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Preface

Underwater cultural heritage (UCH) is a crucial asset for the knowledge of humankind’s history
and traditions. It is tangible evidence of past human life that must be protected to ensure its
accessibility for present and future generations.

The documentation, preservation, and dissemination of UCH is an open challenge that is
strongly interdisciplinary because it involves collaboration among various experts from different
sectors, such as archaeology, geology, biology, marine science, engineering, robotics, computer
science, and numerous other disciplines.

This Reprint collects original and high-quality research articles and technical notes devoted to
the knowledge of underwater materials and promotes innovative methodologies, applications, and
emerging technological solutions about the materials that lie underwater.

The Reprint provides a multidisciplinary forum for cutting-edge scientific and technological
contributions in materials science, underwater archaeology, archaeometry, cultural heritage,
alteration and ageing, climate impact, case studies, and other related fields involving the large and
varied community of experts from around the globe working in the underwater cultural heritage
field.

Javier Prieto, Fabio Bruno, Antonio Lagudi, Michela Ricca, Mauro Francesco La Russa,
George Papatheodorou, and Nikola Miskovié¢
Guest Editors
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1. Introduction

Underwater cultural heritage (UCH) is one of the richest and most vulnerable records
of humankind’s past. Shipwrecks, submerged settlements, and harbours preserve unique
evidence of ancient trade, navigation, and coastal life, yet they lie in environments that are
difficult to access and are increasingly exposed to natural deterioration, human pressure,
and the accelerating effects of climate change [1,2]. Protecting this heritage, and keeping
it accessible to present and future generations, requires documenting it as accurately
and as non-intrusively as possible, a principle explicitly promoted by the 2001 UNESCO
Convention on the Protection of the Underwater Cultural Heritage through its emphasis
on non-destructive techniques and in situ conservation [3,4]. Meeting this goal is an
interdisciplinary endeavour that brings together archaeology, geology, biology, marine
science, conservation, engineering, robotics, and computer science.

In recent years, the field has been reshaped by rapid technological progress. Acoustic
and geophysical methods, such as the synthesis of bathymetric and marine geophysical
datasets in common three-dimensional (3D) platforms [5,6], together with sub-bottom
profilers, multibeam and side-scan sonar, and autonomous underwater and surface ve-
hicles (AUVs and USVs) [7,8], now allow large areas of the seafloor to be surveyed and
documented at high resolution, with few constraints related to water depth. At the same
time, underwater photogrammetry provides detailed and accurate 3D models that support
both research and long-term monitoring [9,10].

In parallel, dedicated underwater tools and robotic systems support in situ conser-
vation and the maintenance of submerged structures [11,12], and digital technologies are
enabling underwater sites to be opened for sustainable and responsible tourism [13,14]. At
the same time, frontier technologies such as the Internet of Underwater Things (IoUT), Edge
Computing (EC), and Artificial Intelligence (Al) are transforming how UCH is monitored
and managed. Al is becoming central to this area since it supports the detection and classifi-
cation of features of archaeological interest, the fusion and interpretation of heterogeneous
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sensor data, and the identification and assessment of risks that environmental change and
human activity pose to submerged sites.

Together with new methods for assessing the impacts of climate change on shallow-
water cultural heritage, these advances are redefining the scope of what can be documented,
understood, and preserved underwater.

2. Overview of Contributions

This Special Issue is the second edition of “Advanced Technologies for Maritime
and Underwater Archaeology”, building on the success of its first edition [1]. It brings
together original and high-quality research articles and technical notes devoted to the
study, documentation, and conservation of underwater cultural heritage. The collection
promotes innovative methodologies, applications, and emerging technological solutions
for investigating, monitoring, and preserving archaeological materials, sites, and cultural
landscapes located in underwater environments. The eight contributions collected here
were selected from a larger pool of submissions and cover a broad range of underwater
cultural heritage contexts, including shipwrecks, submerged harbours, and coastal environ-
ments. They also showcase diverse technologies, from acoustic and remote sensing surveys
to Al, photogrammetry, and the assessment of climate change impacts on submerged
cultural heritage.

Calantropio and Chiabrando (2024) (contribution 1) provide a comprehensive review
of underwater photogrammetry for the documentation of underwater cultural heritage,
currently the most widely used metric technique thanks to its non-destructive and relatively
inexpensive nature. The authors discuss the production of high-resolution 3D models and
2D orthomosaics for monitoring, conservation, expert study, replica reproduction, and
dissemination, while addressing the specific challenges posed by the optical properties of
water, light penetration, visibility and suspension, and radiometric issues.

Helfman et al. (2024) (contribution 2) revisit the sail plan of the 11th-century Serge
Limani ship. Using computational fluid dynamics and hydrostatic stability analysis to
evaluate hull resistance, sail propulsion, and heeling moments, the authors reassess the
previously proposed double-masted rig and investigate an alternative single-sail con-
figuration. Their results indicate that a sail area of at least 150 m? would have been
required to propel the vessel, leading to the selection of a feasible single-sail rig as an
alternative reconstruction.

Galili et al. (2024) (contribution 3) develop a methodological framework to distinguish
anthropogenic features from natural formations in submerged landscapes. The framework
integrates geological and geomorphological evidence, sea-level reconstructions, associated
archaeological remains, the broader archaeological context, and direct visual inspection
by underwater archaeologists. Applying these criteria to two previously published case
studies in the Sicilian Channel, the authors conclude that the investigated features are more
plausibly attributable to natural processes than to human origin, and stress that remote
sensing cannot substitute in situ verification.

Herrera-Santos et al. (2024) (contribution 4) propose an architecture that combines the
IoUT and EC for the real-time monitoring, localization, and management of UCH. Data are
processed by a central unit installed on a buoy near the heritage site, and the integration of
acoustic communication systems, LoRa technology, and non-terrestrial networks, together
with Al models deployed at the edge node, enables continuous risk assessment even in
remote maritime areas and without relying on cloud connectivity.

Ferrero-Martin et al. (2025) (contribution 5) describe a new methodology to assess the
impact of climate change on the preservation of underwater cultural heritage in shallow
waters, focusing on wave-induced hazards such as decontextualization, scouring, and wear
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erosion. Applying hybrid downscaling of bias-corrected wave fields under the RCP4.5
and RCP8.5 climate scenarios, the authors evaluate future risk patterns in the Bay of Cadiz.
Their results indicate that, despite an overall reduction in wave energy flux, local increases
at rocky outcrops may significantly alter hazard levels, with wear erosion emerging as the
most affected risk factor.

Gambash et al. (2025) (contribution 6) report on high-resolution multimodal remote
sensing surveys conducted at the sunken Herodian harbour of Sebastos, in the Roman
city of Caesarea Maritima. Using diver-based photogrammetry to generate a detailed
3D reconstruction of the harbour entrance, the authors identify two distinct architectural
styles on either side of the channel, suggesting different building phases and a possible
later renovation. The study provides new insights into the development, operation, and
progressive deterioration of one of the largest artificial harbours of the Roman period.

Benetatos et al. (2025) (contribution 7) present the first underwater survey of a 1st-
century B.C. Roman shipwreck located off Santo Stefano al Mare, in the Ligurian Sea
(Italy), carried out with an autonomous underwater vehicle (AUV). Equipped with a multi-
beam echosounder, a side-scan sonar, and inertial navigation systems, the AUV acquired
high-resolution bathymetric and acoustic data that were subsequently analysed using
geospatial techniques. The results revealed a clearly defined assemblage of amphorae
and other seabed anomalies directly associated with the wreck, demonstrating the effec-
tiveness of integrating AUV technologies and spatial analysis methods for underwater
archaeological investigations.

Solana Rubio et al. (2026) (contribution 8) assess the use of a high-resolution sub-
bottom profiler (SBP) as a non-intrusive technique for surveying and documenting UCH
in different regions of Spain. Through a series of geophysical surveys conducted under
varying depths and environmental conditions, the authors evaluate the effectiveness of
a SBP for underwater archaeological investigations. The study highlights its potential to
document submerged heritage without disturbing the remains, in line with the principles
of non-destructive documentation and in situ conservation promoted by the 2001 UNESCO
Convention on the Protection of the Underwater Cultural Heritage.

3. Conclusions

This second edition of the Special Issue “Advanced Technologies for Maritime and
Underwater Archaeology” illustrates both the breadth of UCH and the rapid evolution of
the technologies used for its exploration and documentation. Most of the contributions
present remarkable case-studies that span a wide range of sites and environments, from
Roman shipwrecks in the Ligurian and Mediterranean seas to the Herodian harbour of
Caesarea, prehistoric submerged landscapes in the Sicilian Channel, and heritage along
the Spanish coast. At the same time, these contributions cover an equally wide method-
ological spectrum, from acoustic and geophysical surveying with sub-bottom profilers to
autonomous underwater vehicles, high-resolution photogrammetry, and 3D reconstruction.
Moreover, the growing role of Al, together with the IoUT and EC, is enabling the capture
and processing of heterogeneous sensor data, the detection and classification of features of
archaeological interest, and the assessment and mitigation of risks affecting underwater
cultural heritage.

We expect these directions to shape the next stage of research in maritime and under-
water archaeology. We hope that this Special Issue contributes to that effort and inspires
further work across the many disciplines that this field brings together.
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Abstract: Underwater cultural heritage (UCH) is an irreplaceable resource with intrinsic value that re-
quires preservation, documentation, and safeguarding. Documentation is fundamental to increasing
UCH resilience, providing a basis for monitoring, conservation, and management. Advanced UCH
documentation and virtualization technologies are increasingly important for dissemination and
visualization purposes, domain expert study, replica reproduction, degradation monitoring, and all
other outcomes after a metric survey of cultural heritage (CH). Among the different metric documen-
tation techniques, underwater photogrammetry is the most widely used for UCH documentation. It
is a non-destructive and relatively inexpensive method that can produce high-resolution 3D models
and 2D orthomosaics of underwater sites and artifacts. However, underwater photogrammetry is
challenged by the different optical properties of water, light penetration, visibility and suspension,
radiometric issues, and environmental drawbacks that make underwater documentation difficult.
This paper introduces some of the recent applications of photogrammetric techniques and methods
for UCH documentation, as well as the needs and shortcomings of the current state of the art.

Keywords: underwater cultural heritage (UCH); underwater photogrammetry; geomatics; digital
twins; underwater archaeology; 3D models

1. Introduction

Underwater exploration is inherently interdisciplinary, requiring collaboration be-
tween researchers in diverse fields such as geology, biology, archaeology, engineering, and
geomatics. Due to the remoteness and limited accessibility of underwater archaeological
sites, it is essential to use 3D metric techniques to record these sites and their elements
accurately and comprehensively [1]. Geomatics techniques offer many tools and solutions
for monitoring and documenting marine assets [2].

The importance of modern technologies and innovative methods used today for the
documentation of heritage [3-6] is not only linked to the ease with which they allow
for dissemination among groups of scholars and researchers but is also fundamental to
the involvement of the general public. In particular, the study of submerged heritage
contributes to the formation of cultural identity both locally and internationally [7]. Most
wrecks and loads carried are located in international contexts, deriving directly from ancient
trade routes; for this reason, ships and their contents can often be located today at a great
distance from their context of origin or destination [8,9].

Recent advancements in archaeological research have witnessed the integration of pho-
togrammetry as a powerful scientific tool, bridging terrestrial and marine environments to
unravel historical mysteries. Marin-Buzon et al. [10] highlights the burgeoning worldwide
trends in utilizing photogrammetry within archaeology, showcasing its potential for com-
prehensive documentation and analysis. However, amidst this enthusiasm, McAllister [11]
raises pertinent concerns regarding the application of ‘Digital Realism” in underwater
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archaeology, particularly emphasizing the complexities of photogrammetric digital 3D
visualization and interpretation. At the same time, Skarlatos et al. [12] emphasizes crit-
ical steps and considerations for image-based underwater 3D reconstruction in cultural
heritage contexts.

The scientific community has fully addressed the increasing demand for high-resolution
products with metric and colorimetric content for terrestrial applications; therefore, sev-
eral commercial and non-commercial solutions and standard procedures are already
available [13-15]. Conversely, high-resolution 3D reconstruction, radiometric correction
capability, and positioning in an underwater context are ongoing issues. From a geomat-
ics point of view, the presence of a water medium and the related additional drawbacks
complicate scientific work as compared to the terrestrial field. Yet, Pulido Mantas et al. [16]
advocates for a unified approach, transcending land and sea boundaries, demonstrating
the versatility of photogrammetry in studying diverse environments.

Following conventional photogrammetry and computer-vision-based algorithms (the
Structure from Motion approach), image collection and processing still represent a signifi-
cant ongoing issue in underwater contexts [17]. Photogrammetric methods allow for the
precise mapping of the underwater landscape and a detailed three-dimensional reconstruc-
tion of archaeological remains and evidence, which is useful for evaluating the health state
of these findings [18]. Another aspect is the correction of color variation incurred by light
propagating in water, which can be addressed through image enhancement [19].

2. Underwater Photogrammetry

The study of underwater cultural heritage (UCH) using geomatics, including pho-
togrammetry, is consistent with emerging documentation requirements. Photogrammetry
allows domain experts to study inaccessible CH sites remotely or indirectly (Figure 1).

Figure 1. Some practical examples of underwater photogrammetry applications.
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Underwater photogrammetry has become one of the most affordable and widely
adopted methods for documenting and reconstructing submerged archaeological assets. In
the digital evolution of photogrammetry, images are captured to exploit (using computer-
vision-based procedures such as image matching and Structure From Motion solutions)
their intrinsic metric contents.

Despite its widespread adoption, underwater photogrammetry still faces significant
challenges, especially in acquiring and processing underwater images. One challenge is that
the documentation is often insufficient and must be supported by careful georeferencing
and the consistent use of the same reference system [20]. Additionally, generating an
accurate 3D replica of a surveyed object or site requires addressing specific issues, such
as maintaining consistent radiometry and avoiding blurry, low-contrast, or over-/under-
exposed images. To overcome these challenges, Costa [21] outlines several adaptations
to photogrammetry techniques specifically for low-visibility environments, such as high-
resolution cameras and strobe lighting, wide-field-of-view cameras, image stabilization
and motion compensation, and image preprocessing techniques, such as noise reduction
and denoising. These techniques can further improve image quality and reduce the impact
of low-visibility conditions.

2.1. Preliminary Consideration in Underwater Photogrammetric Data Acquisition and Processing

Application considerations must be addressed to ensure the effectiveness and accuracy
of a photogrammetric survey. In this section, we first discuss key factors such as application
restrictions, reconstruction accuracy requirements, and the time involved in modeling. Then
follows a brief description of the input data, the acquisition methods, and the processing
algorithms used in underwater photogrammetry.

2.1.1. Acquisition Depth and Time Restrictions

The successful application of underwater photogrammetry is contingent upon various
environmental factors influencing the operator’s ability to capture high-quality images
and data. These factors include the depth of the sea, water clarity, and environmental
conditions such as currents and visibility. Deeper water presents challenges for operators
due to increased pressure, reduced visibility, and limited bottom time. The depth of the sea
may necessitate specialized equipment and techniques to ensure safe and effective data
acquisition. Water clarity plays a crucial role in the quality of images captured during
photogrammetric surveys. Turbid or murky waters can obscure details and limit the
accuracy of reconstructions. Operators may need to employ strategies such as artificial
lighting or underwater filters to mitigate the effects of poor water clarity. Factors such as
currents, tides, and weather conditions can impact the stability and safety of the survey
environment. Operators must exercise caution and adapt their methodologies to account
for these variables, ensuring the safety of personnel and equipment during data acquisition.

2.1.2. Photogrammetric Acquisition Methods

The fundamental input data for underwater photogrammetry consist of a carefully
captured sequence of photographs taken from multiple viewpoints. These photographs
should cover the target object or scene comprehensively, ensuring sufficient overlap be-
tween images to create a dense point cloud. This captured sequence of photographs should
be of high quality with high resolution and low noise. The images should also be well
exposed and have an accurate color balance. In addition, it is necessary to have sufficient
overlap between the images so that the software can accurately determine the relationship
between the different viewpoints. This overlap is typically between 50% and 80% [22].
It is important to acquire high-quality images of the underwater scene. This is typically
carried out using a specialized underwater camera, such as a DSLR or mirrorless camera
with housing and external strobes. There are two main methods for acquiring images for
underwater photogrammetry:
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Manual: Divers or underwater robots can manually capture images of the target using
handheld or tethered cameras. This method is labor-intensive, and it can be difficult to
control the camera’s position and orientation, but it can be used to capture high-quality
images of intricate details [23].

Automated: Autonomous underwater vehicles (AUVs) or remotely operated vehicles
(ROVs) can be programmed to fly or swim along a predefined path while photographing.
This method is more efficient and allows for a wider coverage of the target. Still, it can
be challenging to ensure that the AUV or ROV follows the path accurately and captures
high-quality images [24].

2.1.3. Reconstruction Accuracy

Various parameters, including the camera-to-object distance, acquisition geometry,
and sensor resolution, influence the reconstruction accuracy required for underwater
cultural heritage surveys. Achieving high levels of accuracy is essential for producing
detailed and reliable 3D models of surveyed assets. Maintaining an optimal camera-to-
object distance is critical for capturing detailed images with sufficient overlap for accurate
reconstruction. Operators must carefully plan their survey trajectories and camera positions
to ensure consistent coverage of the target area. The arrangement and orientation of cameras
relative to the subject impact the accuracy and completeness of the resulting 3D model.
Different acquisition geometries, such as grid or spiral patterns, may be employed to
optimize coverage and minimize distortion. The resolution of the imaging sensor used in
photogrammetric surveys directly influences the level of detail captured in the resulting
images. Higher-resolution sensors can enhance the accuracy of reconstructions but may
also require greater computational resources for processing. It is important to specify that
the accuracy of the survey will be certifiable only if enough GCPs (Ground Control Points),
CPs (Check Points) and/or redundant scalebars are located in the surveyed area in order
to correctly georeference the survey and the related products.

2.1.4. Processing Algorithms

The time required for modeling, encompassing the computation of the acquired
data using photogrammetry and structure-from-motion software, is critical in underwater
cultural heritage documentation projects. This time is influenced by the number of images
captured, their resolution, and the scene’s complexity. Increasing the number of captured
images can improve the final 3D model’s accuracy and completeness but also prolong the
processing time. Operators must strike a balance between the data acquisition efficiency
and computational resources. Higher-resolution images contain more detail but require
more processing power and time for alignment and reconstruction. Operators should
carefully consider the trade-offs between image resolution and processing efficiency.

The core processing algorithms in underwater photogrammetry are similar to those
used in terrestrial photogrammetry, but they are adapted to address the specific challenges
of an underwater environment. SfM algorithms reconstruct the 3D structure of a scene
from a set of 2D photographs. They estimate the 3D coordinates of points in the scene by
analyzing the relative positions of corresponding points in the images. A comprehensive
overview of underwater 3D reconstruction technology based on optical images is provided
in [25]

2.2. Optical and Physics Issues Related to Underwater Photogrammetry

For submerged heritage, for which it is necessary to work in a marine environment,
the phase of the survey is one of the most important phases (together with the planning
phase), as it helps understand not only the current state of the assets but also to make
historical hypotheses and assumptions, as well as define the successive steps of valorization.
Marine environments and conditions cause specific alterations that require the collaboration
of different scientists in a multidisciplinary approach. Basic knowledge of the physical
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principles that regulate light transmission helps to understand the optical phenomena and
the “countermeasures” to be adopted when performing a photogrammetric survey.

2.2.1. The Underwater Spectrum of Light and Selective Absorption

An important factor that influences a survey is the depth in which the assets are
located; this is related to a degradation in the visible electromagnetic spectrum, and it is
an important aspect for the study and recognition of materials, both for photographic and
photogrammetric purposes.

Sunlight is electromagnetic radiation emitted by the Sun. It is a broad spectrum of
electromagnetic waves, ranging from radio waves with wavelengths of tens of meters to
gamma rays with wavelengths of less than a trillionth of a meter. The most intense portion
of the Sun’s radiation that reaches the Earth’s surface is visible light, with wavelengths
ranging from about 400 to 700 nanometers. The light spectrum is all the different wave-
lengths of light that compose sunlight. It is a continuous spectrum, meaning no gaps exist
between the different wavelengths. The visible light spectrum is a small portion of the
overall light spectrum, but it is the only portion we can see. Focusing on visible colors,
these range from red to violet in the following order: red, orange, yellow, green, light
blue, blue, and violet. Like many other substances, water absorbs part of the light that
passes through it. This absorption is not homogeneous but occurs differently depending on
the mass of water crossed by the light for the various colors. The phenomenon, precisely
because it occurs selectively on the various colors, is called “selective absorption”.

