any
other variable that might have hindered the satellite image quality.

2.2. In Situ Data

For the very nearshore coastal area up to depths of 100 m, where dynamic sediment
transport was expected to alter the bathymetry regularly, in situ bathymetric data were
collected via the PowerDolphin, a remote surface vehicle (RSV) manufactured by Pow-
erVision [33]. This instrument is a surface water drone which works with PowerSeeker to
automatically scan the specified waters and produce bathymetric maps containing accurate
underwater information shown in both a visual and digital manner [34]. Moreover, depth
values further offshore were obtained from the lidar survey carried out by the Malta Plan-
ning Authority in 2018 [35]. This dataset was only used for regions with depths between
10 m and 35 m. Although the measurements were taken a few years prior to this study,
due to the nature of the seabed, the values are assumed to have remained constant. Ob-
taining data from two different in situ techniques were essential to cover the entire region
of interest.

Through the use of GIS software, a subset of the in situ data collected by the Power-
Dolphin and by the lidar data was grouped to obtain points spread over the satellite image
(Figure 2).
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3. Methods

The intensity values of the ten spectral bands shown in Table 1 were extracted for
each in situ vector point. The method proposed by [36] for deriving bathymetry from
satellite imagery, which is based on a nonlinear solution and utilises band ratio calculations,
was then used to compute the depth values. This method relies on the fact that the
reflectance of two bands decrease exponentially with increasing depth [10]. The band with
the shorter wavelength will attenuate less than the band with the longer wavelength. Thus,
the ratio between the water reflectance values of the spectral bands should increase with
depth [37]. Furthermore, this model reduces the effects caused by the dynamic substrate
albedo in deriving accurate bathymetric data [2]. Changes in bottom albedo alters both
band ratios, respectively, making the ratio substantially more sensitive to variations in
depth rather than bottom albedo fluctuations [38]. When compared to the model presented
by Lyzenga [39], this solution reduces the sensitivity to bottom changes and requires fewer
empirical parameters to predict depth values. Most examples in the literature use the blue
(490 nm) and the green (560 nm) wavelengths. However, in this study, to further investigate
the best technique for SDB around the Maltese Islands, four other ratios were considered.
These included the red wavelength (665 nm) and the infrared wavelength (842 nm). Such
bands were chosen as they all have the same spatial resolution of 10 m. The empirical ratio
model [36] is expressed by Equations (1) and (2).

SDB = m1(pSDB)−m0 (1)

pSDB =
ln(nRw(λi))

ln
(
nRw

(
λj
)) (2)

Table 1. Spatial and spectral characteristics of the Sentinel-2 bands used in this study.

Sentinel-2 Bands Central Wavelength (nm) Resolution (m)

Band 2—Blue 490 10
Band 3—Green 560 10
Band 4—Red 665 10

Band 5—Vegetation Red Edge 705 20
Band 6—Vegetation Red Edge 740 20
Band 7—Vegetation Red Edge 783 20

Band 8—Near Infrared 842 10
Band 8A—Vegetation Red Edge 865 20
Band 11—Shortwave Infrared 1610 20
Band 12—Shortwave Infrared 2190 20

Here, SDB is the Satellite-Derived Bathymetry in metres; pSDB is the dimensionless
pseudo depth provided by the satellite. The constant n is fixed to 1000 to assure the
logarithmic ratio with depth results in a linear response and that the ratio remains positive
for all points. Rw(λi) and Rw

(
λj
)

are the water reflectance values for spectral bands i and j,
respectively. The scaling coefficient, m1, and the offset coefficient, m0, are derived through
linear regression of the band ratios from a single satellite.

Apart from generating the SDB values using traditional regression techniques, the
applicability of machine learning methods was also investigated. A training set was
generated from the raw band digital numbers and computed band ratios. The in situ depth
measurements from the Golden Bay and the G
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a embayments were used as the
target values. Random forest, k-star, linear regression, and multilayer perceptron were
used to build the models.

Random forest (RF) is a machine learning technique that aggregates a large number of
decision trees by sampling the dataset, randomly selects features of each subset to estimate
the decision tree, and finally fuses the predicted outputs of each decision tree to enhance the
accuracy of the modelled prediction [11]. The user must define two parameters to initialise
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the RF algorithm, the number of trees to grow, N, and the number of variables used to
split each node, m. Firstly, from 2/3 of the training dataset, N bootstrap samples, which
are a smaller sample taken from a larger sample, are drawn while the remaining 1/3 of
the training dataset is used to test the error of the predictions [40]. Each bootstrap sample
is then used to create an unpruned tree where the best split is determined by randomly
selecting m predictors as a subset of the predictor variables at each node. Unlike linear
models, RFs have the advantage of accounting for non-linear interactions between variables
and can also adapt to process both numerical and categorical data [41]. In comparison to
prior straightforward empirical or semi-empirical models, RFs can develop more adaptable
and precise models based on existing data [42].