Underwater images are, therefore, affected by inconsistencies in radiometry due to
the optical properties of water. When light propagates in water, all (but mainly higher
wavelengths) colors are affected by a degradation in intensity. As we mentioned, this
degradation changes based on the examined wavelength, mainly concerning the acquisition
depth, the camera-to-object distance, and the water’s physical characteristics and conditions
for a given site in a specific acquisition time frame. Water causes a significant attenuation
of light while it passes through it, making its intensity exponentially weaker the more it
travels [26]. The attenuation of light underwater is frequency-dependent, meaning that red
light is attenuated over much shorter distances than blue light, as well as the backscattering
of blue and green, resulting in a change in the observed color of an object at different
distances from the camera and light source [27].

Another factor that should not be underestimated is the presence of materials in the
water; for example, if we consider the delta of a river or a lagoon environment [21], the
suspended sand and clay particles will probably give the water a more turbid color, tending
toward brown. The presence of phytoplankton is another cause of color distortion in
underwater environments; in fact, it absorbs blue and red, resulting in a reflection of green.
In practice, where there is water with phytoplankton, its color will be more green than blue.
This seemingly useless information is extremely important; studying the color of the ocean
allows scientists to assess the distribution and location of phytoplankton worldwide.

In digital cameras, the “white balance” feature allows the camera to interpret the
colors appropriately by eliminating the chromatic dominants due to the light that, instead
of being white, can be colored. White balance eliminates this unpleasant effect by returning
more natural colors, which cannot happen when using film. Compared to traditional film
photography, the advantage of digital images is that they automatically correct colors
and give them more similar aspects to the real colors. However, there are some limits:
the camera can reduce the intensity of a chromatic component, for example, blue, if this
predominates over the others, but certainly cannot create red where it is absent.

This first problem can be partially solved by using the flash. Its white light allows it to
revive even the dullest colors, but only at a certain distance. What happens with sunlight
also happens with a flashlight. As mentioned earlier, colors are absorbed as a function of
the amount of water the light passes through. It does not matter which direction the light
comes from; what matters is the distance the light travels underwater (Figure 2).
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Figure 2. The colorful rainbow bands that make up white light are absorbed/attenuated by liquid
water at different rates. This graph attempts to approximate how deep certain colors of light penetrate.
According to this graph, blue light penetrates deepest, while ultraviolet, red, and infrared are rapidly
absorbed near the surface. Source: Wikimedia Commons; Author: Tomemorris, License: CC-BY-SA-4.0.

Another factor to be considered is the depth to the bottom. If we are in the middle
of the ocean, the light will not be able to penetrate for more than a few hundred meters,
so—in other words—we will not have any reflection of the bottom, and we will see the
water as a dark and intense blue. If, on the other hand, we are close to the coast, we will
see the water as a brilliant blue-turquoise due in part to the reflection of the seabed.

2.2.2. Diffusion and Backscattering

Diffusion is another important phenomenon that must be kept in mind, and it is related
to the presence of suspended materials in the water. Microorganisms, such as plankton, are
always present; in tropical areas, the period of coral reproduction is characterized by large
numbers of eggs dispersed in the water, but the real issue is the sand. Whether raised from
the seabed due to rough seas or carried, for example, by rivers, sand, more than anything
else, can make an underwater panorama appear as if it were shrouded in fog. The light
hitting the suspended materials is reflected in every direction so that everything appears
blurred and lacks details. This phenomenon is, however, always present since the presence
of suspended elements in water is a common factor.

Backscatter, or backscattering, is usually a diffuse reflection due to scattering. It refers
to the light from a flash or strobe reflected from particles in the lens’ field of view, causing
specks of light to appear in the photo. This gives rise to what are sometimes referred to as
orb artifacts. Photo backscatter can result from snowflakes, rain, fog, or, in specific cases,
suspension in a water medium [28]. Due to the size limitations of modern compact and
ultra-compact cameras, especially digital cameras, the distance between the lenses and the
built-in flash has decreased, thereby reducing the angle of reflection of light on the lenses
and increasing the likelihood of reflection of the light from normally subvisible particles
(Figure 3).

Backscatter can be reduced by compensating for the strobing direction of the photo
as far away from the corner of the lens as possible. This is normally done by placing the
light source high and to one or both sides by placing the strobes on extendable arms. As
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the light comes from the sides, the reflected light is mainly in the direction of the strobe
instead of the camera lens (Figure 4).

Figure 3. Backscatter from a strobe near the lens.

Figure 4. Backscatter can be minimized by moving the strobe away from the lens.

To overcome the reduction in the details and sharpness of distant objects related to
diffusion, it is necessary to work at a very short distance, thus photographing the object of
interest while being close to it. However, an important fact remains: in normal cases, all
lenses increase their focal length, thus reducing the FOV and forcing them to shoot from
greater distances than for a land survey (to comply with the required overlap).

2.2.3. Reflection and Refraction of Light in Water

Refraction is the bending of light as it passes from one medium to another with a
different refractive index. The refractive index of water is higher than the refractive index
of air, so when light travels from air to water, it slows down. Depending on the angle at
which the light hits the water’s surface, a greater or lesser part of the light will reach the
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bottom. According to the Snell-Descartes law;, if the light arrives at a different inclination,
only a part penetrates towards the bottom, while a part is reflected (Figure 5).

Figure 5. Refraction of light at the water surface: perpendicular incidence (a); inclined incidence (b);
and low sun angle (c).

It should also be noted that rays of light that do not reach the water’s surface vertically
undergo a deviation. In fact, due to the lower speed of light in the water, they tend to
change direction, approaching the line perpendicular to the surface that passes through the
point where the rays hit the surface. When light rays passing from the air to the water are
deflected, their direction becomes closer to the normal, and the opposite occurs when light
passes from the air to the water. In that case, there is a deviation from the normal.

Light rays traveling from water to air tend to move away from the perpendicular
line that passes through the point where the rays hit the surface. The law of refraction,
generally known as the Snell-Descartes law, governs the deviation undergone by light rays
when they pass through a distinct interface between air and water. It is described by the
following Equation (1).

sinf;  no
sinfy  np

M

where:

61 = the angle of incidence;

fh = the angle of refraction;

ny = the refractive index of the first medium (approximately 1 for air);

1y = the refractive index of the second medium (comprised between 1.3330 and 1.3721,
depending on the salinity of the water [29]).

It is important to consider that the random effect of surface ripples generates unpre-
dictable a priori refractions and, therefore, is not modellable without considering a degree
of approximation.

It has been said that objects appear closer; to determine the distance at which they
appear (called apparent distance), knowing the real one, the value of this is divided by the
refractive index of the medium.

2.2.4. Refraction in UW Photogrammetry: Flat and Dome Ports

The influence of refraction is also felt in underwater photogrammetry; everything,
regarding human sight, appears closer or larger when underwater, and in the same way,
this also happens for digital and traditional cameras. In this case, the most disadvantaged
cameras, even if it is possible to implement countermeasures, are the DSLRs.

When a camera is used in a terrestrial environment, it has a characteristic field of view
(FOV), and this does not undergo any variation. The focal length of the lens, together with
the sensor size, determines the FOV. As previously discussed, when light encounters a
water surface, it refracts or bends closer to the line perpendicular to the boundary between
the water and the air at the glass surface.

This behavior will also occur when photographing, resulting in a lower FOV. De-
creasing the FOV transforms the behavior of the lens, making it more similar to that of a
telephoto lens (Figure 6).
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Air

x

Camera

Figure 6. When cameras are employed underwater, the light passing through the medium interface
of water undergoes refraction effects. The result is a smaller FOV than that obtainable with the same
lens used in a terrestrial environment (1 FOV in the air, 2 camera housing in the water and connected
FOV, 3 FOV reduction in the water when camera is enclsed in a camera house). Reproduced from [30].

Dome ports are specialized underwater housings that utilize a hemispherical glass or
acrylic structure to provide a wide field of view for cameras. They are commonly used in
underwater photogrammetry applications to capture overlapping images that can be used
to reconstruct 3D models of underwater objects or scenes [31]. Dome ports also have the
advantage of being able to image more of a scene in a single photograph, which can save
time and effort during the photogrammetry process. (Figure 7). It is always of great benefit,
even if the qualitative improvement is more noticeable than for a flat port in combination
with pushed wide-angle lenses (5). Each objective lens must also correspond to a specific
type of porthole. Its curvature must be suitable for the focal length of the lens, and the
center of the sphere of which the port is a part must coincide with the optical center of
the lens, which is not necessarily in correspondence with the outermost lens. Therefore, a
different porthole for each focal length is necessary (at least in theory). The same port is
used for multiple lenses of different focal lengths.

Camera housing Camera housing
Air Air
()] Q
Camera = Camera B
2 2

Figure 7. Comparison between a case with a flat port and one with a dome port. Examining the
behavior of the light rays that pass through the glass and the window, it is evident that they do not
undergo deviations when they pass through perpendicular to the surface. The shooting angle and
the underwater focal length do not vary. Reproduced from [30].
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There are glass or acrylic glass portholes on the market, including plexiglass with
particular optical characteristics, and there are pros and cons for each of the two. Those in
crystal (glass) are generally more robust, given the hardness of the material. The optical
characteristics of the two materials are still excellent, but there are economic and practical
differences. If glass portholes are more resistant, the difference in density between glass
and water makes any scratches more evident than with plastic portholes. Thanks to their
density similar to that of water and, therefore, their similar optical behavior, these materials
can mask those small scratches produced on the external surface with use. It should be
considered that a plastic porthole, given its simpler workability, is generally cheaper than
glass ones.

2.3. Optical and Physics Issues Related to Underwater Photogrammetry
2.3.1. Geometric Aspects of Underwater Imaging and Stereo Reconstruction

Stereo reconstruction involves studying the mathematical principles governing ac-
quiring and interpreting 3D information from underwater environments [32]. Underwater
imaging systems, such as cameras and sonars, capture distorted and noisy data due to
the unique properties of light and sound propagation in water [33]. To overcome these
challenges and reconstruct accurate 3D models, it is essential to understand the geometric
distortions and noise characteristics that affect underwater data (Figure 8).

o,
s

Figure 8. Examples of artifacts (indicated by the red arrows) due to poor model quality and inaccurate
range maps.

The propagation of light and sound in water introduces several distortions that can sig-
nificantly impact underwater imaging and stereo reconstruction. In addition to distortions,
noise is another major challenge in underwater imaging and stereo reconstruction. One of
the main causes of noise in underwater photogrammetry is light attenuation. Light travels
less efficiently in water than in air, so the amount of light reaching the camera decreases
with depth (Figure 9). This can make capturing sharp images difficult and introduce noise
into the image data [34].

Figure 9. An example of light attenuation, which is related to the camera-to-object distance. The same
calibration chart is photographed from left to right, increasing the camera’s proximity to the chart.

Another major source of noise in underwater photogrammetry is scattering. When
light passes through water, it can be scattered by particles suspended in the water, such as
plankton and suspended sediment. This scattering can cause the image to become hazy
and introduce noise into the image data [35].
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In addition to light attenuation and scattering, several other factors can cause noise in
underwater photogrammetry. These include the following:

e  Camera motion: Any camera movement, underwater or on the surface, can cause blur
and noise in images. This is particularly important for underwater photogrammetry,
as the water can make it difficult to keep the camera steady.

e Waves and currents: Waves and currents can cause underwater objects to move,
leading to blurring in underwater photographs. This can also make it difficult to stitch
together multiple photographs to create a complete 3D model.

e  Reflections: Underwater surfaces can reflect light, creating distracting photograph
artifacts. These reflections can also make identifying features in the image data difficult
(Figure 10).

Figure 10. Examples of artifacts (indicated by the red arrows) due to reflections caused by the albedo
of artificial objects.

Another relevant issue concerning the geometric aspect of underwater imaging, espe-
cially when operating in shallow waters, is the presence of caustics. Caustics are bright,
localized patterns that occur when a curved surface reflects or refracts light rays. They are
a common phenomenon in underwater photogrammetry and can be a major challenge in
creating accurate 3D models (Figure 11).

Figure 11. An example of caustics (indicated by the red arrows), which are often present in underwater
imagery acquired at shallow depths.

Caustics can be difficult to remove from underwater photogrammetry images because
they can be very similar to real features of the object or scene. However, several techniques
can be used to reduce their impact [36].

Lens aberrations are another common problem in underwater photogrammetry and
can significantly impact the accuracy and quality of 3D models [37]. They occur when light
rays passing through a lens do not converge perfectly in the image plane, which results in
distortions in the image.

Despite the challenges posed by distortions and noise, geometric principles can be
applied to mitigate these effects and achieve accurate underwater 3D reconstruction. These
principles include the following:
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e  Calibration: The accurate calibration of underwater imaging systems is essential to
account for geometric distortions and ensure the correct alignment of images or signals
from multiple sensors [38].

e  Dewarping: Dewarping algorithms can correct refraction and other geometric distor-
tions in underwater images or signals [39].

e Noise reduction: Various noise reduction techniques, such as filtering and averag-
ing, can be applied to reduce the impact of electronic and environmental noise on
underwater data [40].

e  Stereo reconstruction: Stereo reconstruction algorithms can fuse images or signals
from multiple underwater sensors to reconstruct a 3D model of the scene [41].

To ensure metric consistency and obtain reliable 3D metric products, it is essential
to follow photogrammetric principles, especially in underwater photogrammetry. The
proper geometric calibration of the employed optics is essential with the widespread use of
low-cost and non-metric sensors.

2.3.2. Camera Calibration

Calibration identifies geometric distortions in final images caused by the lens materials,
shapes, and construction characteristics of the cameras and optics used in the survey.

Camera calibration for photogrammetry is a well-known practice [42] and is an essen-
tial preliminary step for accurate 3D object reconstruction. It allows for obtaining intrinsic
camera parameters (£, cx, cy, k1, k2, k3, k4, b1, b2, p1, p2) that describe the interior orienta-
tion and lens distortion. Knowing these parameters is essential for generating images as
close as possible to central perspectives, which are necessary for metric purposes.

The following calibration parameters can be determined:

f—the focal length.

cx and cy—the principal point coordinates, i.e., lens optical axis intersection coordi-
nates with sensor plane.

b1 and b2—the affinity and non-orthogonality (skew) coefficients.

k1, k2, k3, and k4—the radial distortion coefficients.

pl and p2—the tangential distortion coefficients.

Various methods and strategies exist for calibrating digital cameras in photogrammetry.
The most common approach is to use computer vision algorithms to perform camera
self-calibration [43]. This approach can substantially improve accuracy [44], even with
non-metric and non-conventional low-cost photogrammetric sensors [45].

Pre-calibration can be used when the conditions do not change significantly between
the calibration and the survey. In pre-calibration, the camera is calibrated in a controlled
environment (using a calibration polygon) or with ad hoc procedures (using calibration
panels with checkerboard or dot patterns). This provides a set of intrinsic parameters that
can be used as an initial guess during the self-calibration phase performed before or during
the bundle block adjustment (BBA) in a typical photogrammetric workflow.

While self-calibration is the most common approach in data acquisition situations,
especially in archaeology [46], it is still possible to observe a significant gain in survey
accuracy whenever a robust self-calibration procedure is conducted [47]. This is especially
important for underwater photogrammetric surveys, where additional distortions are
introduced due to the different refractive indexes of water and air and the geometric
characteristics of the flat or dome port that may be used [31].

2.4. Radiometric Correction of Images

Underwater image color correction is an important area of research for disciplines such
as underwater archaeology and marine biology. Domain experts and scientists need images
with colors that are consistent with the real-world scene. Automatic and semi-automatic
color correction methods and algorithms have been developed to meet this need and are
mainly used in the pre- or post-processing phases of photogrammetry [19,27,48-51].
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Image enhancement and restoration methods have been proposed for many years. This
section will provide an overview of these methods and their relevance to the investigated topic.

Water absorption and scattering coefficients have been a topic of scientific interest for
many years. In 1951, Jerlov classified waters into three oceanic and five coastal types based
on these coefficients [52]. Since then, various methods have been developed to determine
the inherent optical properties of Jerlov water types [53,54].

A mathematical model for the spectral analysis of water characteristics was proposed
in 2014 [55]. This model can be used to determine the inherent optical properties of
water, which can then be used for underwater image color correction [54]. Natural water
bodies were used to determine the positions of all physically important RGB attenuation
coefficients. They showed that the range of wideband attenuation coefficients in the ocean
is limited and that the transition from wavelength-dependent attenuation 3(A) to wideband
attenuation 3(c) is more complex than previously thought. A simple fusion-based approach
for enhancing underwater images was proposed in [56]. This method uses a single input
image and blends multiple well-known filters to improve the image quality. The authors
showed that this method effectively improves the underwater footage of dynamic scenes.

A first proposal for the color correction of UW images using the 1«3 color space is
presented in [49]. This method white-balances the chromatic components and performs
histogram cut-off and stretching of the luminance component to increase image contrast.
The method works well under the assumption of a gray world and homogeneous lighting
of the scene, which is acceptable only for close-range acquisition in a downward direction,
such as seabed mapping or UW photography, and in situations with slight light changes.

Bryson et al. [48] proposed an automated underwater image color correction method
using a gray-world color distribution. This means that surface reflectance has a gray-
scale distribution independent of scene geometry. This approach is particularly useful for
imaging large-scale biological environments, where the use of color charts is prohibited
due to the sensitivity of marine ecosystems to seabed disturbances.

Another underwater image color correction approach is to develop a physically based
image formation model. This model considers the optical properties of water, such as
absorption and scattering, to calculate the true color of a scene. In 2016, researchers pro-
posed a formation model for calculating the true color of scenes taken from an underwater
automated vehicle with strobes. This model required a unique camera setup and strobes,
but it allowed the authors to create and propose a unique image formation model that
could restore the true color of the images.

Akkaynak et al. [57] proposed a revised underwater image formation model that takes
into account these differences. They derived the physically valid space of backscatter using
oceanographic measurements and validated their model using in situ underwater experiments.

The revised model is more physically accurate than the current one but contains more
parameters and can be challenging. However, the researchers also implemented a pipeline
called Sea-thru [19] that uses the revised model to correct the colors of underwater images.

In 2021, Valchos et al. [58] proposed a mathematical method to color-correct under-
water images by modeling light backscattering and absorption variation according to the
distance of the surveyed object.

Another iteration of the latter is SeaThru-NeRF [59], a new rendering model for NeRFs
in scattering media, which is based on the SeaThru image formation model and suggests
a suitable architecture for learning both scene information and medium parameters . In
2023, Jamieson et al. proposed DeepSeeColor [60]. This novel algorithm combines a state-
of-the-art underwater image formation model with the computational efficiency of deep
learning frameworks. In their experiments, they show that DeepSeeColor offers comparable
performance to the popular “Sea-Thru” algorithm while being able to rapidly process
images at up to 60 Hz, thus making it suitable for use onboard AUVs as a preprocessing

step to enable more robust vision-based behaviors 2.
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3. The Use of Drones in Underwater Photogrammetry
3.1. UAS Photogrammetry in Very Shallow Water

To plan an effective archaeological survey campaign, it is essential to understand the
topographic situation of a site, both to obtain an overview of the area and to comprehend
the relationships between the surrounding territory and the underwater heritage itself. A
hybrid approach integrating total stations and GNSS equipment for land surveys remains
fundamental [61].

Aerial photography is an important tool for this purpose, as it can be used for both land
surveys and the shallow water mapping of archaeological evidence. This is important not
only to identify the presence of archaeological sites but also to better understand the layout
of structures. Aerial photogrammetry, including legacy data, represents a cartographic
basis for drafting an overall plan for the site.

For sites with assets halfway between water and land or with emerged and submerged
portions, it is particularly important to study the relationship between the coast and the land
to identify elements that may suggest continuity, or continuation. Here again, aerial pho-
togrammetry plays an important role in understanding the limits of archaeological structures
on land and underwater, which is essential for better planning subsequent surveys.

UAS (Unmanned Aerial System) photogrammetry has emerged as a powerful tool for
archaeological surveys in very shallow water, offering a cost-effective and efficient way to
perform bathymetric surveys [62]. However, the unique characteristics of shallow water
environments pose several challenges for UAS photogrammetry, particularly the effects of
refraction and waves [63].

In the case of UAS photogrammetry in shallow water, the difference in refractive index
between air and water causes light rays to bend towards the water’s surface, leading to
distortion in the captured images. This distortion can result in errors in the reconstructed
3D models, affecting the accuracy of archaeological interpretations.

Waves on the water surface introduce additional challenges for UAS photogrammetry.
The movement of waves can cause blurry or distorted images. Additionally, the rippling
effect of waves can create artifacts in the reconstructed 3D models, affecting the visual
interpretation of the archaeological site.

To mitigate the effects of refraction and waves, Partama [64] developed geometric
modeling techniques specifically tailored for UAS photogrammetry in shallow water. These
techniques involve incorporating the refractive index of water and wave characteristics into
the photogrammetry software. This allows the software to compensate for the distortion
caused by refraction and waves, resulting in more accurate 3D reconstructions [65]. Other
solutions are represented by bathymetric mapping from UAS imagery based on machine
learning [66] to automatically compensate for water refraction and wave motion.

Overall, these studies have demonstrated the effectiveness of geometric modeling in
mitigating the effects of refraction and waves, leading to more accurate and reliable 3D
reconstructions of underwater archaeological sites in very shallow waters.

3.2. Remotely Operated Vehicles (ROVs) in Underwater Photogrammetry

Remotely operated vehicles (ROVs) have emerged as powerful tools for underwater
exploration and surveying, particularly in the context of underwater photogrammetry.
Their ability to navigate underwater environments and acquire high-resolution imagery has
transformed our ability to study underwater structures, habitats, and ecosystems. Unlike
human divers, ROVs can operate in hazardous or inaccessible environments, providing a
safer and more efficient means of data collection.

ROVs come in various sizes and configurations, catering to specific applications
and depths. Smaller ROVs, known as mini ROVs, are typically used for shallow-water
operations, while larger ROVs can venture into deeper waters. Some ROVs are designed
for specific tasks, such as inspecting and maintaining underwater infrastructure, while
others are more versatile for a wider range of applications.
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ROVs offer several advantages over traditional underwater photogrammetry methods
such as scuba diving and towed cameras:

e Enhanced safety: ROVs eliminate the risks associated with human divers, such as
decompression sickness, entanglement, and hazardous marine life encounters.

e  Deeper reach: ROVs can operate at depths beyond the reach of human divers, provid-
ing access to a wider range of underwater environments.

e Increased flexibility: ROVs can navigate complex underwater structures and environ-
ments with greater maneuverability than towed cameras.

e Automated data acquisition: ROVs can be programmed to follow predetermined
paths and capture images autonomously, reducing operator fatigue and increasing
efficiency.

ROVs have found widespread applications in underwater photogrammetry for var-
ious purposes, including documenting underwater shipwrecks, submerged settlements,
and archaeological sites [67]; assessing coral reef health, studying marine habitats, and
monitoring the impact of human activities [68]; and examining pipelines, dams, and other
underwater structures for cracks, corrosion, or other damage [69].

4. Discussions

Underwater cultural sites are among the most difficult-to-reach heritage sites due
to their intrinsic nature. The difficulty of operating in water environments is further
compounded by the operator’s reduced stay time on the site and environmental conditions
that can affect the survey, such as light conditions and water turbidity.

Geomatics provides sensors and techniques that allow scientists and professionals
to record, process, and efficiently present data related to underwater archaeological sites.
While the potentialities and problems of these techniques have already been addressed in
the past [70], new emerging sensors and applications necessitate the continued investigation
and evaluation of different approaches. The adoption of low-cost sensors is becoming more
common [71], and the possibility of processing and quickly obtaining photogrammetric
point clouds cannot be separated from the need for high metric accuracy, which is necessary
for a trustworthy survey in cultural heritage documentation [72]. As such, multi-image
photogrammetry has proven to be an affordable methodology, supporting underwater
archaeological activities with reliable results [73].

An important outcome of an accurate metric survey is the production of thematic
maps relative to materials, conservation status, and so forth, with a methodology like the
one adopted on land. Developing appropriate surveys is the basis for scheduling conser-
vative restoration actions [74]. Such restoration activities must consider that biological
colonisations also endanger underwater ruins (in the short term). For this reason, it is
important to take action through an initial survey and constant monitoring over time,
which is functional to conserving heritage.

Over the years, some research has tried to provide a suitable methodology for satis-
fying the required metric accuracy and fieldwork surveys in the archaeological domain.
Despite consolidated methodologies and standards in terrestrial surveys, some gaps and
shortcomings exist in the underwater environment. Firstly, there is a lack of solutions
for providing an easy-to-deploy workflow for expert domains (archaeologists) with no
proficiency in geomatics to conduct further research on the acquired data, for example, 3D
model inspection and the multitemporal analysis of excavated sites and their contents. By
investigating accuracy, fidelity, and interpretive biases inherent in digital reconstructions,
Ref. [11] underscores the importance of maintaining a nuanced perspective when utilizing
digital tools in archaeological research. This work contributes significantly to ongoing
discussions within the field, offering valuable insights for archaeologists and scholars
grappling with the challenges of integrating digital technologies into underwater archaeo-
logical practice. Moreover, it is crucial to evaluate different strategies for dissemination
using tools for 3D model sharing and visualization, not only for scientists but also for the
general public. Nevertheless, it is currently possible to speed up and make UCH metric
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documentation more cost-effective, guaranteeing safety conditions during underwater
operations simultaneously, thanks to underwater photogrammetry integrating various
types of cameras and sensors.

Even if an accurate survey is important for underwater archaeology, it must link the
archaeological knowledge to the surveyed geometry. So, not only must computer science
be involved, but it is always fundamental to insert archaeological knowledge into the
process [75].

Innovative monitoring and surveying procedures can promote underwater tourism,
which combines single-activity leisure, sport, culture, and ecology, which makes it very
profitable and highly sustainable, and the remote enjoyment of archaeological contexts.
The exploitation of 3D reconstruction, remote visits, and virtual explorations serves as a
tool for managing the cultural-natural heritage of underwater archaeological findings and
maps areas from a new perspective (as an ethical obligation) based on the participatory
approach of all the local stakeholders.

5. Conclusions

The take-home message is that photogrammetry is increasingly used in underwater
archaeology to document, reconstruct, and restore underwater assets virtually [76]. When
correctly adopted, this technology can make underwater sites more accessible to more
people. It can also be used to track changes in the conditions of these sites over time, as
well as foster the dissemination and promotion of UCH.

Photogrammetry can measure distances, areas, and volumes of objects and features in
a marine environment. These data can be used to assess the conditions of marine structures,
track changes over time, and develop conservation plans. For example, photogrammetry
can measure the size and shape of coral reefs, track changes in coral cover, and assess the
impact of human activities on coral reefs. Photogrammetry can also be used to record
the appearance and condition of marine features. These data can be used to document
marine sites” historical and cultural significance, assess the impact of human activities, and
develop educational resources. For example, photogrammetry can be used to record ship-
wrecks’ appearance, assess underwater pipelines’ condition, and document the diversity of
marine life.

Increasing knowledge is the basis for every act of protection and valorization of
archaeological and natural heritage. When facing the complex study of the conservation
of underwater heritage and the coastal landscape, it is important to develop investigation
and survey techniques (such as bathymetry, photogrammetry, and so forth) that require the
integration of several disciplines, not only for the evaluation of the causes of the submersion
but also for the definition of the important relations between underwater archaeological
remains and those on the shore, taking into account the historical and chronological data
available and always considering natural and anthropic factors. The objectives above go
towards the efficient and effective protection and valorization of heritage.

However, some challenges still need to be addressed to make photogrammetry more
effective for underwater archaeology. These challenges include developing more accurate
and user-friendly workflows for archaeologists, integrating archaeological knowledge
into the photogrammetry process, and overcoming the limitations of topographic surveys
underwater. Another of those limits is related to the constraints of topographic surveys
underwater; topographic measurement operations are often difficult and expensive to
conduct, and the results can be inaccurate and limited by time, depth, and environmental
conditions. During the integration of both direct and indirect survey data, it is crucial to
gather and structure all the information in a way that can be understood and managed
not only by geomatics but also by domain experts (archaeologists, marine biologists, etc.).
Underwater cameras and dome ports specifically made for marine environments are
essential for lowering geometric errors related to the presence of two mediums, which
might affect the reconstruction results.
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Despite these challenges, photogrammetry is a promising tool that has the potential to
revolutionize underwater archaeology. With further development, this technology could
lead to a better understanding of underwater heritage and a more effective approach to
its preservation.
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Abstract: The reconstruction of the Serce Limani1 ship proposed a double-masted rig consisting of
two sails with a total combined area of 100 m?. That proposal considered provenance evidence and
appraised hydrodynamic and hydrostatic conditions. The current paper proposes an alternative rig
consisting of a single sail. By applying computational fluid analysis and hydrostatic stability software
to evaluate hull resistance, sail propulsion, and heeling moments, it has been demonstrated that a
sail of no less than 150 m? was suited to propel the Serce Limani. One of the two suitable alternative
sails tested has been selected.

Keywords: computational fluid dynamics; hydrostatic stability testing; sail plan; Serge
Liman1 shipwreck

1. Introduction

The Serce Limani ship was discovered in the Serce Limani Bay, on the southwest coast
of Turkey, opposite Rhodes, and excavated in 1977-1979 by an expedition of the Institute
of Nautical Archaeology and Texas A&M University, headed by George F. Bass. The ship,
also known as the ‘Glass Wreck’ because of the large quantities of broken glassware visible
on the site, was dated to 1025 CE [1]. Until recent years, it was considered the first ship to
have been constructed purely skeleton-first. Its reconstructed dimensions were 15.66 m
long and 5.2 m wide, with an estimated burden of 35 tons [2], and it was a small two-
masted vessel with lateen sails. This article aims to revisit and re-evaluate the reconstructed
sail plan of the Serce Limani shipwreck [3]. The locomotion of a sailboat in water is a
study in fluid mechanics, a dynamic interplay between hull resistance to water and the
propulsive capacity of wind to supply forward thrust on a sail. By examining the hull
and sail reconstruction plans of the Serce Limani, a numerical analysis was conducted,
applying the disciplines of computational fluid dynamics (CFD) based on the Navier—
Stokes equations (Equations (1)—(4)). The CFD software platforms were Orca3D® V3, a
Rhinoceros 8 plug-in, and SolidWorks® 2023 Flow Simulation. The governing Navier—
Stokes equations implemented for the numerical calculation of incompressible flow with
constant viscosity (real viscous fluids) describe all the actions and forces acting upon a
fluid. The fluid is assumed to be Newtonian, meaning that the linear shear stress is directly
related to the velocity gradient. Both the pressure force and the viscous force are those
which act at the surface of a fluid particle. The partial differential equations are given with
the following coordinate system:

Z, W

X, u

Y,V
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e Continuity equation (conservation of mass), expressed in a differential volume in

the flow: 5 5 5 5
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e Navier-Stokes Equations (conservation of momentum)

X-momentum:
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where: g = gravity, p = density, p = pressure, i = dynamic viscosity, the x component of
velocity is u, the y component of velocity is v, and the z component of velocity is w.

In Volume 1 of the Serce Limaru shipwreck final report [1], in Chapter 11 by S.
Matthews dealing with the rigging reconstruction, it was noted that the absence of a
full-length keelson and rigging attachments impeded the ability to establish a plausible
rigging plan in the Serge Limani shipwreck [3]. If only an exemplary remnant of the keelson
had been revealed, it would have sufficed to locate the recess into which the mast heel
would have resided to reconstruct a sail plan. Matthews, however, relied on indirect
evidence consisting of the provenance of halyard blocks and sheaves: the two-sail rigging
plan was hence devised. Provenance evidence is indeed essential in developing maritime
reconstructions. However, in heeding Bass’s guidance in the same volume describing
site documentation, “readers should exercise caution before concluding the seemingly
anomalous location of any single object on the site” [1]. As required, Matthews then pro-
ceeded to calculate the hydrostatics and resistance properties, from which the geometry of
a double sail propulsion system was conceived (Figure 1). However, these findings, as the
authors indicated, “cannot discount the possibility that Serge Liman ship carried only one
mast” [3].

Figure 1. The reconstructed sail plan (S. Matthews [3], p. 185, Figure 11-11. Published with permission
of publisher).
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In deriving an alternative sail plan, the authors resourced the archaeological recon-
structions of the hull, keelson, and keel [1]. Hence, the mast step was assumed to be located
vertically aligned with the center of least resistance (CLR), slightly forward of the center
of effort (CE). This fundamental design concept, which ensured minimal weather helm,
has been employed by ancient shipwrights and contemporary marine architects alike [4,5].
This basic architectural principle served the authors in locating the mast step.

2. Methodology
2.1. Serge Limani’s Architectural and Nautical Specifications

The analyses conducted on the Serce Limani ship were based on a model developed
from a line drawing provided by Steffy [6]. Applying the ‘lofting” functionality provided
in the CAD software SolidWorks®2023, a framing shell was developed upon which the
hull skin was swept. Ignoring surface friction, the hull was faired and then imported
into the Orca3D V3 Marine Design for Rhinoceros® 8 program for CFD hull resistance and
hydrostatic stability analyses. In its simplest terms, CFD processes a physical flow problem
while applying the basic Newtonian equations of conservation of mass and the second law of
motion. The Orca3D® marine design software provides an interface dedicated to generating
the mass properties and floated ship properties used in the CFD ship hull analysis. The results
of this preprocessing closely matched the data presented by Steffy [6] (Table 1).

Table 1. Mass and floated properties of the Serge Limani ship.

Displacement at Waterline Length at Load Waterline (LWL)
Source .
(Metric Tons) (m)
Steffy 57.27 14.93
Orca3D® 57.24 14.94

2.2. Hull Resistance

CFD and hydraulic stability analyses require specific dimensional and physical input
data generated by the preprocessor and applied to governing fluid dynamics equations.
The prevailing Eastern Mediterranean maritime conditions between the months of April
and October determined wind velocity when computing lift and drag sail forces.

When possible, an analytical methodology was implemented. This involved initially
solving a given formula or equation to arrive at a calculated value. This was indeed
valuable in setting orders of magnitude and a generalized direction to complex problems of
fluid dynamics. The solution was verified by applying numerical analysis, which iteratively
‘converges’ on the solution of a fixed value [7]. This method was particularly useful in
modeling the CFD aerodynamic analysis of the sail forces where more detailed and specific
aerodynamic input parameters were required [8]. The forward movement sailing vessel,
rigged with a single lateen sail, is dependent on the forward thrust propulsion system of
the vessel. The forward thrust of the vessel relies on the capacity of the sail to develop the
power to overcome the wave and hull-side resistance forces, as illustrated in Figure 2.

The choice of a single sail the length of the ship was supported by CFD resistance test-
ing of the Serce Limani, which compared ‘with-keel” and ‘without keel” configurations [9].
It was demonstrated that the keel of the Serge Liman, as reconstructed, provided enough
side-force and yawing moment, which increased the proximity between the center of effort
(CE) and the center of least resistance (CLR). Thus, the vessel without the keel would have
necessitated a sail that would extend forward beyond the bow, similar to Nile dhows [9].
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Aerodynamic
side force

Total force

Total resistance

Hydrodynamic
Apparent wind side force

Figure 2. The forward thrust of the vessel is dependent on the capacity of the sail to develop the
power to overcome the wave and hull-side resistance (Illustration: N. Helfman).

Hence, the CFD analysis simulated a vessel being towed directly through the water
while the software continuously sampled and iteratively calculated the development of the
resistant forces on the hull, while heeling and yawing angles were neglected as not being
relevant to the research. The simulation was a generalized symmetrical system of resistance
and thrust regimes upon which the geometry of the sail was configured (Figure 3). The
validity of this approach has been demonstrated in a study that revealed that the primary
factor influencing resistance on the hull of the Serge Limani was its forward velocity through
the water [9]. The system essentially emulated a hydraulic towing tank. The CFD setup
parameters were set at the following:

e  Hull type: displacement;

e  Forward velocity: 3.08 m/s;

e  Mesh type: 3D; number of cells—3,513,022; number of faces—10,816,738; number of
nodes—3,760,396;

Analysis type: Resistance/Powering;

Time definition: Time steps with five iterations; 800 times steps; frequency-200;
Dynamic option: Pitch and heave;

Wave: no wave.
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Figure 3. Computational fluid dynamics (CFD) analysis: resistance evaluation upon which the
geometry of the sail was configured (Orca3D® /SimericsMP).

There is a direct relationship between the speed of a displacement boat and the length
of the wave the hull generates [10], p. 10. Resistance to the water on the hull increases to
the square of the hull’s velocity. The Serce Limani, a displacement ship, moves through
the water while creating small waves that progress towards the aft along the side of the
ship. As the speed of the vessel increases, the waves generated at the bow increase their
wavelengths (the distance from crest to crest) until only one wave is created, the length
of the entire watercraft. With any additional increase in speed, the wave becomes longer,
driving the stern of the vessel into a trough and causing the vessel to ‘climb an inclined
plane’. Forward motion is resisted until the vessel reaches its natural limit [10]. This is
designated as the "hull speed’, a parameter required for the calculation of hull resistance.
The velocity value for a displacement vessel can be calculated using the equation:

- 6)

where v = velocity, ¢ = gravitational acceleration, A = wavelength at the waterline (14.93 m).
Hence, based on Equation (5), the hull speed of the Ser¢ce Limani equals approximately
4.8 m/s or 9.3 knots under maximum conditions. The velocity on the simulations was held
at 6.0 knots (3.08 m/s) under the assumption that a sail that would overcome resistance at
6.0 knots would be sufficient to propel the vessel at lower hull speeds.
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A related input value when calculating the resistance on the hull is the generation of
waves caused by the longitudinal motion of the vessel in the water. This can be simplified
by assuming that the water is moving and that the hull is stationary. The flow around the
hull would be the same as if it were moving over still water [5]. As the speed increases,
the resistance increases exponentially (Figure 4). Longer wavelengths are generated along
the hull, while concomitantly, the phenomenon of wave interference occurs. If the crests of
the bow and stern coincide, large waves result. If the bow wave crests coincide with the
troughs of the stern, wave attenuation occurs [11]. This is expressed in the Froude number
(Equation (2)), which was employed when conducting a resistance analysis on the digital
model of the Serce Limani1. The resistance was relative to diverging hull wave amplifications
and attenuations; the ‘humps and hollows” are indicative of this phenomenon (Figure 5).
The dimensionless value is expressed in Equation (6)

(%

V8Lwt

where F,, = Froude number, v = velocity (m/s), § = gravity, and L = wavelength at
waterline (m).

Fu= (6)
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Figure 4. Velocity-resistance graph: as the velocity increases, the resistance increases exponentially
(generated by Orca3D®, N. Helfman).
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Figure 5. Resistance-Froude number analysis of the Serce Limani, which was amplified and attenu-
ated: humps and hollows (generated by Orca3D®, N. Helfman).

Further, it can be demonstrated that there is a relationship between wavelength and
traveling speed. Given the relationship wave speed in Equation (7):

sh _
=125 VA 7)

where A = wavelength, an 8 m long wave will have a speed of 3.5 m/s. The wave travels
longitudinally with the ship; hence, the length of the waves generated depends on the
ship’s speed. As per Equation (3), if the speed is 1.25 times the square root of the water line
length, a vessel with wave crests simultaneously at the bow and the stern will have a speed
of 3.5 m/s. As per Equation (2), the Froude number is 0.39.

2.3. Sail Power
2.3.1. The 11th Century Prevailing Wind Speed

The Eastern Mediterranean experienced a warm phase in the period between 1000 and
1200 CE, otherwise known as the ‘Medieval Climate Anomaly’ [12], a fact that would
necessarily impact wind velocity regimes. This period overlaps and is inclusive of the
period when the Serce Limani ship plied the seas. Adding to the complexity of adjusting
current wind conditions to the 11th-century prevailing winds, demonstrated that there
have been significant warming episodes over the last 150 years. Thus, the complexity
of gauging the 11th-century conditions to contemporaneous wind velocities prevented a
reliable extrapolation. Assuming a tolerable range of error, the authors opted to apply the
current prevailing conditions to the Serce Limaru ship.