The K-star (K*) algorithm is an Instance-Based Classifier (IBC). By selecting one
transformation at random from all possible transformations, the K* algorithm utilises
an entropic metric based on the probability of changing one instance into another [43].
Therefore, this algorithm varies from other instance-based learners as it makes use of an
entropy-based distance function [44]. IBC employ a classification approach that involves
comparing an instance to a pre-classified database of examples. The underlying assumption
is that instances that are similar to each other will have corresponding classifications. The
distance function and the classification function are the two principal components that
constitute IBC [44]. The distance function calculates the extent of similarity between two
instances, whilst the classification function describes the way in which similarities between
instances are utilised to arrive at a final classification for a new instance. Essentially, the
distance between instances reflects the level of complexity involved in transforming one
instance into another [45].

Linear regression (LR) is the simplest form of regression. The LR algorithm attempts
to fit a straight line to the dataset. However, this is only plausible when the variables of the
dataset are linear [46]. An advantage that the LR algorithm has over other techniques is that
it is simple to gauge and is also easy to bypass overfitting by regularisation. Nonetheless,
this machine learning algorithm is not recommended for the more practical applications as
it oversimplifies real world situations [46]. LR is tasked to predict a dependent variable
value based on a given independent variable and finding out a linear relationship between
the input and the output in the process. The regression line of the model is the line of best
fit thus, reducing the error difference between the true value and the predicted value to a
minimum [47].

Multilayer perceptron (MLP) is a feedforward neural network with one or more layers
between the input and output layer [48]. The attributes measured for each training tuple
correspond to the inputs towards the network. The inputs are transferred into the input
layer and are weighted and fed together to a second neuron-like unit layer, labelled as the
hidden layer. Additionally, the output of the hidden layer unit can be inputted into another
hidden layer, repeating the process [49]. The MLP can mimic any continuous measurable
function between the input and output vectors through the selection of appropriate training
data and transfer functions [50]. Furthermore, this algorithm is capable of acquiring
knowledge in a supervised manner through training that necessitates the provision of a
training dataset consisting of inputs and their corresponding output vectors. The MLP is
exposed to the training dataset multiple times, with the network’s data being adjusted until
the desired input–output correlation is attained [51].

The four techniques were trained and tested on the generated dataset. This provided
an indication on the error of the predicted values in comparison to the actual depth values.
Four graphs of the actual in situ values against the predicted values by each of the tested
models were produced, and the correlation coefficient was computed as an error metric.
The models were then applied to all cells over the regions of interest to render bathymetry
charts. The outputs were interpolated using the nearest neighbour technique to obtain
complete maps.
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4. Results
4.1. Gh̄ajn Tuffieh̄a and Golden Bay Embayments

Three images of the regions of interest were selected under cloud-free conditions
obtained on 9 July 2020, 20 August 2020, and 22 February 2021 for the Golden Bay embay-
ment and on 10 July 2020, 21 August 2020, and 22 February 2021 for the G
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a
embayment. The in situ data points collected during the same month were coupled together
to create three datasets for July 2020, August 2020, and February 2021.

4.2. Correlation Coefficient

The datasets for each month with the in situ depth values together with the band
ratios were processed to obtain depth values by each model and, subsequently, a measure
of accuracy. In particular, the correlation coefficient was used to measure the performance.
The results are presented in Table 2. RF proved to have the best correlation coefficient in all
three months, while the other three algorithms, namely, the MLP, K*, and LR, all varied
throughout the months.

Table 2. Correlation coefficient of each machine learning algorithm.

Month Machine Learning Algorithm Correlation Coefficient

July 2020

Random Forest 0.88
Multilayer Perceptron 0.77

K-Star 0.80
Linear Regression 0.82

August 2020

Random Forest 0.89
Multilayer Perceptron 0.85

K-Star 0.81
Linear Regression 0.80

February 2021

Random Forest 0.94
Multilayer Perceptron 0.75

K-Star 0.94
Linear Regression 0.86

4.3. Predicted Depth Accuracy

Each machine learning algorithm was applied to three separate datasets obtained
during the months of July 2020, August 2020, and February 2021. Scatter plots to visualise
the correlation between the predicted values of each machine learning algorithm and the in
situ depths are presented in Figures 3–5. The regression line corresponds to the relationship
between the SDB and the in-situ data, depicting the line of best fit for the data provided.