The determination of the driving force generated by the sail is directly dependent on
the sail area and wind velocity. Pre-CFD analytical calculations to determine orders of
magnitude and range were evaluated by applying Equation (8):

Fp=Crxpxv?>xA 8)
where Fp = driving force, Cr = aspect ratio coefficient, p = air density, v = velocity,

A= area [5]. Other relevant parameters include shape and cloth roughness. Preprocessing
fluid CFD parameters were set at the following:
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Flow type—both laminar and turbulent;

Surface roughness—12 um;

Wind velocity 3.08 (m/s);

Angle of attack—25° (0.436 radians);

Semi-dense meshing regime;

Sail canvas roughness—12.0 um;

Wind velocities were based on the survey conducted by the Turkish National Commit-
tee of the World Energy Council, as the average offshore wind speed was measured
in wind classes higher than 4.0 m/s [12], p. 34. Wind velocities were set as a variable
parameter at 6.0 knots (3.08 m/s).

Sail propulsive force was determined by employing aerodynamical CFD SolidWorks®
2023 Flow Simulation. The preprocessor was set to evaluate both the lift (Fy) and the drag
forces (Fx) on the sail samples, yielding the total force, Fr. The product of the Fr and wind
velocity yields power in terms of Watts in Equation (9):

PZUXFT (9)

where P = Power [W], v = velocity [m/s], and F = force [N], where the force is the product
of the sail area pressure multiplied by its projected area.

Determining the shape of a medieval sail is problematic [2]; hence, as a single sail
configuration, two different triangular-shaped sails were proposed for CFD aerodynamic
velocity-pressure simulations: one resembling a right-angle triangle and the other, a scalene
triangle. In rigging the sails, care was taken in the design of the sails to place the CE
forward of the CLR to reduce weather helm (Figure 6).

Figure 6. The design of the two suggested sails the center of effort (CE) forward of the center of
least resistance (CLR) to reduce weather helm: (a) a right-angle triangle and (b) a scalene triangle
(MMustration: N. Helfman).

A sampling of 100 m?, 150 m?, and 200 m? triangular sails was processed as airfoils,
such that the apparent wind velocity was kept constant at 6.0 knots (3.08 m/s) at an
attack angle of 25° (Figure 7). The Fry,, the resultant of the drag and crosswind forces,
was subsequently converted to a power-based equation Equation (9). The results were
compared to the effective hull power (resistance) [W] derived from the CFD Orca3D® V3:
The sail power had to be greater than the hull resistance. In both sail types, the yard was
removed, thereby ignoring turbulence eddies developed along the luff.
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Figure 7. Power analysis of the scalene triangle sail displaying mesh and pressure differentials
consistent with forward propulsion: (a) high velocity (low pressure); (b) low velocity (high pressure);
(c) thumbnail of scalene triangle sail (Illustration: N. Helfman).

2.3.2. Optimizing Mesh: Convergence Analyses

Verification of CFD results involves an iterative process of optimizing meshing refine-
ment until differences between the results are reduced and converge to an optimal value.
The process begins at a base line to which subsequent runs are compared. The integrity of
the analysis is enhanced with the addition of finite elements, their specific type, and the
number of time-steps and iterations. The objective of the analysis is to achieve maximum
result consistency at minimal analysis run-time.

A convergence process was conducted on the aerodynamic analysis of the scalene
triangle sail by repetitively evaluating a force-power scenario; the sail was fixed in its
domain while refining the meshing. The ‘global mesh’, which is a relatively coarse founda-
tional mesh, was kept constant while the ‘equidistance refinement’, which builds layers of
increasingly refined ‘local mesh’, was varied. The number of elements can be increased on
a sliding-scale functionality known as ‘maximum equidistant level’. Up to three variable
offset distances can be manipulated. The convergence was achieved at a foundation layer
of 0.5 m offset from the surface of the sail and 0.8 m offset for the less refined layer. The
results of the convergence are presented in Table 2.

Table 2. Computational fluid dynamics (CFD) convergence values.

No Base Offset Secondary Refinement Number of Iterations Total Force Time
) [m] Offset [m] Value Elements Result [N] [s]
1. 0.061 0.0244 4 116,968 146 834.92 395
2. 0.2 0.4 4 374,993 157 1004.70 1016
3. 0.2 0.4 4 274,792 144 1003.20 880
4. 0.5 0.8 5 4,254,403 181 1010.62 22,881

There was an appearance of convergence between analyses 1, 2, and 3. Upon signif-
icantly raising the refinement level and run time in analysis number 4, it was apparent
that any refinement of the mesh beyond level 3 did not contribute to the convergence. The
analysis appearing in Figure 7, which was run at level 3, is the analysis of the scalene
triangle sail displaying the wind velocity differential between the windward and leeward
sides. The windward side has characteristically higher pressure and an attack angle of 25°,
providing forward propulsion.
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2.4. Stability

If a ship returns to its initial position after heeling, the condition of equilibrium is
stable. If the ship continues to heel, the equilibrium is unstable, causing it to capsize [13].
Matthew noted that the two-sail design was constructed such that the CE was lowered to
prevent large heeling motions and stability [3]. This was, however, difficult to verify due to
the lack of quantitative data: height and fore-aft positioning. To perform the calculation,
several quantities must be known, among others:

The estimated displacement of the ship, which included its cargo and distribution;
The ship’s dimensions: length, beam, overall depth, heeling arm;

Sail dimensions;

Forces on the sail resulting from wind velocity.

The stability of the vessel under beam wind conditions is governed by the critical
value known as the vertical center of gravity (VCG), otherwise known as the keel gravity
(KG). The basic equation for identifying the VCG is Equation (10):

Wit X dpyn + Weargo X dcurgo

VCG =
Whui + Wcargo

(10)

where Wy, = weight of the hull, dj,,;; = the distance of the gravity of the reference point,
Weargo = cargo weight, deargo = cargo weight. dgrgo = the distance of the cargo’s center of gravity
from the same reference point. This calculation resulted in a value of 1.2 m, applying the
sinkage, as reported by the Orca3D® CFD application, as 1.21 m. Lacking any evidence
otherwise, it is assumed that the cargo was evenly distributed over the length of the ship ata
depth of 1.2 m.

The VCG is an axis about which a heeling moment, caused by the wind on the sail, tends
to roll the ship. The heeling moment is countered by the righting moment, which is dependent
on the distance between the center of buoyancy and the center of gravity [5], p. 338. This
calculation assumes a static condition where dynamic factors such as wave action and wind
can affect stability, requiring highly complex computation. When evaluating the stability of a
vessel, its righting arm is calculated over a range of heeling angles. Figure 8 is a generalized
‘stability curve’, which shows two graphs of static equilibrium where point A is the angle of
the steady heel or angle equilibrium, point B is the point of maximum stability, and point C
is the angle of vanishing stability. Hence, the plots display the relationship of the righting
moment to the heeling moment where positive stability persists from 0° to 80°.

e ¢ =

—Righting Arm

- = Heeling Arm

Figure 8. A generalized ‘stability curve’ plots the righting moment opposed to the heeling moment
where positive stability persists from 0° till 80° where point A is the angle of equilibrium, point B
is the point of maximum stability, and point C is the angle of vanishing stability (published with
permission of Orca3D®).
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The calculation of the heeling arm relates to force Fy = pyAy, where py is the wind
pressure, and Ay is the area of the sail (Figure 9). The force Fy tends to heel and drift the
ship but is opposed by force R, which is equal to Fy. R acts at the half-draft T/2, where
torque is developed until the heeling moment equals the righting moment. The heeling
arm varies with the heeling angle where the area exposed to the wind varies proportionally
to cos¢ parallel to the inclined plane WyLy and is expressed in the Equation (11):

PyAy(hy+ %
YY"y
Ly(¢) = (gA 2) cos’¢ (11)
where L, = wind heeling arm, , = height of sail area centroid above WL [13]. This is the
governing equation, in addition to a set of criteria for sea and structural conditions, which
are set before running a stability analysis (Figures 10 and 11).

Fy
—
hy /
(hy+T/2)cos¢ | Lo
Wo @ R To

Wo

Figure 9. Wind heeling arm at beam wind perpendicular to the centerline: Fy = heeling force;

R = righting force; hy = height of the sail area centroid above water line WyL; (Illustration:
N. Helfman).
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Lowered Sails
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Figure 10. Lowered sails calculation results of the “Acute-angle’ sail—mast height = 7.9 m; the values
51.4 Kg/m? and 71.1 Kg/m? represent a stationary wind load and a gust load, respectively (Graph
by N. Helfman; calculations confirmed by J. Rott, Marine Engineer).

Under Sail
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Figure 11. The under-sail calculation results of the “acute-angle’ sail—mast height = 7.9 m; the values
10.5 Kg/m? and 7.0 Kg/m? represent a stationary wind load and a gust load, respectively (Graph by
N. Helfman; calculations confirmed by ]. Rott, Marine Engineer).

3. Results and Discussion

The objective of this study was to offer an alternative solution to the sail plan of the
Serce Limani ship based on the results applying rigorous methodologies of computational
fluid dynamics and hydrodynamics stabilities software. This kind of research is not
experimental in the sense of collecting populations or samples of statistical data to be
tested for significance, averaged, or trend tested. The results rely on the intense iterative
computations of complex partial differential equations partitioned into time steps, which
generate moving averages. Each hydrodynamic and aerodynamic result was unique and
verified by repeating the computations at least twice. Care was taken, when possible, to
precede numerical solutions with analytical methods by calculating governing equations.
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The results were sufficient to generate range and orders of magnitude, providing direction
and continuity.

The computational results were from three categories: analysis of hull hydrodynamic
resistance, aerodynamic sail propulsion, and wind-heeling stability. The hull and sail
results were translated into power values [W], while the heeling results were given in
degrees of heeling as a function of a statical arm [m].

The values displayed in Table 3 present the resistance force and, hence, the effective
power of the ship’s hull. This served as a baseline for the minimum power required by a
given sail to propel the ship forward to a velocity of 3.08 m/s (6.0 knots). Tables 4 and 5
present the results of triangular lateen sails of two different geometries: an acute angle and
a right-angle sail, comparing the propulsion capacities of each by varying their projected
area. Each sail type was re-scaled to 100 m?, 150 m?, and 200 m?, analyzed for forward
thrust power, and then compared to the effective hull resistance power. The scalene triangle
sail, although performing slightly better than the right-angle sail, was selected as the most
suitable single sail configuration due to its shorter ‘hy” distance (Figure 9), which would
provide greater stability. The oversized 200 m? sail, which produced twice the power
required, was dismissed.

Table 3. Hydrodynamic computational fluid dynamics (CFD) simulation evaluating the resistance
force translated to power (Orca3D® /SimericsMP).

Simulation Speed [m/s] Resistance Force [N] Power [W]

3.08 712.76 2195.31

Table 4. Aerodynamic computational fluid dynamics (CFD) simulations evaluating propulsion power
of a scalene triangle sail (SolidWorks® Computational Fluid Dynamics).

Velocity-
Sail Area Apparent Total Force [N] Power [W]
y Wind [m/s]
4 \ 100 m? 3.08 682.4 2101.8
150 m? 3.08 1004.7 3094.5
200 m? 3.08 1341.7 4132.4

Table 5. Aerodynamic computational fluid dynamics (CFD) simulations evaluating propulsion power
of a right-angle lateen sail.

Velocity—
Sail Area Apparent Total Force [N] Power [W]
Wind [m/s]
100 m? 3.08 627.2 1931.8
LT 150 m? 3.08 893.4 2751.6
200 m? 3.08 12184 3752.7

The single sail concept gains credence based on the excavated finds of the Ma’agan
Mikhael B shipwreck (7th-8th century CE) found off the coast of Israel in 2005. This
25-m-long merchantman possessed unequivocal evidence of a hook-shaped masthead
fitting with sheaves, a single mast step, and mast support indicative of a single lateen sail
rig [14]. A digital 3D model of the Ma‘’agan Mikhael B ship was developed by resourcing
excavation data, iconographic representations, and relevant documentation. A standard
maritime engineering analysis of stability and strength, and CFD analyses were performed
on the digital model to evaluate hull resistance and the power of the ship’s single lateen
sail. The simulations demonstrated that the fully loaded merchantman was seaworthy and
made satisfactory speed over the ground with a sail area of 200 m? [15].
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Stability Results

The aerodynamic results, as displayed in Tables 3 and 4, demonstrated almost identical
power output [W] for both sail configurations. The mast heights CLR to CE of the ‘right
angle” and the ‘acute angle’ sails were 9.35 m and 7.90 m, respectively. Agreeing with
Matthews that a lower center of gravity would provide greater heeling stability [3], the sta-
bility analysis was conducted on the ‘acute angle” sail. The method of calculation conformed
to the standards set by the Netherlands Regulatory Framework (NeRF)—Maritime [16] for
vessels exceeding 12 m. As per the standard, two basic qualifying tests were performed:
stability with struck sails (Figure 9) and stability under sail (Figure 10). The equations
prescribed by NeRF for calculating both heeling moment conditions are as follows:

For vessels with struck sails: stationary wind load = 51.4 kg/m?;

gust = 77.1 kg/m?

Moment 1 =51.4 x (Orl x Arl + Otuig x Atuig)

Moment 2 =77.1 x (Orl x Arl + Otuig x Atuig)

For a ship under sail (basic rigging): stationary wind load = 7.0 kg/m?;
gust = 10.5 kg/m?

Moment 1 =7.0 x (Orl x Arl + Osail x Asail)

Moment 2 =10.5 x (Orl x Arl + Osail x Asail)

where Orl = lateral surface of the hull (m?), Arl = distance between the center of gravity
of Orl (m), Otuig = total rigging (m?), Atuig = one-half the height of the highest mast to
the lateral point (m), Osail = the total area of the sails (m?), Asail = distance of composed
center of effort to the lateral point (m).

In both evaluations, area ‘A’ must be equal to area ‘B’, where @0 = the vessel’s angle
of heel under the influence of the stationary wind load with lowered sails, @ A = the roll
amplitude due to a resonant roll movement caused by the wave load, and @C = the vessel
angle of heel due to a gust [16]. The calculations performed demonstrated a high degree of
stability based on the NerRF standards, such that ¢ A =17.68°, 0 =2.00° <20°, C =23°
< 45.00°, ¢C =25.6° <50.00°.

4. Conclusions

Matthews proposed a dual sail rigging configuration with a combined sail area of
100 m? for the Serce Limanu ship. In this paper, an alternative single lateen sail rig has been
proposed while analyzing the power required to propel the Ser¢e Limani ship. Applying
Orca3D V3 CFD software to evaluate the resistance of the ship’s hull at 6.0 knots, it became
apparent that a sail area of 100 m? was incapable of propelling the vessel.

Two lateen sail options were selected for inquiry: a right-angle and an acute-angle sail.
Both sails, though markedly different in their appearance, demonstrated that, to generate
the power to propel the Serce Liman, at least 150 m? was required. Both sails could be
rigged within the boundaries of the ship’s hull, their only difference being their heights:
7.9 m (acute angle) versus 9.35 m (right angle). The 7.9 m long mast was selected for testing,
assuming a lower center of gravity and, therefore, less vulnerability to capsizing. Applying
hydrostatic stability testing, it was thus demonstrated that the single sail Ser¢e Limanu,
with a 7.9 m mast, faired extremely well, even under gust conditions.

It was demonstrated that the acute angle sail configuration robustly produced suf-
ficient power to propel the Serge Liman1 while meeting standard stability criteria. Thus,
a single acute triangular sail met the challenge of the dual sail rigging as proposed by
Matthews. In the spirit of further research, a challenge is welcome.

In the strictest sense, CFD results should be validated either by employing towing
tanks or wind tunnels. These types of validations were not performed, but their absence
provides an opportunity for future research in other variable parameters, such as hull shape
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and construction methods. Further, in addition to towing tanks and wind tunnels, future
research should involve the application of a Velocity Prediction Program (VPP), a program
used in yacht design that predicts heel, speed, leeway, and apparent wind quantities.
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Abstract: In submerged landscapes, distinguishing anthropogenic features versus natural ones is
often challenging. We have developed a set of criteria to validate the identification of submerged
anthropogenic remains that include examining the geological context, sea-level considerations, asso-
ciated archaeological finds (including coastal survey), and documenting the broader archaeological
context. Furthermore, our experience demonstrates that, while progress has been made in applying
remote-sensing technologies to detect anthropogenic features on the seabed, there is no substitute
for direct, visual assessment by an underwater archaeologist for verification of their anthropogenic
status. We have applied these criteria to examine two published case studies detailing suspected
anthropogenic stone features on the seabed in the Sicilian Channel. Our examination has led us to
conclude that both localities are not anthropogenic features. The Pantelleria Vecchia Bank features
represent natural outcrops on a submerged paleo-landscape that were shaped by depositional and
erosional processes during transgression and regression periods. The suspected Lampedusa cultic
site comprises natural features that are located on a submerged neo-landscape formed due to erosion
and retreat of the coastal cliff since the mid-Holocene, when the sea level reached its present level.

Keywords: submerged prehistory; sea-level change; underwater archaeology; beach deposits;
inundated settlements

1. Introduction

The post-glacial rise in sea level (ca. 20,000 to 5000 years BP) inundated large regions
of previously dry coastal plains, resulting in submerged areas of the continental shelf [1,2].
These included areas that had been occupied by people since the Early Paleolithic period,
e.g., [3-6]. Asearly as 1937, A.C. Blanc, who studied the west coast of Italy [7], hypothesized
that prehistoric materials and terrestrial landscapes could be preserved on the submerged
continental shelf, and indeed, in the past 80-plus years, thousands of prehistoric sites have
been found underwater, representing a unique environmental and cultural record [8-13].
However, identification of submerged anthropogenic sites is often challenging since un-
derwater features of natural origin can sometimes be misconstrued as human-made (i.e.,
pseudo-archaeological). Stone features, created by erosional or depositional processes,
frequently exhibit symmetrical or repetitive forms whose origin can be misleading. Notable
examples of suspected submerged anthropogenic sites are the localities of Yanuguni and
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Kerama, in southern Japan [14,15]: See the figure on page 595. These are two submerged
rock formations identified as anthropogenic by amateur archaeologists but never confirmed
as such by professional scholars. Conspicuously, neither site has yielded in situ diagnostic
archaeological fingerprints (e.g., tool marks, tools or other archaeological remains), raising
suspicions that they are just impressive natural structures.

Establishing a set of validation parameters based on archaeological considerations,
in combination with studies of factors related to earth sciences, is crucial to ensuring
the accurate and correct identification of submerged anthropogenic sites and features.
Factors to be considered in the verification process include identifying distinct patterns
of deliberate material selection (such as slabs or elongated stones) to exclude those that
can occur naturally, determining the provenance of the stones (local or non-local), and
analyzing the arrangement patterns of rocks and stones [10,16-19]. Critically, finds should
never be studied in isolation. Characterization of the geological substrate establishes the age
of the rock formations in the research area and their relation to the suspected anthropogenic
remains, while observations of sea-level and tectonic activities that may have affected the
area at the time of the proposed human occupation are also necessary in order to understand
site formation processes. Additionally, geomorphological observations can reconstruct
depositional and erosional processes and indicate signatures that are anthropogenic versus
those that are natural. Natural agents (e.g., rivers, waves, tsunamis) or anthropogenic
ones (e.g., ships) may have been responsible for transporting artifacts found on the seabed
and depositing them in their find location, while sedimentation, erosion, and abrasion
processes may generate anthropogenic-like features, or cover or destroy sites [12,13,19]. It
should be noted that by themselves, none of these earth science datasets are enough to
unambiguously establish the anthropogenic origin of a site. The presence of indicators
clearly linked to human activity (e.g., artifacts made of stone, bone, or organic materials;
flint tools; production waste; charcoal; or faunal and floral remains), is the key element
needed to confirm an anthropogenic origin [10,16-19], as establishing that such finds are
in situ.

In recent years, remote-sensing technologies have been commonly used to explore
and map currently submerged paleo-landscapes in search of prehistoric sites. Remote-
sensing techniques applied to submerged prehistory can be divided into devices scanning
the surface/sea bottom (e.g., side scan sonar, multibeam sonar, remote-operated vehicle),
devices scanning the sub-bottom (e.g., sub-bottom profiler), and devices scanning shallow
water from the air (e.g., aerial photography, LIDAR). In the field of submerged prehistory,
remote-sensing techniques are efficient when there is a need to scan wide areas of sea
bottom that otherwise will require many days of scuba diving, and thus identify the most
promising sectors on which research should focus. Moreover, such techniques are also
useful when searching for submerged landscapes and sites covered with sediments [19].
Although these methods provide unique and useful information, as will be detailed below,
they still face problems of precision and accuracy in discerning anthropogenic from natural
features and identifying archaeological finds of material culture, such as those listed
above. For example, based on geo-acoustic experiments of knapped flint using sub-bottom
profiling, Gron and colleagues [20,21] have been able to identify human-altered lithics
in some submerged contexts, but have demonstrated difficulty in distinguishing cultural
layers from the surrounding natural geologic ones. Although such studies show promise,
their findings need to be corroborated by direct observation, survey, and/or excavation of
material on the sea bottom by underwater archaeologists. Thus, in submerged prehistory,
remote-sensing techniques can serve as a valuable complement to archaeological studies,
but is not a replacement.