For the month of July 2020, K* gave the best results, while the LR algorithm attained the
least accurate values. Furthermore, MLP delivered inaccurate prediction at the shallowest
depths (Figure 3). For August 2020, the predicted depth values of each algorithm were more
accurate than the July 2020 depth values as all four scatter plots displayed a higher positive
correlation with the regression line (Figure 4). K* and LR were still the most and least
accurate algorithms, respectively. RF and MLP both exhibit an accurate positive correlation,
and both produced good results similar to those by K*. The results predicted for February
2021 followed similar trends as the months of July and August 2020, albeit with a higher
accuracy (Figure 5). K*, RF, and MLP produced the most accurate depths while the LR
algorithm resulted in a weaker relationship between the predicted and in situ depth values.
In general, K* proved to be the best-fitting algorithm out of the four algorithms. This was
followed by the RF algorithm, which also outperformed MLP and LR.
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a Bay displayed noticeable
variations from July 2020 to February 2021 as evident from Figures 6–8. The initial data
collected in July 2020 indicated the presence of shallower waters even at locations away
from the shore. Furthermore, there was a slight alteration in the bathymetry between July
and August 2020, with deeper depths observed further offshore but with some shallow
areas still visible. Comparing the February 2021 maps with those of August 2020 revealed a
clear increase in bathymetric depth further offshore with a gradual transition from shallow
depths situated close to the shore to deeper depths further offshore.

The observed bathymetric changes may be the result of various processes. Sediment
runoff could be one of the primary causes of bathymetric changes particularly those near
the coastline. This is because both G
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a Bay and Golden Bay are pocket beaches
that are surrounded by natural vegetated regions and globigerina limestone headlands,
which are highly susceptible to erosion caused by wave action. Additionally, during the six-
month period, seasonal changes between summer and winter could have also contributed
to the bathymetric changes further offshore. Storm surges and large waves could have
also occurred between August 2020 and February 2021, causing sediment movement and
seabed erosion, significantly impacting the offshore waters and consequently influencing
the water depth.

5. Concluding Remarks

The main aim of this study was to combine and integrate three separate bathymetric
data collection techniques including sonar, lidar, and SDB to produce high resolution
bathymetric maps of the G
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was developed. The results obtained by four different machine learning techniques were
also compared. Different depth accuracies were produced by each algorithm with K* and
Random Forest delivering the most accurate depth values and LR having the least accurate
depth values over the entire three-month study period.

This study was possible due to the use of the PowerDolphin which provided in
situ bathymetric data at very shallow depths. This instrument covers a wide range of
applications due to its sonar technology, which gives quick feedback on the underwater
dynamics, including the topographical distribution of the seabed and fish distribution.
Thus, it can be used for both scientific research as well as a tool for professional fishermen.
The PowerDolphin is a relatively cheap and time-effective tool to create bathymetric maps
needed for coastal management, environmental impact assessments, and seasonal sediment
monitoring. Furthermore, this equipment improves the results of shallow bathymetric
surveys due to its practicality and high-resolution output.

With these new advances in submarine topographic mapping, it has become possible
to frequently update bathymetric maps, leading in turn to several advantages. Most
importantly, due to the constant anthropogenic pressures experienced by coastal zones, the
evolution of such regions can be mapped to help better understand the impacts exerted on
these transitional zones by human activities such as dredging and coastal armouring and
to help predict future coastal morphodynamics as a way of mitigating the same putative
impacts. Furthermore, accurate, up-to-date, high-resolution bathymetric information
can also be crucial for navigation and Environment Impact Assessment (EIA) processes,
specifically within nautical charts, benthic mapping, risk assessments, sea-level changes,
tsunami modelling, and sediment transport.

The integration of SDB data in coastal management presents several benefits to coastal
geomorphologists and managers. The utilisation of satellite images enables extensive
coverage and can be used to record bathymetric data over vast regions, resulting in a more
time-efficient data acquisition approach when compared to in situ measurements.

Once the technique has been calibrated for each site, the ability to estimate bathymetric
data using SDB can lead to the generation of bathymetric maps with a temporal resolution
determined by the satellite revisit time, usually a few days, depending on the satellite. This
can provide more up-to-date data, compared to relying solely on in situ acquisitions, which
are typically more costly and less frequent in time. Additionally, previous satellite imagery
can be utilised to estimate bathymetry from past time periods. The extraction of bathymetry
from satellite images acquired over time can be used to comprehend temporal changes
in sedimentation patterns that shape the seafloor in coastal systems. This information
is particularly valuable for research on coastal erosion and sedimentation and can result
in morphodynamic models that provide managers with a tool capable of predicting the
dynamic evolution of coastal sediment and make informed management decisions [52–54].
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