In this study, we discuss two published examples that deal with stone features that are
suspected to be anthropogenic in origin. Both are located on the seabed of the Sicilian Chan-
nel: (i) the Pantelleria Vecchia Bank stone ridges and monolith, and (ii) stone arrangements
situated off Lampedusa Island (Figure 1). In each instance, the features were first studied
(without the aid of professional archaeologists) by geologists and recreational divers using
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remote-sensing technologies and interpreted as anthropogenic in origin. In this study, we
want to test the hypotheses proposed through the application of the archaeological and
geoarchaeological validation methodologies outlined above.

¥ Ll

o ©

Figure 1. Location of the two studied sites depicted by red circles, water depth isobaths in m. (Map:
Sara Elettra Zaia, Esri, CGIAR, Source. Esri, USGS.)

In order to evaluate whether these submerged localities are natural or anthropogenic,
we have analyzed the data presented by the discoverers, and complemented these data
with underwater and coastal surveys at the suspected site off Lampedusa (carried out
by two of the authors). Although the Pantelleria Vecchia Bank was not surveyed by us
due to accessibility limitations, the published data are critically assessed here. We present
our findings, which serve as an example of the inadequacy of relying only on remote-
sensing technologies, and the need for complementary, hands-on examination of suspected
anthropogenic sites by experienced underwater archaeologists.

1.1. Brief History of Submerged Prehistory

The field of submerged prehistory emerged following finds of faunal and lithic re-
mains that were dredged up in trawler nets in the North Sea [22], while terrestrial forests
were identified in various intertidal areas of the United Kingdom and France [23-26]. Ad-
ditionally, sporadic finds by recreational divers helped to trigger interest in this research.
For example, in the 1960s, the first reports of finds of Neolithic objects from the submerged
locality of Tel Hreiz, situated off the Mediterranean coast of Israel [27,28], then led to the
discovery of more than 16 concentrations of submerged Neolithic sites and the test excava-
tion of the coastal sector of the submerged Pottery Neolithic site of Neve Yam [9,19,28-30].
These discoveries contributed to the development of pioneering excavation methods of
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submerged prehistoric Mediterranean settlements (e.g., Neolithic sites of Atlit-Yam and
Kfar Samir) [19,31], complemented by multidisciplinary studies of the archaeological finds
(e.g., sediments, flint, stone and bone tools, and pollen, floral, faunal, and human remains).
The methods used were later consolidated as the Israeli Model for the detection, identifica-
tion, and investigation of submerged prehistoric remains [19,32]. Parallel to this, similar
processes were taking place in other parts of the world. One early example from the 1970s,
was the use of a systematic methodology to study the sub-bottom and seabed in search
of possible prehistoric remains, following extensive industrial work on the sea bottom
of the Gulf of Mexico [33]. To do so, remote-sensing methods were applied to produce
bathymetric and sub-bottom profiles. These data were corroborated by sediment samples,
which helped to reconstruct the terrestrial paleoenvironment. Paleo-environment and
identifiable land identifiable landforms were correlated with known archaeological features
on land to generate predictive models. If a possible site was identified, further sediment
samples, underwater documentation, and diver investigations were undertaken [33,34].
Another model, developed by Fisher [35-37], aimed at locating submerged prehistoric
sites by identifying submerged landforms similar to terrestrial counterparts known to
be rich in archaeological remains. The basic methodologies used in the Gulf of Mexico,
have since benefitted from technological improvements. These include remote-sensing
studies that are undertaken in deep water and sediment-covered areas, as well as intensive
work in the field of underwater survey [25], with direct-contact diving surveys usually
conducted in shallow areas, where snorkeling and scuba diving is possible. The need to
investigate areas currently covered by thick layers of sediment, has guided researchers
to look for anthropogenic signatures beyond the presence of human-made artifacts, often
using sediment coring, to recover finds related to paleo-environmental proxies such as
faunal remains, charcoal and pollen, some detected by using sedDNA analysis [26,38—41].

In sum, the accumulation of more than 40 years of experience since the first conference
(1981) and publication of the first book relating to the topic of submerged prehistoric sites
and landscapes [3], has resulted in general models and recommendations for the investiga-
tion of submerged landscapes and prehistoric sites, offering innovative and robust protocols
for their detection/identification, investigation, and preservation, as detailed below.

1.2. Citizen Sources

Despite the extensive work that has been undertaken to produce efficient models
and research strategies, most often submerged prehistoric remains are reported based on
citizen observations—with the naked eye, or found by a fisherman’s net [19,35,36,42]. Thus,
gathering data from citizen sources like industrial, military, and recreational divers, and
fisherfolk, is essential. In this regard see also Archaeology, Wessex. “Protocol for Reporting
finds of archaeological interest, Annual Report to BMAPA 2005-2006". 2006.

1.3. Depth-Dependent Likelihood of Detecting Prehistoric Sites

The inundation and drying (terrestrial conditions) of a submerged landscape is gener-
ally conditioned by Pleistocene and Holocene sea levels. Analyzing the available global
sea-level curves suggest that in a given region, areas situated at greater depths on the
seabed experienced shorter periods of exposure during low sea-level phases. This statment
is based on the simple logic that, if a point at a certain depth was situated on dry land,
all points above it must be dry as well. Thus, the deeper a site is, the less time it was
dry land. This has been explained in some detail in two previous publications [17,19].
Thus, statistically, the likelihood of encountering submerged prehistoric sites diminishes in
currently deeper locations. Additionally, the last time the continental shelf was exposed
beyond a depth of 50 m dates back to 13,000 years BP. These landscapes would have been
inhabited by hunter-gatherer communities whose sites lacked substantial architecture and
whose ephemeral activities are less likely to be preserved or found [17,19]. Consequently;,
the likelihood of discovering submerged prehistoric deposits and significant architecture in-
creases in shallow waters, as these areas were exposed for longer periods of time and could
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have been occupied by both Paleolithic hunter-gatherers, sedentary Neolithic and later
communities. Regrettably, modern human activities (development, building, quarrying)
and consequent marine erosion pose great threats to these areas, leading to their heightened
destruction. Moreover, when excavating in extremely shallow water the intertidal and
surf zones (0-5 m) present extremely difficult working conditions due to changing sea
conditions, rapid erosion, and sedimentation of the excavated area [10,12,13,17,19,43].

1.4. Models for Detecting Sites

Generating models for prehistoric site detection mainly focuses on producing a com-
prehensive picture of the paleo-landscape by applying sea-level considerations and us-
ing remote-sensing technologies enabling high-resolution reconstruction of prehistoric
landscapes. However, choosing the most appropriate method for detecting, surveying,
and researching sites is crucial, and often the use of simple, low-tech methods is no less
effective than costly and sophisticated remote-sensing technologies. Both methods, to-
gether with archaeological information from adjacent terrestrial areas (site distribution
patterns, site layout, chrono-cultural entities, etc.) and geological data of the studied re-
gion (river outlets, raw material sources, detection of cultural or biological relics relating
to ancient sea levels, etc.) will enable production of models to detect areas of potential
interest [18,19,33-35,37,44-48]. Additionally, current research efforts have seen the devel-
opment of methods that explore a broad range of anthropogenic signatures aside from the
presence of items of material culture, and this includes investigation of finds related to
paleo-environmental proxies such as charcoal, faunal remains, and pollen [26,38—41,49].

1.5. The Utilization of Paleosols and Rocky Coastal Areas by Prehistoric Populations

In the Mediterranean Basin, submerged remains of early agropastoral societies (Neolithic—
Chalcolithic) are generally associated with paleosols that developed under terrestrial
environments. Paleosols and other submerged landscapes may be affected by high sediment
input that covers sites and makes them difficult to detect and access [10,12,13,19,49]. Rocky
coastal areas were generally less sustainable for agro-pastoral human occupation due to the
lack of arable land. However, such areas were frequently used for various economic and
cultic purposes rather than agriculture (e.g., as demonstrated in Australia) [48]. Intense
abrasion that affects submerged landscapes during inundation and periods of high-stand
sea levels have probably destroyed much of the archaeological deposits [10,12,13,19].

1.6. The Importance of Archaeological Investigations to Corroborate the Anthropogenic Nature of
a Site

Acquisition of submerged landscape data by remote-sensing and geophysical tech-
nologies has developed extraordinarily quickly. Using innovative and sophisticated tech-
nologies provides crucial physical and sedimentary details, and often helps to detect and
document in great detail underwater features and reconstruct the paleo-landscape that is
currently submerged [26]. However, these techniques do not provide information on a
site’s archaeological setting and stratigraphy. Such archaeological data, in addition to finds
of material culture (e.g., stone, bone and wood artifacts, flint tools, architecture elements,
stone arrangements) and anthropogenic-associated finds (charcoal, dung, ash, human
remains, faunal remains with butchery marks), can only be obtained by archaeological
survey and excavation [17-19,50-52]. Such data are crucial for establishing whether a site
is anthropogenic in origin or not.

2. Materials and Methods

The sites discussed and re-evaluated in this article were investigated by us using
different research strategies. In assessing the Pantelleria Vecchia features, we could only
use material available in publications, since field survey was not possible because access
to the area where the site is located, is restricted. In contrast, we were able to access and
survey for ourselves the submerged Lampedusa site (for survey methods, see below, in
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Section 3.2. The Lampedusa Site). In both sites, sea-level and tectonic considerations
were assessed, deposits from the MIS5e isotopic stage were checked to gauge tectonic
stability (at Lampedusa), and data regarding the dating of geological and archaeological
features were considered. The published data from the petrography and thin sections from
the Pantaleria Vecchia site were checked, and the availability of human-made finds and
traces (charcoal, faunal and floral remains, as well as flint, bone, and stone artifacts) in the
suspected anthropogenic sites were considered. In addition, we tested the hypothesis that
the Lampedusa site is situated on a submerged paleo-landscape that potentially could have
been occupied by humans in prehistoric times, versus a submerged neo-landscape that is
relatively young, and thus could not have been occupied during prehistoric times.

3. Results
3.1. The Pantelleria Vecchia Bank

e  Archaeological setting:

The earliest signs of human habitation on the island of Pantelleria trace back to the
Neolithic era around the eighth millennium BP. Archeological findings, such as a workshop
for crafting obsidian located at Punta Fram near Pantelleria city’s modern cemetery, suggest
early human activity [53]. Various artifacts like tools, ornaments, and weapons crafted from
Pantelleria obsidian, discovered across Sicily, Malta, Tunisia, Southern France, and other
Mediterranean regions, indicate a sustained human presence and a vast exchange network
during the Neolithic period [54]. Concrete evidence of permanent settlement emerges
during the Bronze Age, particularly from the late fifth to late-fourth millennium BP, notably
with the Mursia village and the Sesi necropolis [53]. Subsequently, Pantelleria’s history
reflects influences from various cultures, including the Phoenicians and the Romans [54,55].

e  Geological setting:

The Pantelleria Vecchia Bank is situated on the Adventure Plateau, between western
Sicily and Pantelleria island (Figure 1). It is a submerged landscape, currently at 35-40 m
depth, which was connected to Sicily during the low sea stand of the glacial periods. During
the Younger Dryas (ca. 11,500 years BP), when global sea level was ca. 55 m lower, the
area was an archipelago of six dispersed islands located off the southwestern coast of Sicily,
while at the end of the 1B Melt Water Pulses (ca. 11,200 years BP), the sea level was ca. 40 m
lower than present SL and the islands were smaller [56]. Analyses of geomorphological
markers, mainly MIS5e deposits [56,57], have shown that the northwestern Sicilian Channel
has been tectonically stable at least since the Late Pleistocene (with an estimated vertical
change of £0.04 mm/y). This was confirmed by independent measurements derived from
semi-permanent GPS stations [58], which do not reveal significant present-day tectonic
activity in this region.

e  DPast studies:

Two submerged enigmatic stone ridges and a stone monolith in the Pantelleria Vecchia
Bank (NW Sicilian Channel) were studied by Lodolo and colleagues [59] and Lodolo
and Ben Avraham [60]. In a third paper from 2024, Lodolo and colleagues describe a
few ridges, in the form of a half-ring, on the Pantelleria Vecchia Bank (Figure 2D) [61].
The underwater features are located tens of kilometers offshore, between Pantelleria and
Sicily, at a depth of ca. 35-40 m on the seabed (Figures 2 and 3). In their studies, the
researchers used a multibeam swath bathymetry and high-resolution seismic reflection
data, radiocarbon dates, and petrographic thin sections of rock samples taken from the
ridges and the monolith. Documentation, photography, and sampling were carried out
by technical divers. Radiocarbon ages for four rock samples, analyzed in two different
laboratories, all fell within MIS3, i.e., the Late Pleistocene (39,960 + 500 years BP to
44,560 £ 1270 years BP) [60] and are close to the limit of radiocarbon [60] (p. 399) (Table
S1). The ridges, in the form of a half-rings, were deposited during the Late Miocene
(Tortonian) [61,62]. In the three articles, presumably based on chronology and patterns,
the authors tentatively suggest that these features (Ridges 1 and 2, the monolith, and the
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half-ring ridges) could be anthropogenic in origin and propose that they are, respectively,
Neolithic and Mesolithic in age [60,61].
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Figure 3. Rock blocks on Ridge 1, modified after [60].

1. Ridge 1is an 820 m-long stone ridge whose lower part is covered with unconsolidated
sediment (sand), while the upper part comprises what Lodolo et al. [59] describe as
“horizontally arranged” stone blocks 0.5 m thick, some rectangular in shape, with
the largest measuring ~3.4 m (Figures 2A and 3). Based on thin-section petrogra-
phy analysis of samples collected from the feature, their lithology was classified as
bioclastic sandstone (Table S1). Based on chronological and morphological patterns
(e.g., the orthogonal geometry, the blocky structure, and its stepped slopes slopes on
its seaward margins), the ridge was interpreted as having been initially embedded
in coarse sand during a low sea-level stand some 40,000 years BP. Lodolo et al. [59]
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suggest that later, ~9000 years BP, the natural deposit was modified and stone blocks
were intentionally erected by prehistoric inhabitants of the region to serve as a coastal
defense against sea-level rise.

Ridge 2 is an 82 m-long and 6-8 m-wide stone feature that lies perpendicular to and
100 m northeast of, the west end of Ridge 1 (Figures 2B and 4). It too is characterized
by rectangular stone blocks that rise 1 m above the surrounding seafloor. It was dated
to an earlier Late Miocene (Tortonian) era, similar to the half-ring ridges (see below).

RIDGE 2 LONGITUDINAL VIEW
(DETAIL OF THE CENTRAL PART)

Figure 4. Rock blocks on Ridge 2, modified after [59].

Based on thin-section petrographic analysis of samples collected from the stone fea-

tures, their lithology was classified as bioclastic sandstone (Table S1). In their 2023 pa-
per [59], Lodolo et al. suggested that “It seems unlikely that this concentration of peculiar
and geometrically regular structures would develop by natural processes in this small
(~0.5 km) study area. ... In view of the above, it seems possible that the two ridges are
associated with human occupation”.

3.

The stone monolith is located at 35 m depth, some 300 m north of Ridge 1. It is
described in a 2015 paper [60] as a ~12 m-long stone monolith that broke into three
stone blocks that are now arranged in a line (Figures 2C and 5). Based on thin-
section petrography analysis of samples collected from the features, its lithology was
classified as bioclastic sandstone, similar to Ridge 1 described above (Table S1). In
three different places on this rock, there are holes, one of which runs through the rock
from side to side. Lodolo et al. suggest that the rock represents a broken human-made
megalith, associated with a Mesolithic culture that occupied the Pantelleria Vecchia
Bank during low sea level ~13,000 years BP, and was probably placed in an erect
position. They therefore assume that people extracted the rock and transported it
some 300 m from Ridge 1 and then erected it. The following features were offered
by them to support the anthropogenic origin of the monolith: (1) It is made of the
same rock and is the same age as Ridge 1, closing the submerged paleo-embayment;
(2) it is of rather regular shape and has three regular holes of similar diameter at the
top and on its sides; (3) there are no reasonable known natural processes that may
have produced these elements; (4) the monolith is made of stones other than those
that constitute the neighboring outcrops (this statement contradicts no. 1 above).

The half-ring features are a sequence of block (up to 3 m long and 0.5 m thick)
accumulations forming parallel, curved ridges stretching a few hundred meters to
the north of Ridges 1 and 2. Based on thin-section petrographic analysis of samples
collected from the half-ring features (see Table S1), their lithology was classified as
bioclastic limestone dated to the Late Miocene (Tortonian) [61]. According to the
observations of Lodolo and colleagues, the rock type of the half-ring ridges is identical
to the surrounding rocks forming the Pantelleria Vecchia Bank (dated to the Late
Miocene). Nevertheless, based on analyses of their data and examination of their
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geometry and structure, they excluded the possibility that the concentric half-rings
were formed by natural processes and suggest that they were originally part of human-
made structures functioning either as fortifications, anchorage, fishing installation, or
used for ritual practices [61].

Figure 5. The isolated monolith, modified after [60] (Figure 4: lateral view from the SW).

3.2. The Lampedusa Megalithic Site
e Archaeological setting:

The initial occupation of the island of Lampedusa dates back to the Neolithic period,
ca. 6000 years BP, with the earliest evidence of human presence from the site of Cala
Pisana, excavated by the University of Pisa [62]. The island, which was investigated by
Thomas Ashby in 1909 and by the Natural History Department of the University of Pisa in
1971, abounds in Late Prehistoric or Early Bronze Age architectural remains characterized
by circular-shaped stone structures (See Figure S1). The period and purpose of these
structures remain unclear, and they have been interpreted as agricultural installations or
dwellings [63]. From 1000 BCE. until modern times, the island has been influenced by
various cultures, including the Phoenicians, Greeks, Romans, and World War II events [64].

In publications from 2014 and 2019, Diego Ratti tentatively proposed that he had
found a possible submerged prehistoric place of worship off the northwest coast of the
island of Lampedusa [65,66].

e  Geological setting:

The suspected megalithic installation was detected off the northwestern coast of
Lampedusa at the foot of a cliff more than 100 m high (Figures 6 and 7). Grasso and
Pedley [67] conducted a detailed geological survey of the elongated east-west-oriented
island. They reported on a northwest-southeast trending Late Miocene fault (a monoclinical
flexture) that divides the island into two morphological units. To the west, all strata are
horizontal, with vertical cliffs up to 100 m high on the coast. The southern and southeastern
shores are ria-type, with well-developed, drowned river valleys and small bays. While
rapid headward erosion has destroyed much of the original pre-Tyrrhenian coastline in the
western promontory and northern coasts, no such destruction has occurred at the southern
and southeastern sides of the island [67]. Unlike the ria-like eastern and southeastern
sectors of the island, this region is characterized by active coastal erosion creating coastal
cliffs and numerous landslides. Erosion of the bedrock reveals two main geological units
on the section of the coastal cliff: white chalkstone at the bottom of the cliff and darker
yellow limestone at its top.
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Figure 6. Lampedusa Island and the location of sites mentioned (map: modified after Sentinel-2
cloudless layer for 2023, with bright overlay layer by EOX—4326).
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Figure 7. Photograph showing active cliff retreat in the studied locality creating caves, a sea stack
and submerged neo-landscape, and the location of the suspected anthropogenic site (E. Galili).

e Past and present studies:

The suspected megalithic site at Lampedusa was initially explored by recreational
divers [65] using multibeam images and aerial and underwater photography. In 2019,
two of the authors (E.G. and I.O.R.) investigated the site and associated features, with the
purpose of inspecting the submerged landscape and the suspected anthropogenic features
in the site [68]. The underwater surveys were carried out using a diving boat, standard
scuba 12 and 15 L air tanks, and underwater cameras—a Sony 100 III in housing and a
GoPro. Measurements were taken using a rolled metric tape, while underwater drawing
was carried out using a pencil on A4 plastic sheets. Rocks were sampled using a chisel and
hammer, and shallow trenching of sediments was performed using hand fanning to expose
underlying features. A complementary coastal survey was also carried out by E.G. and
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LO.R. with the aim of identifying possible parallel human-made structures on land, and
archaeological and geological features that could be used as indicators of ancient sea levels
and vertical tectonic changes.

In his publications, Diego Ratti described features made of stone boulders off the
northwest coast of the island at an average depth of —11 m below sea level (Figures 8-10).
His underwater surveys close to the foot of the cliff yielded two circular stone formations,
bounded to the north by a bedrock plateau (Figure 10, no. 3). The size of the stones ranged
from approximately 1.5 to 5 m. We carried out a 50 cm-deep probe into the carbonate
sand within the circle installation (and tested it by hand fanning) with the aim of finding
anthropogenic remains like stone tools, imported stones, charcoal, or bones, but it yielded
no finds. Initially, Ratti had thought these structures were simply a random set of broken
rocks that had rolled from the nearby cliff following natural coastal erosion. However, after
various diving surveys and aerial photos, Ratti perceived that the rocks formed circular
and elliptic enclosures, similar to those of a prehistoric place of worship with an area of
rock-cut steps [65,66].

Figure 8. Boulders on the sea bottom at the suspected cultic site off Lampedusa (for location, see
below in Figure 10, nos. 1,2) (E. Galili).
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Figure 9. Plan of the suspected cultic site (courtesy of Diego Ratti, modified after Figure 2.88 in [63]).

Additionally, a protruding rock on the seabed located ~30 m northwest of the boulder
concentrations was suspected to be a zoomorphic sculpture (Figure 10, no. 4, Figure 11).
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Figure 10. Above: multi-beam image of the site with the location of the main features: 1, 2—concentrations
of boulders suspected to represent cultic circles, 3—flat surface of in situ eroded rock, 4—suspected
zoomorphic feature or natural erosional feature (courtesy of Diego Ratti and CNR Centro Nazionale
delle Ricerche). Below: aerial photo of the suspected site (courtesy of Diego Ratti).

South of the site, Ratti identified pits in a submerged cliff that he suspected represented
rock-cut tombs, while west of the site were rocks that are zoomorphic in shape (Figure 11).

In 2019, the data collected by Diego Ratti were complemented by underwater and
coastal surveys led by two of the authors (E.G. and 1.O.R.) together with Diego Ratti, Pietro
Ratti, Fabio Giovanetti, Anna Sardone, and Giuseppe Sorrenti. Samples were taken from
the boulders, the sea bottom, and the supposed zoomorphic rock, and were examined with
the naked eye. During the underwater surveys in and around the suspected anthropogenic
site, two main rock features were identified on the sea bottom at ~10-15 m depth:

1. Clusters of boulders of various sizes and shapes, which had collapsed from the coastal
cliff. These are scattered in a random pattern on the shallow (1-12 m deep) sea bottom,
close to the foot of the coastal escarpment, as usually can be found in colluvial deposits
and landslides (Figure 7). Of the hundreds of boulders found there (Figure 9), some
stone clusters may resemble human-made “stone arrangements”.
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2. Rock features protruding from the original in situ rocky deposit on the sea bottom.
These are the remains of rock sections that were probably more resistant, and thus
underwent less erosion and remained in their original location. Some of these are
isolated, vertical protrusions (Figure 10, no. 4), while others are large rock surfaces
(up to 50 x 30 x 3 m) (Figure 10, no. 3). Galili and Ogloblin-Ramirez [68] summa-
rized their research in an unpublished report, in which they noted that the boulder
concentrations on the sea bottom are situated close (10 m or closer) to the foot of the
coastal cliff, and that the numerous features identified on the sea bottom are typical
products of a coastal escarpment under erosion (Figure 6).

Figure 11. Suspected zoomorphic feature or erosional feature at the Lampedusa site (for location, see
Figure 10, no. 4) (E. Galili).

In their observations, they note that one boulder concentration comprises mainly local
limestone from the upper stratum of the cliff, while the second concentration is a mix of
chalk and limestone originating from both strata of the cliff (Figure 12). The proposed
zoomorphic rock feature is composed of an in situ deposit of chalk. The underwater surveys
in and around the site revealed no clear human traces, neither artifacts nor tool marks. Galili
and Ogloblin Ramirez [68] concluded that the stones that make up the suspected ritual
structure actually represent natural boulders that fell from the cliff, as initially suggested by
Ratti. In 2022, Ratti published a new version of his 2015 book “Lampedusa Preistorica” [69]
(pp. 182-204), accepting the natural origin of the suspected megalithic site, as proposed by
Galili and Ogloblin Ramirez [68].
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Figure 12. Typical landscape, fresh avalanches, and cliff retreat on the west and northwest coast of
the Lampedusa site (E. Galili).

4. Discussion
4.1. The Pantelleria Vecchia Bank Site

In 2015, Tusa et al. [70] published a detailed rebuttal (in Italian) of the Lodolo and Ben-
Avraham [60] paper, presenting extensive geomorphological, contextual, and archaeological
data to refute their claim of having found a large anthropogenic megalith. However,
Lodolo and Ben-Avraham were apparently unconvinced and presented the same arguments
in two additional articles [59,61]. To avoid a possible “illusory truth” effect, [71] we
felt compelled to re-examine the issues raised by Lodolo and colleagues relating to the
anthropogenic nature of their finds. Using a comparative approach and examples from
several other Mediterranean coastal areas, we explain why, in our view (and as previously
noted by Tusa et al.) [70], the rock formations they describe on the Pantelleria Vecchia Bank
do not support their claim that they are human-made constructions, but rather confirm
that they are natural features.

e  Geomorphological considerations:

Based on the thin sections shown in the publications of Lodolo and colleagues, they
proposed that both Ridge 1 and Ridge 2 are composed of bioclastic rocks (either beachrock
or consolidated beach deposits), and that the elongated Ridge 1 that blocks the submerged
bay is probably a beachrock that was consolidated and embedded in the intertidal zone
during a low sea stand some 45,000 to 50,000 years BP, as the 14C dates indicate. This
interpretation is supported by the sea-level curves [72-76], suggesting that the sea bottom
in the Sicilian Channel was dry land between ca. 75,000 to 10,000 years BP. It is emphasized
here that the dates presented by them reflect the timing of beachrock/beach deposit
consolidation and not that of suspected anthropogenic activities. It is also worth noting
that this date falls at the end of the range of radiocarbon, and thus its reliability is limited.

Beachrock is a common formation in the Mediterranean Sea and often forms on sandy
coasts. As noted by Tusa et al. [70], beachrocks (our translation from Italian follows) “often
detach from the rocky basin of origin due to coastal erosion, depositing themselves in the
Mediterranean Sea between +1 and -5 m with respect to the coastline (they are known and
dated up to a depth of 60 m in Sardinia, Turkey, Sicily, Greece, Croatia, and Liguria)”; for
examples, see [77,78]. Thus, various features and patterns resulting from coastal erosion of
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beachrock and beach deposits (e.g., chimneys, detached rectilinear blocks) are common in
coastal environments.

e Sealevel and tectonic considerations:

Vertical earth crust changes due to tectonic activity, isostasy, or structural changes may
have changed the relative sea level in the research area. However, given that the area is
considered relatively stable [57], such changes, if they occurred during the Holocene, would
have only resulted in a displacement of a few meters. Thus, the height of the reported
finds relative to sea level, and the deposition and erosion processes of the beachrocks
under coastal/shallow marine conditions, have not changed considerably due to vertical
changes in the earth’s crust. Notably, according to the available sea-level curves for the
last 80,000 years [72-78], the two stone ridges were exposed to coastal/intertidal /shallow
marine conditions ca. 9000 years BP to 12,000 years BP and from 75,000 years BP to
85,000 years BP. We contend that during these events, the beachrock ridges most likely
underwent significant erosion, resulting in the rectangular forms observed.

Ridge 1 is currently located in situ, at the site of its deposition. Thus, the most
parsimonious explanation for the presence of the “horizontally arranged stone blocks”
noted by Lodolo and colleagues is that these rectangular-shaped blocks are the result of
post-depositional erosion of the stone, followed by the ridge cracking and settling on its
southern sea side. The weathering and collapse of large sections of a beachrock ridge
usually occur due to erosion and scoring of underlying sediments on its sea side, or due to
a landslide (see Figures 1 and 11d in [79]). Such beachrock erosion is common in coastal
environments and can be seen, for example, on the Israeli Mediterranean Sea coast at
Ashkelon (on the seaward side of the beachrock outcrop—see Figure 3 in [79]) or at Akko
on the landward side of the beachrock outcrop (Figures 13 and 14) as well as in other
localities, e.g., Southeast Afric (see plate 13 in [80]) (see Figure 15).

W =

Figure 13. Blocks of beachrock outcrop under coastal, landward erosion north of Akko (Israeli coast),
looking north (E. Galili).
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Figure 14. Blocks of beachrock outcrop under coastal, landward erosion north of Akko (Israeli coast),
looking southwest (E. Galili).

Lodolo and colleagues suggest that these “block” features may be the result of human
modification, although they cite the publication of Shinn [81], who outlined in some
detail the “simple mechanism that can produce beach-rock geometries” similar to those
characteristics observed on the seaward side of Ridge 1, namely, “Exposure to sunlight
and constant wetting and drying break the rock down into individual slabs, like to a
concrete road. The size of the individual slabs is determined by the thickness of the
rock. Uncemented sand under the rock also promotes cracking as the rock settles, much
like ice on a frozen pond”. Shinn [81] gives an entirely plausible, natural explanation
for the shape as well as the location of stone blocks similar to those observed on the
Pantelleria Vecchia Bank.

Figure 15. Lingoid ridge (Lr) developed on a Type 3 intertidal platform (C refers to transversal cracks
in the beachrock plates; Ds refers to detached blocks of beachrock washed shoreward), modified
after [81] (see plate 13 in [80]).
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Likewise, the possibility of modification of Ridge 2 by people some 9500 years BP, i.e.,
the building of a wall-like structure with stone blocks, as proposed by Lodolo and Ben
Avraham [60], is not supported by any archaeological or geoarchaeological information
presented by the authors. A more parsimonious explanation is that Ridge 2 was deposited
at an earlier stage, under different environmental and sea conditions than those prevailing
during the deposition of Ridge 1, creating a different paleo-coastline. Thus, Ridge 2
may represent a natural relic of one of the half-ring ridges, rather than being a human-
made feature.

Regarding the so-called monolith, Lodolo and Ben-Avraham [60] state that “the mono-
lith is made from stone other than those which constitute all the neighboring outcrops . ..”,
but they also state that “the lithology and age of the rock that makes up the monolith are
similar to those that make up the blocks of the rectilinear ridge closing the embayment”.
Thus, the monolith probably originated from the neighboring eroded beachrock Ridge 1,
which is located some 300 m to the south. It is feasible that when the bay was flooded
some 9500-9200 years BP [60] (their Figure 8), a large, elongated piece of rock broke off
Ridge 1 and was washed inland (northward) by a tsunami or by storm waves. During the
Neolithic period, the Pantelleria Vecchia site (an isolated island at the time) must have been
exposed to violent coastal /shallow marine processes that affected the Early Holocene coast.
For example, tsunami waves are known to transfer large masses hundreds of meters in-
land [82-85]. Conceivably, the elongated rock deriving from Ridge 1 could have weakened
during such processes and subsequently broken up into three separate blocks.

As to the possibility that the half-ring ridges are anthropogenic in origin, as in the case
of the other features discussed above, this statement is not supported by any archaeological
or geoarchaeological information presented by the authors. These features are most likely
the product of natural Late Miocene depositional processes (long before human presence)
or natural post-deposition, coastal erosion processes.

e Holes and “chimney” features in an intertidal, rocky environment:

Lodolo and Ben-Avraham [60] state that “the monolith has three regular holes of
similar diameter, one that crosses it completely on its top, and another two at two sides
of the monolith”. We reiterate here the counterarguments first raised by Tusa et al. [70]
concerning the holes in the rocks, since they appear to have gone unnoticed in the literature
and by Lodolo and colleagues in their 2015 paper and subsequent papers. Tusa et al. rightly
contended that they are typical products of coastal erosion of beachrock, either by plant or
by water action when the rock was exposed in the highly energetic paleo-intertidal zone.

Careful observations of Figure 4 in the 2015 Lodolo and Ben-Avraham article [60]
depicting the stones reveal that the statement made by Lodolo and Ben Avraham regarding
the monolith (that it is of rather regular shape and has three regular holes of similar diameter
at the top and on its sides) is to be reconsidered. It seems that although the monolith is an
elongated feature, its regular shape is questionable and the holes differ from each other in
size and form, and probably also the agent responsible for them. Indeed, one is a through
perforation and two appear to be cavities. In the intertidal and supratidal zones, a variety
of processes can cause the erosion of rock, such as physical or chemical erosion, bio-erosion,
and algal induration [79,80,86]. Round holes, cavities, geyser chimneys (Figure 16), and
craters are scoured and abraded by water under the influence of currents and waves, and
are typical of high-energy, intertidal, rocky environments. In their rebuttal, Tusa et al. [70]
also note that even perfectly cylindrical holes can be created by natural action. They further
suggest that natural erosion, due to plant action, can create similar holes: “over 5 m long
and with a section compatible with those shown in Lodolo and Ben-Avraham [60], and are
found in large numbers along the coasts of the Black Sea, on lithologies similar to that of
the “monolith” e.g., Erginal et al. [87]".
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Figure 16. Water emerging from a geyser chimney (pipe/hole) on a rocky (aeolianite sandstone—
kurkar) section of the Israeli coast, near Kibbutz Neve Yam (E. Galili).

e  Dating considerations:

The dates presented by Lodolo and colleagues for the monolith and the ridges (Table S1)
are in fact taken from carbonate shells extracted from the samples. As such, they represent
the period of deposition and consolidation of the bioclastic rocks, and so are not pertinent
to the issue of whether these features are anthropogenic in origin or natural.

The proposed dating of the monolith, which is based purely on sea-level considerations
and speculations, implies according to Lodolo and Ben-Avraham [60], an anthropogenic
origin and the possible modification of the two beachrock/consolidated beach deposit
ridges by humans [59]. The sea-level curves cited [72,73,75,76,88,89] suggest that some
9200-9500 years BP, the sea level in the Sicilian Channel was ca. 40 m lower than today
and the Pantelleria Vecchia Bank was a small island between Pantelleria and the Sicilian
coast. Thus, the ridges and monolith were under coastal/shallow marine conditions at the
beginning of the Holocene. Lodolo and colleagues note that this paleo-coastal area would
have been accessible to humans during certain prehistoric periods. However, this situation
is also valid for thousands of other square kilometers of continental shelves around the
globe, down to a depth of 40 m [90]. Consequently, basing human intervention on a specu-
lative argument of possible accessibility to the area where the ridges and monolith were
found cannot be considered scientific proof to support a Mesolithic anthropogenic origin
for the monolith stone feature, as suggested by Lodolo and Ben-Avraham [60], nor for the
modification of the ridges during the Early Neolithic, as proposed by Lodolo et al. [59,61].

e  Archaeological considerations:

In their discussion of the rock formations of Pantelleria, Tusa et al. [70] detail why, on
archaeological grounds, the presence of a monolith that can be compared or traced to the
central Mediterranean megalithic tradition in these locations is not feasible. In addition,
they also refute the proposed dating suggested by Lodolo and colleagues for Pantelleria
Vecchia Bank (see details in Tusa et al. [70] and references therein). It should be noted
here that Lodolo and colleagues did not involve a professional archaeologist, who may
have related to the existence or nonexistence of anthropogenic fingerprints and finds of
material culture.

In general, the possibility of finding unique stone structures in archaeological sites
cannot be ruled out. However, usually the manner in which they were built have parallels in
other contemporaneous sites in the same region. In the case of the Pantelleria Vecchia Bank
features, we do not know of any contemporaneous (i.e., Mesolithic) terrestrial parallels
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in Italy for structures that resemble the form of the submerged features documented by
Lodolo and colleagues. It is also unlikely that such a monumental ancient structure would
have been built on a remote offshore island, with no developed cultural center that could
have supported such a project, leaving no anthropogenic fingerprints. Tusa et al. [70] refute
the comparisons made by Lodolo and Ben Avraham [60] to the monolithic cultures of Malta
and Gobekli Tepe in Turkey, which are both chronologically and culturally distant from
Sicily. As Tusa et al. conclude, “.. .it is absolutely methodologically incorrect to compare
distant and independent historical dynamics to justify the alleged presence of absolutely
unjustifiable artifacts in their correct geographical reference context”.

e  The absence of human-made finds in the suspected anthropogenic site:

It is expected that a prehistoric culture capable of producing gigantic megaliths and
mega-constructions would leave behind at least a few anthropogenic finds of distinctive
material culture (e.g., flint implements, bones, wood, charcoal, ash, and pottery in the case of
Pottery Neolithic, Chalcolithic, or later cultures). Admittedly, the absence of evidence is not
evidence of absence. However, the absence of such finds in such a gigantic complex thought
to be anthropogenic in nature is a strong argument against the anthropogenic nature of the
ridges and monolith. For example, stone tools, faunal remains, and even a hearth feature
were discovered adjacent to a Neolithic seawall made of large boulders off the Israeli coast,
corroborating that this structure was definitely human-made [42]. In submerged prehistoric
sites—both ephemeral and sedentary ones that were investigated off the Israeli coast—large
quantities of both organic and non-organic items of material culture were recovered, clearly
demonstrating the anthropogenic nature of these sites [9,19,31,42]. At the very least, flint
artifacts that are highly resistant to erosion even in underwater conditions (as attested
to at hundreds of submerged prehistoric sites discovered worldwide), e.g., [4,5,83], are
expected to have been preserved and discovered in association with at least one of the
features described at the Pantelleria Vecchia Bank. The feasibility of this is highlighted by
the presence of human-made artifacts recovered underwater near Pantelleria Island [91].
This approach may be adopted by other research fields when access to suspected features is
limited, e.g., sub-bottom remote-sensing research on land (for detecting buried architecture)
or underwater (for detecting shipwrecks or buried human-made features). In the case of
detecting a suspected buried feature, it should be treated as an “anomaly” that should be
further investigated using direct-contact archaeological investigations (e.g., jet probes, cores,
trenches, and excavations). However, the above approach may not be relevant for all fields
of research, and there are cases in which an opposite approach has, and can be, adopted.
For example, most of the suspected meteorites collected by amateur meteorite and mineral
hunters are in fact items of anthropogenic origin. In this case, if an anthropogenic origin of
a suspected meteorite is ruled out by a professional archaeologist, it can be considered to
be natural.

4.2. The Lampedusa Site

e  Possible parallel archaeological features on Lampedusa, Malta, and Sicily:

Megalithic constructions were not uncommon in the European Bronze Age. In fact,
such structures can be found in the central Mediterranean islands of Malta and Sicily,
with some smaller ones reported also on the central and eastern parts of Lampedusa
Island [63,69] (and see Figure S1 here). This cultural connection has deep roots, as the two
groups of islands shared cultural traces after the Neolithic (~5500 BCE), when the first
attested colonists from Sicily established themselves in Malta [92-95]. The two groups
kept cultural ties alive for millennia, as shown by parallels in their pottery traditions; the
flint, obsidian, and ocher trades; as well as cultural and religious practices (see [73-75]).
While these early cultural trends seem to have originated on the main island of Sicily
and were introduced to Malta, scholars propose that the opposite is true for the Early
Bronze Age megalithic traditions [96-98]. Megalithic building seems to have started in
Malta ~3500 BCE and was connected to new ritual practices, including group burials. Only

60



J. Mar. Sci. Eng. 2024, 12,1981

later was it brought to Sicily (see [98]). Similar group burial practices are suggested in
Sicily for the dolmen structures appearing in the third millennium in the Hyblean Plateau
and in other scattered sites north and southwest of the main island of Sicily (see [98,99]).
In his 2014 publication, Ratti ([65], p. 18) pointed out an oval stone structure located in
Lampedusa on the top of the cliff above the suspected submerged cultic site, which has
never been excavated or published: (our translation from Italian) “A stone structure of the
same shape and dimensions of the underwater one can be seen on top of the cliff (110 m
above sea level) exactly above the submerged one”. This structure is also depicted in his
2022 edition (see Figure 2.85 in [69]). During a field survey we conducted on top of the cliff,
some stone arrangements and structures were identified. However, unlike the boulders
found in the suspected submerged megalithic structure (the latter weighing up to a few
tons each), the terrestrial structure is built of smaller stones arranged in patterns that differ
markedly from the underwater feature. Thus, the yet unexcavated and undated stone
structures on top of the cliff, and the other megalithic structures on the island, do not
represent possible parallels to the submerged structures.

e  The MIS5e deposits and the archaeological sea-level markers used for testing tectonic
stability and sea-level changes:

To estimate changes in the local relative sea-level and possible tectonic uplift of
Lampedusa, two sets of sea-level indicators were investigated. Marine Isotope Stage 5e
(MIS5e) beach deposits dated to the last interglacial high stand (124 ka) were identified
based on fossil indicators (mollusk species: Strombus bubonius, and possibly Patella ferruginea
and Arca noae, identified by geologist Giuseppe Sorrenti personal communication). The
find elevations of these mollusks relative to the modern sea level was documented for the
methodology and examples (see [57,100-105]). This parameter was of use to reconstruct
the relative sea level during the Last Interglacial, when the global sea level was ca. 6 to
12 m higher than today. It also facilitated evaluation of the long-term vertical changes of
the island since the deposition of these beach deposits. The heights of coastal installations
(e.g., rock-cut bollards to which boats were tied) relative to the sea level today provided
rough information about the sea level during historical periods. These Late Pleistocene and
Late Holocene geological and archaeological indicators enable a rough evaluation of the
relative sea-level height and tectonic stability of the region during prehistoric and historic
times, respectively.

Previously, Segre [106] and Grasso and Pedley [67] located Tyrrhenian terraces and
MISbe deposits while producing the geological map of Lampedusa. East of the monocline,
on the ria coastline (from Cala Greca to Cala Creta [see Figure 2]), Tyrrhenian features
consisting of beach deposits containing the mollusk Strombus bubonius lie at ca. +2 m
above present sea level (see [106] (p. 138)). West of the monocline, prehistoric caves were
identified by Segre (see pp. 145-147, Figure 7d in [106]) at an elevation of ca. 35 m above sea
level. Grasso and Pedley [67] suggested that these caves are related to the same Tyrrhenian
episode identified on the east side of the island, and that the tectonic movement associated
with the monoclinal flexure was completed by Late Pleistocene times.

Following these studies, we rechecked the deposits in some key sites on the island of
Lampedusa. In Cala Ucello Bay, a clear MIS5e beach deposit with at least four individuals of
the index fossil Strombus bubonius in a good state of preservation were identified (Figure 17).
The maximum elevation (the so-called inner edge) of this deposit was 2.20 m asl (at 6:30 pm
on 3 August 2019). In Cala Maluk, a probable MIS5e beach deposit formation was identified
on the western side of the bay. In this case, fossils of Patella ferruginea and Arca noae mollusks
were observed. The maximum elevation of the deposit was 1.60 m asl (at 7:00 pm). Another
MIS5e deposit at a similar elevation containing Strombus bubonious was identified in Cala
Pisana. Overall, all the MIS5e/Tyrrhenian deposits studied do not display evidence of
dramatic tectonic changes in the region during the time period of the formation of the
coastal escarpment. According to Lambeck et al. (see Figure 6 in [107]), the average rates
of vertical movements in the Linosa/Pantaleria region during the Holocene, and for the
last glacial cycle, was £0.15 mm/y. Assuming that tectonic movement associated with the
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monoclinal flexure on the island was completed by Late Pleistocene time, as suggested
by [67], tectonics would have had very little impact on the erosion of the cliff above the
suspected cultic site. It is reasonable to assume that the most significant erosion and retreat
of the coastal cliff took place after the Mid-Holocene, when the sea level reached its present
elevation. However, the possibility of initial coastal cliff erosion during the Last Interglacial
(MIS5e isotope stage) cannot be ruled out. Thus, the sea bottom opposite the coastal cliff of
Lampedusa may be a partly submerged paleo-landscape, as well as a partly submerged
neo-landscape, depending on the distance from the cliff.

Figure 17. Left: Cala Ocello Bay and location of the MIS5e deposit, center and right: close-ups of
Strombus bubonius mollusks (E. Galili).

e  Mid- to Late Holocene sea-level indicators:

These were identified in Cala Pisana Bay, where a modern beachrock formation
composed of modern materials (e.g., glass, and metal) was located on the shoreline at
an elevation associated with the present sea level. Important archaeological indicators
identified were rock-cut bollards that are reported here for the first time (Figure 18). Of the
16 bollards located, two were in Cala Pisana Bay, and the rest were in the Porto Vecchio (Cala
Palme) and Porto Nuovo (Cala Salina). Other rock-cut features such as carved channels
and square installations were also identified in the harbor area, and a large quarry site a
few meters above current sea level was observed in Cala Calandro. In general, rock-cut
installations are not easy to date [108]. Although such rock-cut bollards are hard to date
and some of them are still being used (e.g., in Brucoli Sicily, lat. 37.2817° N, lon. 15.1862°
E), similar installations found in well-documented archaeological sites [109,110] suggest
that they date to the Roman/Byzantinee periods. Some of those rock-cut installations were
affected by sea erosion and modern coastal constructions; however, their elevation above
sea level enables proper functioning, suggesting that the relative sea level has not changed
dramatically since they were cut in the stone.
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Figure 18. Top: ancient rock-cut bollard in the modern Lampedusa harbor, bottom: ancient rock-cut
bollard in Cala Pisana Bay (E. Galili).

e  Submerged paleo-landscape versus submerged neo-landscape:

In situ submerged prehistoric sites can be found on submerged landscapes inundated
by post-glacial sea-level rise. However, some submerged landscapes are relatively new
(post-prehistoric/post Mid-Holocene periods, hence the submerged neo-landscape). Exam-
ples for such submerged neo-landscapes may be at the foot of an active, retreating coastal
escarpment (Figures 7 and 19), or on the surface of a consolidated lava flow that entered
the sea. In situ finds discovered on such landscapes may then logically be attributed to a
period later than the formation of the landscape. Thus, the date of the deposition of the
natural rock may be used as a terminus post quem for the site deposited on it.

The erosion rate of the cliff and the proximity to the cliff were major arguments to
rule out the possibility of the suspected Lampedusa site being anthropogenic in origin.
Similar rapid erosion and retreat was identified in coastal cliffs composed of poorly consol-
idated aeolianite (kurkar) in central Israel [111]. An important geological indicator in the
Lampedusa study area was a sea stack, probably part of the island in the past that had been
separated from the present shoreline (Figures 7 and 19). The numerous fresh landslides on
the coastal escarpment and its rapid active retreat suggest that the features in the studied
site (the coastal cliff and caves and the adjacent sea bottom) are products of events that
occurred during the second half of the Holocene sea-level rise.
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Figure 19. Coastal erosion, recent active retreat of the coastal escarpment, and creation of a submerged
neo-landscape at the foot of the cliff schematic drawing, modified after Figure 5 in [112]).

5. Conclusions

Innovative remote-sensing technologies have been commonly used to explore and
map currently submerged paleo-landscapes in search of prehistoric sites, providing unique
and useful information. However, their findings need to be corroborated by detailed
archaeological research, as there is no substitute for the knowledge and direct examination
by an underwater archaeologist.

5.1. The Submerged Features on Pantelleria Vecchia Bank

Given all the data outlined above, we find that the suggestions for the possible an-
thropogenic origin of the discussed stone features, including the ridges and the elongated
pierced monolith, to be unfounded. We feel that it is apt to repeat Tusa et al.’s excellent
summary [our translation from Italian]: “multiple considerations both of a purely geolog-
ical order, both intrinsic to the morphological characteristics of the object, both inherent
to the immediate context of its position, and in reference to the broader chronological
and geographical context, lead us to the natural conclusion that it is not a question of
a manufactured, but rather a natural product”. In addition, our study has shown the
limitations of relying on high-tech remote-sensing techniques to identify anthropogenic
sites, and confirms the need for complementary first-hand, professional archaeological
documentation and research to provide a rigorous foundation for such determinations.

5.2. The Suspected Megalithic Feature in Northwestern Lampedusa

The shallow sea adjacent to (up to few tens of meters from the cliffs) western and
northwestern Lampedusa can be considered a submerged neo-landscape (post-prehistoric
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times) formed during the second half of the Holocene i.e., after the sea level reached its
present elevation. It is suggested that the discussed submerged megalithic structures are
natural features and represent boulders that collapsed from the adjacent cliff, while the
adjacent zoomorphic-like feature are erosional features that developed on these rocks.

5.3. In Case of Doubt, There Should Be No Doubt

Generally speaking, the submerged landscapes and features described above are
extremely interesting, and the geological and geomorphological formation processes that
created them are worthy of investigation. We suggest that the rationale underlying the
interpretation of features identified on submerged landscapes as anthropic should not be
symmetrical. In other words, if it is suspected that a submerged feature is human-made,
further archaeological investigations should be undertaken, and until such a verification has
been made, the feature should be considered of natural origin. Moreover, we suggest that
the rational underlying the interpretation of features identified on submerged landscapes
as anthropic should not be symmetrical. The reasoning behind this asymmetry is that,
worldwide, there are only a small number of prehistoric megalithic stone features that are
human-made. Statistically speaking, the probability for the existence of symmetrical and
geometric rock features or stone arrangements on a submerged landscape that may be
human-made (even if their formation processes are yet unclear) is slight. Most importantly,
the presence of a symmetric or geometric feature in a given underwater site cannot by itself
point to an anthropogenic origin. To determine the anthropogenic origin of such features, a
detailed archaeological investigation yielding material finds that clearly connect the object
to human manufacture should be presented. Thus, in cases where there is neither clear
archaeological material evidence for an anthropogenic origin of a submerged site, e.g.,
artifacts, debris, charcoal, faunal remains, etc., nor use-marks, production marks, or signs
of intentional shaping of the stone, the site should be considered of natural origin. In such
unclear cases, instead of stating that “we cannot rule out the possibility of an anthropogenic
origin,” it is strongly recommended to rule out such an origin until it is supported by solid
archaeological evidence and to treat the site as an interesting natural feature that should be
studied and preserved.

In the examples discussed in this paper, the application of remote-sensing techniques
enabled the initial detection and mapping of submerged features, but the verification of
their status as natural or anthropogenic relied upon their being surveyed and sampled
firsthand, by an archaeologist who collected relevant data both underwater and on the
adjacent coastal area. This study demonstrates that these two are complementary methods
that can be successfully applied to identify submerged anthropogenic sites.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jmse12111981/s1, Table S1: Details of published rock samples
from the Pantelleria Vecchia Bank discussed in the text; Figure S1: Round undated structure made of
stones in Cala Calandra, on the north-eastern coast of Lampedusa, looking south.
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Abstract: Underwater cultural heritage (UCH) is a valuable resource that preserves humanity’s
historical legacy, offering insights into traditions and civilisations. Despite its significance, UCH
faces threats from inadequate regulatory frameworks, insufficient conservation technologies, and
climate-induced environmental changes. This paper proposes an innovative platform combining
the internet of underwater things and edge computing technologies to enhance UCH'’s real-time
monitoring, localisation, and management. The platform processes data through a central unit
installed on a buoy near heritage sites, enabling efficient data analysis and decision making without
relying on cloud connectivity. Integrating acoustic communication systems, LoRa technology, and
nonterrestrial networks supports a robust multilayered communication infrastructure for continuous
operation, even in remote maritime areas. The platform’s edge node deploys artificial intelligence
models for real-time risk assessment, focusing on key environmental parameters to predict and
mitigate corrosion rates and climate-related threats. A case study illustrates the system’s capabilities
in underwater localisation, demonstrating how edge computing and acoustic triangulation techniques
enable precise tracking.

Keywords: underwater cultural heritage; edge computing; internet of underwater things; underwater
location; generative Al

1. Introduction

Underwater cultural heritage (UCH) is an invaluable resource that encapsulates hu-
manity’s past, providing a tangible link to traditions and customs. Although it is under-
appreciated, UCH holds immense potential for socioeconomic and tourism development,
serving as a knowledge source that can positively impact tourism chains and flows. With
the ocean floor teeming with artifacts, ruins, wrecks, and remains of historical or archaeo-
logical significance, UCH acts as a storehouse of human civilisation.

Uncoordinated regulatory policies, the lack of adequate protection measures, the lack
of suitable underwater techniques and materials, and insufficient adaptation to climate-
related stressors and environmental degradation still pose significant threats to UCH.
Therefore, strengthening its conservation is crucial. The 2001 UNESCO Convention on
the Protection of Underwater Cultural Heritage [1] was a significant milestone in pre-
serving UCH. Providing a detailed framework for states to cooperate, the Convention
sets guidelines highlighting the need for in situ preservation, training, data sharing, and
international cooperation.

The conservation challenge lies in its intrinsic demand for customisation. Each site
or artifact presents unique characteristics, vulnerabilities, ecological or historical contexts,
and risk factors. Consequently, a successful conservation strategy never involves just a
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single approach but is rather a finely tuned ensemble of diverse methodologies. This com-
plexity spawns distinct interdisciplinary research avenues, requiring collaboration among
experts from diverse but intrinsically linked fields such as archaeology, geology, biology,
oceanography, and the technology-oriented domains of engineering, marine sciences, as
well as advanced technologies such as artificial intelligence (Al), robotics, and the internet
of underwater things (IoUT). Projects like TECTONIC [2] (Technological Consortium to
Develop Sustainabllity of Underwater Cultural Heritage) leverage this holistic approach,
capitalising on cross-disciplinary synergies to engineer sophisticated tools, methodologies,
and Al-based models for the sustainable management of UCH.

This work proposes an innovative platform combining IoUT and edge computing to
enhance the monitoring, localisation, and management of UCH. The platform’s architec-
ture is designed to centralise data processing through a central unit deployed on ocean
buoys located near the sensor networks and heritage sites. This allows for real-time event
detection, classification, and responses without relying on cloud connectivity. Keeping
most processing and decision making at the network edge dramatically improves system
responsiveness. It ensures the continuous monitoring and protection of sites even during
intermittent cloud connectivity. The edge nodes can still cache, analyse, and act on critical
data until the cloud is reachable. This makes the overall system more reliable and robust to
network failures or delays. Edge computing also reduces infrastructure costs and other
costs associated with high-bandwidth undersea networks and cloud storage. By trans-
mitting only processed metadata rather than raw sensor data to the cloud, it minimises
network throughput requirements and data storage needs.

These nodes are equipped with acoustic communication technologies to receive data
from sensors strategically located across the underwater site and from other elements such
as divers or remotely operated vehicles (ROVs) as well as to measure the distance between
them. These technologies, combined with edge computing, enable the triangulation and
precise determination of the position of underwater assets. This integration allows for
effective real-time monitoring and intervention, addressing the limitations of traditional
GPS systems, which are ineffective underwater due to signal attenuation.

Long-range (LoRa) technology facilitates long-range communication between the edge
nodes, enabling efficient and low-power data transmission from submerged environments.
This is further complemented by nonterrestrial networks (NTNs), including satellite constel-
lations, extending connectivity to remote and hard-to-access maritime areas. By integrating
these technologies, the platform supports a resilient, multilayered communication and
localisation system that ensures continuous operation, even during intermittent cloud
connectivity. This approach not only improves the accuracy and reliability of underwater
localisation but also enhances overall system responsiveness, making it ideal for real-time
conservation efforts.

The proposed platform leverages Al models at the edge to provide real-time risk
assessments based on data from public databases and in situ sensor measurements. This
allows for the dynamic prioritisation of conservation efforts, making it possible to anticipate
and mitigate the risks associated with environmental factors, such as sediment displacement
and rising sea temperatures.

UCH-related platforms have been identified in the literature [3-7]. However, to
the best of our knowledge, none integrate the edge computing paradigm. This type of
architecture leverages distributed processing and storage capabilities to capture, analyse,
and monitor large amounts of multimodal sensor data in real time. This helps address
the current limitations in centralised cloud-based solutions by performing initial data
filtering, processing, and analysis close to the data source using edge nodes [8]. While
edge computing introduces security and management challenges due to increased network
nodes, it also enhances privacy and security [9].

Overall, the platform not only addresses the current limitations in underwater her-
itage conservation but also provides a scalable and adaptable foundation for integrating
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future technological advancements, ensuring the long-term protection and management of
UCH sites.

This paper is organised as follows: Section 2 reviews the existing IoUT solutions
applied to UCH conservation, identifying current gaps and challenges. Section 3 details
the edge computing platform’s architecture, layers, and components, explaining their
interaction within the proposed system. Section 4 presents a case study focused on the
underwater localisation system, demonstrating how the platform’s acoustic communication
could facilitate precise real-time tracking and monitoring of submerged heritage assets.
Section 5 concludes this paper and outlines future work.

2. Related Work

The effects of climate change on UCH are increasingly concerning for researchers and
policymakers alike [10,11]. Rising sea temperatures, ocean acidification, and changes in sea
currents directly affect the structural integrity of submerged cultural assets [12]. Studies
have shown that warmer water accelerates the corrosion of the metals found in shipwrecks,
and acidification increases the degradation rate of organic materials such as wood and
textiles [13]. The rising sea level could directly impact not only coastal but also underwater
heritage. Some land-based sites will flood. Additionally, the disruption of sediment layers
due to the changing ocean currents and extreme weather events exposes previously buried
artifacts to more aggressive environmental conditions, further accelerating their decay [14].

Usually, fieldwork in UCH conservation has long relied on direct human intervention,
with experimented divers conducting surveys and site maintenance. However, these
methods pose significant risks to both the divers and to the delicate nature of the heritage
sites [15]. This shift has led to the adoption of technological systems in conservation efforts,
allowing for detailed exploration and monitoring of UCH without physically disturbing
the site.

Three-dimensional surveying and mapping techniques have proven to be essential
tools for the surveillance and documentation of UCH. They primarily rely on optical
and acoustic sensors to acquire detailed representations of the sites to be digitalised by
using 3D reconstruction techniques [16,17]. Single-beam echo sounders are instrumental
in constructing maps via profiling, while multibeam echo sounders expedite mapping
extensive areas using fan-shaped beams. Side-scan sonar generates 2D images of the
surface using two fan beams. Sub-bottom profilers can penetrate sediment to create images
of subsurface structures [18].

ROVs are manually controlled in real time and tethered to a surface vessel with an
umbilical cable. They are equipped with various sensors and are commonly used for UCH
monitoring and documentation [19]. Autonomous surface vehicles (ASVs) are unmanned
robotic platforms typically equipped with sensors and cameras for mapping and monitoring
tasks [20]. In addition to these functions, ASVs can play a crucial role in enhancing diver
safety by tracking their position in real time, monitoring environmental conditions, and
providing immediate alerts or support during underwater operations [21,22]. Autonomous
underwater vehicles (AUVs) are fully autonomous robots that perform missions without
human intervention or surface vessels. They carry advanced sensors such as side-scan
sonar and multibeam echo sounders, allowing for the high-resolution 3D mapping of UCH
sites [23,24].

The conservation of submerged archaeological complexes requires innovative and
sustainable solutions that not only preserve these sites in situ but also leverage the available
data for informed decision making. As the availability of environmental and archaeologi-
cal data increases, the challenge for conservationists is how to intelligently combine this
information to generate actionable insights [25]. In this context, sensors have emerged as
highly efficient and cost-effective instruments for detecting changes in the environment [26].
Deployed at critical underwater locations, these sensors provide continuous measurements
of environmental variables such as temperature, pressure, salinity, and pH levels, all of
which play a significant role in the stability and preservation of submerged artifacts. By
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integrating these sensors into underwater communication networks, real-time measure-
ments can be conducted, allowing for the precise assessments of risks and enhancing the
response capabilities for addressing potential threats to the integrity of heritage sites. The
information gathered through sensor networks not only aids in assessing the immediate
conditions surrounding a site but also serves as a foundation for predictive models that
forecast future threats due to climate change, sediment displacement, or human activity.
By leveraging these technological advancements, the conservation of UCH becomes more
proactive, ensuring that interventions are timely and precisely targeted, thus prolonging
the lifespan of these invaluable underwater resources.

In this context, underwater localisation plays a crucial role in conservation operations,
where accurately identifying and marking points of interest is not only vital for research and
documentation but also essential for ensuring the safety and coordination of conservation
teams [27]. Accurate underwater localisation has long been recognised as a challenging
task. The limited propagation of radio waves underwater, which form the basis of most
surface localisation systems, has driven the search for alternative solutions. Acoustic
communication has emerged as the most promising option, taking advantage of sound
waves’ ability to travel effectively through water [28]. However, the development of
precise and reliable acoustic technologies continues to be a complex task, particularly when
balancing technical complexity and cost-effectiveness. In response to these challenges,
devices like the low-cost, compact NMv3 modem have been introduced. This modem
facilitates communication and distance measurement between transmitter and receiver
using acoustic technology in underwater environments [29].

The advancement of acoustic communication has been crucial for developing un-
derwater wireless communication networks (UWCNS). Despite its limitations, acoustic
communication remains the most versatile and widely used physical layer technology for
underwater communication. This technological foundation has enabled the rise of the IoUT,
an extension of the internet of things (IoT) to the underwater environment [30]. The IoUT
establishes a network of interconnected smart devices capable of exchanging data and per-
forming real-time measurements, representing a significant leap forward in the monitoring
and conservation of aquatic ecosystems and submerged heritage. By applying the IoUT
in underwater heritage conservation projects, the possibilities for precise identification,
detailed documentation, and adequate protection of historically and culturally significant
sites are greatly expanded. The application of IoUT in UCH conservation opens new
possibilities for site monitoring and management. However, one of the critical challenges in
deploying such networks is optimising both energy consumption and security, particularly
in harsh underwater environments which are prone to jamming. Ref. [31] demonstrates
that through content caching and selective encryption, UWCNSs can enhance both security
and energy efficiency, making IoUT applications in UCH conservation even more viable.
By creating a network of smart and secure interconnected devices, the IoUT allows for the
continuous, real-time monitoring of underwater interest points [32]. These smart devices
not only monitor environmental conditions but also interpret and respond to changes,
enhancing the strategies for preserving and managing underwater cultural heritage.

Marine IoT systems face significant challenges in establishing reliable communication
networks due to their deployment in remote areas, often far from terrestrial communication
infrastructure. These locations lack the connectivity provided by traditional networks,
making it difficult to transmit data in real time, which is crucial for monitoring and
managing maritime points of interest. LoRa technology has been widely adopted in
IoT applications due to its low power consumption and long-range capabilities, making it
suitable for monitoring in remote maritime environments [33]. Although LoRa is recognised
for its long-range communication capabilities, reaching distances of approximately 10 km in
direct line of sight, many maritime points of interest are located far beyond this range [34].
The lack of repeaters and gateway stations to extend the coverage over such vast distances
significantly limits its ability to connect remote IoT systems to the global internet. As a
result, LoRa is not a viable option for establishing real-time, large-scale data transmission
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from remote areas to cloud-based services or centralised networks. However, LoRa can
still be effectively employed for localised communication between surface nodes within its
operational range. In rural environments, where there are fewer obstacles, the range can be
extended up to 35 km using the narrowband internet of things (NB-IoT) technology. The
signal strength in open areas allows the NB-IoT to achieve greater coverage, making it well
suited for remote or sparsely populated regions, such as ocean environments [35].

Significant advancements in satellite communication technologies have addressed this
limitation in the past decade, particularly with low Earth orbit (LEO) satellites. Companies
such as Telesat, OneWeb, SpaceX, and Amazon have developed LEO satellite constellations
that offer near-global broadband coverage, significantly enhancing connectivity for remote
IoT systems [36]. NTNs, including satellites, drones, and high-altitude platforms, are
emerging as robust solutions for integrating IoT networks with space-air—sea systems,
enabling seamless data transfer and the real-time monitoring of maritime environments [37].
Integrating the IoT with NTNs has proven to be particularly transformative in fields such as
maritime surveillance, environmental monitoring, and disaster response, where real-time
data from remote sensors are essential [38]. This convergence of the IoT and NTNs is
paving the way for more resilient and efficient marine IoT applications.

Web-based platforms provide a comprehensive solution for conserving UCH. These
platforms enable centralised storage and remote access to large UCH datasets from any loca-
tion. Field data, including images, videos, and environmental parameters, can be uploaded
in real time to the cloud, allowing for seamless access and processing. Cloud technology
also facilitates photogrammetry and 3D modelling, which can be performed remotely,
eliminating the need for specialised hardware and software during field surveys. Notable
examples in the literature showcase the effectiveness of these platforms. For instance, the
Lab4Dive system [6] is an innovative product designed for surveying, documenting, and
preserving UCH in the Mediterranean Sea. This system comprises an underwater tablet to
assist divers, a docking station that acquires and exchanges data from various environmen-
tal sensors and a high-resolution camera, and a remote server hosting the cloud database
and performing 3D reconstruction using photos captured during the survey. Another no-
table platform is VIRTUALDiver [7], which leverages virtual reality (VR) and augmented
reality (AR) technologies to design and manage interactive tourism experiences. In the
Republic of Mauritius, UCH data are uploaded to an online platform called the E-platform,
which stores a wide range of information, including archaeological articles, legislation,
reports, field data, and remote services [39]. The MACHU project utilises the MACHU GIS
system [40] as its central online platform, which is a web-based application integrating
essential information for managing UCH, such as heritage details, environmental data,
legislation, and historical maps.

Innovative architectures, such as satellite edge computing, enhance data processing
efficiency, enabling faster response times and reducing bandwidth usage through localised
computing [41]. Edge computing significantly reduces latency by offloading resource-
intensive tasks to nearby nodes, optimising resource use, and improving user experience.
This approach is particularly relevant for latency-sensitive services, where real-time re-
source allocation and offloading algorithms are critical. The authors of [42] proposed a
resource allocation model for edge computing networks to minimise total latency by com-
bining content caching and task offloading to edge servers, effectively reducing execution
time and improving the efficiency of limited resources. In another approach, a deep rein-
forcement learning method was implemented to address both the latency and fairness in
computation offloading to edge servers, demonstrating superior performance in reducing
service latency through an optimised reinforcement learning framework [43].

3. Conceptual Framework

This work proposes an innovative IoUT platform that leverages edge computing
technologies for the real-time monitoring and management of UCH. By distributing com-
puting resources and data storage closer to where data are generated through edge nodes,
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this architecture addresses the issues of network congestion and delays that plague tra-
ditional cloud-centric approaches. The platform seamlessly integrates real-time sensor
measures with historical data stored in databases, painting a comprehensive picture. Its
modular design allows the various components, such as sensors, edge nodes, and cloud
services, to operate independently and collaboratively with other systems. This inter-
operability is crucial as UCH sites often span large areas requiring coordination across
different types of infrastructure.

The orchestration of the elements is conducted via the platform modules, utilising
a layered architectural model. This design facilitates a phased approach to developing
application and service control, encompassing three layers. The first of these, the sensor
layer, integrates sensor and actuator hardware for data gathering and command execution.
The second, known as the edge layer, consists of edge nodes that are accountable for
data processing, storage, network, and additional infrastructure resources. The third, the
application layer, incorporates a range of cloud services for data analysis and visualisation.
Figure 1 illustrates the proposed edge computing platform.
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Figure 1. The suggested edge computing platform architecture demonstrates how real-time data that
are processed in the edge rather than via the cloud can help improve management and safeguard
underwater cultural heritage sites by minimising reliance on cloud connectivity.

Data collected from the sensor layer are instantly processed by the edge layer nodes,
which execute the initial filtering and diagnostics of critical information. This allows the
system to detect and identify relevant events or anomalies so that critical data are the only
data sent to the application layer. These data include unprocessed data points, which are
filtered for further processing, analysis, storage, and visualisation in the cloud-based appli-
cation layer. This interaction between the different layers makes it possible for the platform
to provide a high level of system performance without delay and to automatically send
critical information to the cloud, ensuring the platform provides real-time alerts on crucial
data information. Figure 2 illustrates the proposed system’s communication architecture.

Below, the measuring systems and support elements are described. Some existing
solutions have already been identified in the market. For example, we selected innovative
and cutting-edge marine systems and technologies developed by H20 Robotics (H20
Robotics Ltd., Zagreb, Croatia) [44] and BlueRobotics (Blue Robotics Inc., Torrance, CA,
USA) [45].
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Figure 2. The system’s communication architecture enables a multilayered approach that im-
proves data flow and real-time responses, crucial for the effective monitoring of remote underwater
heritage sites.

3.1. Sensor Layer

The sensor layer is responsible for collecting data from the subsea environment
through a network of sensors and actuators, strategically deployed throughout the UCH
site. The sensors and elements can be categorised into continuous measurement systems
and point support elements.

3.1.1. Continuous Measurement Systems

An underwater sensor network is deployed in the area of interest at different heights on
the seabed. It records environmental parameters using acoustic communication technology
to transmit the information to the surface, where a network of buoys receives the data.
They are equipped with a battery system to provide the device with sufficient autonomy.

The node buoy network consists of a series of buoys deployed over the area of interest
to act as a data gateway. They are responsible for receiving the data from both the sensor
network and the support elements, such as the ROV or divers performing field inspections.
By using acoustic transceivers, such as the H2Observe solution [46], that measure the time
it takes for a pulse to travel from the transmitter to the receiver, each buoy can calculate
the distance that separates it from the element with which it is communicating. In turn,
the absolute position of the buoy is calculated by a GPS receiver built into the buoy. This
device is responsible for redirecting the information received acoustically and transmitting
it to a buoy that acts as a central unit using LoRa communication technology. It periodically
sends data on its status (battery level, status of internal systems, etc.) and absolute position.
It has a power supply system composed of batteries and solar panels to give the device
total autonomy.

3.1.2. Point Support Elements

The point support elements include additional support systems that enhance data
collection and site management:

ROVs with high-quality video imaging allow researchers to perform visual analysis.
These devices transmit the information in cabled form to the control systems located on
a catamaran. An acoustic transceiver allows for communication with the surface buoy
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network, and, subsequently, the central unit calculates its absolute position. BlueROV2 [47]
from BlueRobotics was selected as a high-performance ROV for underwater inspections.

A catamaran is used by researchers to travel to the point of study and control the ROV.
Via LoRa communication, it also receives the processed data of the vehicle or diver’s abso-
lute position from the central buoy, allowing for the precise location of points of interest.

Divers play a crucial role in the conservation of archaeological sites. However, un-
derwater inspections always involve risks, so it is crucial to always monitor the diver’s
condition. Using equipment that integrates acoustic transmitters, the diver can transmit
relevant information, such as marking points of interest, SOS signals, sharing the po-
sition in real time, or monitoring vital signs. H2Orologio [48] is a solution that covers
these requirements.

An ASV, such as the H2Orbit [49], warns, using acoustic or light signals, that divers are
performing inspection work in the area. It receives the absolute position of the diver, which
is processed and sent by the central unit. With the data of the diver’s location and its own
(obtained with GPS receivers), it calculates the route to position itself on the surface area
where the work is being carried out. H2Observe can be attached to the AUV, underwater
sensors, diver, or any other underwater asset, while H2Orbit provides connectivity.

3.2. Edge Layer

The edge layer consists of edge nodes, which have the functions of processing and
storage of the data that have been collected from the sensor layer. These nodes are installed
on ocean buoys and conveniently situated locations near UCH sites. Such nodes have pro-
cessing power for filtering, preprocessing, and analysing data, which reduce transmission
delay and network bandwidth utilisation.

The central unit (or de edge node) is a buoy that communicates via LoRa with the
surface elements deployed in the area, such as node buoys, the catamaran,and the ASV.
It incorporates equipment for data processing at the “edge” before being retransmitted
to a cloud service. By processing information close to the source, the edge layer signifi-
cantly reduces the need for high-bandwidth data transmission and improves the overall
responsiveness of the system. Additionally, these nodes can cache critical data until cloud
connectivity is restored, ensuring continuous monitoring even in remote areas. The pro-
cessing of the received data allows the obtaining of the absolute position of the deployed
underwater elements through triangulation algorithms, data preprocessing and filtering,
anomaly identification, surface drone guidance, and so many more. Combined with au-
tonomous power solutions such as solar panels and batteries, these units ensure continuous
operation in remote areas.

The processing units of the edge nodes are based on mini-computers such as Raspberry
Pi 4 (Raspberry Pi Ltd., Cambridge, England) or NVIDIA Jetson Nano (Nvidia Corporation,
Santa Clara, CA, USA), which were chosen for their balance between computational power
and low energy consumption [50], meeting the demands of the proposed architecture.
Their modular design supports scalability, allowing for the integration of additional nodes
as the system expands to larger or more complex UCH sites.

Risk Assessment Tool for Climate-Related Stressors

The edge layer features a risk assessment tool that is aimed at determining the conse-
quences of climate stressors on UCH sites. This is achieved through Al models deployed at
the edge to analyse the real-time data obtained from the sensor layer. By examining key
environmental parameters such as water temperature, salinity, pressure, and pH levels,
the system can assess the risks posed by factors like rising sea temperatures, sediment
disruption, and ocean acidification.

The risk assessment tool employs a generative Al model that runs on the edge nodes
to provide on-site evaluation without relying on cloud connectivity. The initial focus is
on elements with materials particularly vulnerable to corrosion, such as steel, which is
significantly affected by climate change factors. The model processes key environmental
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parameters, including water temperature, pressure, salinity, and pH levels, as these directly
influence the corrosion rate, an essential metric for assessing the condition of submerged
heritage assets [51,52]. Additionally, databases with information on the thermohaline
circulation and the sea level are combined (Table 1).

Table 1. Stressors related to climate change and how they are measured, whether via in situ measuring
using sensors or by combining databases.

Climate Change Stressor Input Parameter

Increase in the surface water temperature T, pH, salinity (sensors)

Changes in the ocean currents Thermohaline circulation (database)
Rising sea levels Sea level (database)

The National Oceanic and Atmospheric Administration (NOAA) buoys are valuable
for sourcing reliable and high-granularity hydroclimatic data. These buoys provide a stream
of critical variables, such as water temperature, pressure, dissolved oxygen, CO,, salinity,
and pH. To build the degradation scale, images capturing the state of UCH are gathered.
These images are subsequently annotated by a panel of experts in underwater archaeology
or heritage conservation, who classify the state of degradation on a scale from 1 to 10.
The combination of these climate variables and expert-annotated images aims to produce
a robust, multidimensional model capable of assessing the current state of submerged
heritage and offering predictive insights that could guide future conservation efforts.

Convolutional variational autoencoders (CNN VAEs) stand out as effective analytical
tools for this problem. These deep learning models are proficient in automatically extracting
latent feature vectors from high-dimensional data, such as images of the UCH site. The
encoder part of the VAE g4(z | x) generates a probability distribution of latent variables z,
which encapsulates the site’s characteristic values affected by the input parameters. The
decoder part pg(z | x), also known as the generative model, reconstructs the input data from
these latent variables.

In the context of training the VAE model, the loss function Lyag is employed, which is a
weighted combination of the Kullback-Leibler (KL) divergence Lk, and the reconstruction
loss Lyec, as shown in Equation (3):

e Lxp: The KL divergence quantifies the dissimilarity between the learned distribution
of latent variables q(z|x) and a prior distribution p(z). This ensures that the latent
space remains well structured and follows the desired prior distribution.

®  Lrec: The reconstruction loss measures how accurately the decoder reconstructs the
original input data from the latent variables, capturing the fidelity of the reconstructed
data compared to the input.

Lkr = Dkr(q(x[2)[|p(2)) 1)
Lree = —Eg(z)x) [logp(x|2)] 2
Lyae = 71Lkr + 7v2Lrec 3)

Here, 71 and 7, are hyperparameters that weigh the significance of each term in the
overall loss function. The model uses this loss function to learn a latent scale ranging
from 1 to 10, quantifying the risk of degradation or, in this case, the rate of corrosion at
the UCH site. Thus, employing a CNN VAE can provide a nuanced and precise assess-
ment of the corrosion rate, enabling more targeted and efficient conservation strategies.
In this study, a variational autoencoder (VAE) with specialised 1D convolutional layers
was used to process the one-dimensional signals originating from marine sensors. These
one-dimensional signals serve as the input to the VAE model. The encoder part of the
VAE architecture returns distribution variables y and ¢, which are subsequently used to
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generate latent variables z. These latent variables z are then input into a fully connected
classification layer. The classifier was designed to output a categorical score ranging from 1
to 10, reflecting the risk of degradation of the selected UCH elements. The VAE is trained
unsupervised using TensorFlow’s (www.tensorflow.org) capabilities for 1D convolutional
networks. The latent variables z obtained are then employed to train a supervised classifi-
cation layer. The layer uses a SoftMax activation function and is trained using a categorical
cross-entropy loss function, thus enabling the model to assign degradation levels in a
supervised context [53]. The proposed model is illustrated in Figure 3.
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Figure 3. Outline of the multistage methodology employed for UCH risk assessment. The climate-
related data illustrate the collection of hydroclimatic data from NOAA buoys, which serve as 1D
input signals. The following image shows the architecture of a CNN-VAE, trained to learn latent
representations of climate data. Finally, the top panel shows a fully connected neural network layer
that maps these latent variables to an expert-defined degradation scale ranging from 1 to 10. Source:
adapted from [53].

Certainly, if the fully connected layer is focused on classifying the degradation risk
scale of underwater elements and the VAE is targeted towards capturing sensor signals
related to climate change, then the latent space plays a crucial role in information sharing
between these two aspects. Lgegrad represents the loss from the fully connected layer,
designed specifically for classifying the degradation scale, and it employs a categorical
cross-entropy 1oss. Ljimate reflects the VAE's performance in capturing sensor-based signals
indicative of climate changes, combining the KL divergence and reconstruction loss. It is
expressed as

Letimate = 1Lk + Y2 Lrec 4)

Lgegrad is @ new term that quantifies the efficacy of the latent space in capturing
and sharing useful information between the degradation classification and climate signal
representation. One can employ a correlation-based metric or a mutual information term
to quantify this. The revised overall loss function Ly, can then be defined as

Liotar = 73Ldegmd + YaLctimate + ¥5Liatent (@)

In this framework, the latent space becomes an information bridge that not only helps
in the reconstruction of sensor signals but also aids in the effective classification of the
degradation risk scale. The hyperparameters <y control the trade-off between these objec-
tives. From a computational standpoint, this architecture would require a multiobjective
optimisation strategy, and the backpropagation algorithm would need to be adapted to
accommodate these multiple loss components. This approach would necessitate an in-
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tricate balance in architecture design and hyperparameter tuning. However, it offers a
more comprehensive understanding of the relationships between degradation and climate
variables, which can be especially useful in contexts that require high interpretability and
decision-making granularity.

3.3. Application Layer

Advanced data analytics, archiving, and visualisation are included in the cloud ser-
vices integrated in the application layer. Transmitted data that were processed and filtered
by the edges of the layer nodes to the cloud are stored in conjunction with historical datasets
for analysis and modelling. This layer enables the creation and application of Al models
for risk assessment and prediction in order to enhance the efficiency of conservation efforts
in relation to current and historical information and trends.

There is also a cloud application containing a browser interface for heritage managers,
which enables them to see data, alerts, and reports based on Al-generated analysis. This
section also enables modular construction, so that this layer can be made compatible with a
variety of IoUT platforms and allow for easier integration and ease in expanding the reach
of the platform to wider deployment.

4. Buoy System for Underwater Location: A Case Study

This case study explored the practical implementation of the proposed edge-computing-
based architecture for the conservation and management of UCH, specifically focusing on
the buoy system designed for accurate underwater location tracking.

The ability to precisely track the position of assets such as ROVs, divers, and envi-
ronmental sensors (among others) is essential for monitoring and protecting submerged
sites. However, traditional methods of underwater localisation often face limitations due
to poor GPS signal reception underwater and the complexity of marine environments. To
address this challenge, a specialised buoy system was developed that integrates acous-
tic communication technology, GPS, and LoRa-based protocols. This system enables the
real-time, accurate localisation of underwater acoustic elements (UAEs) by using edge
computing to process data directly at the buoy level, reducing latency and ensuring con-
tinuous operation even in areas with intermittent cloud connectivity. By decentralising
data processing and utilising advanced communication methods, this solution provides a
robust and reliable tool for tracking and managing UCH assets, ensuring better protection
and conservation outcomes.

The prototype system proposed for underwater localisation was designed in accor-
dance with the specifications of the TECTONIC project [2]. This solution is structured
around the main components of the architecture presented before (Figure 1). The elements
that comprise the electronic architecture of the buoys are presented in Figure 4:

A Succorfish Delphis V3 modem (Succorfish Ltd., North Shields, England) [54], along
with an acoustic transducer, were essential for facilitating underwater communication, taking
charge of generating and analysing the necessary acoustic signals for this purpose. This
modem acted as a gateway between serial communication and acoustic communication.
For serial communication with an external device, it had an RS232 interface, ensuring the
transmitted data’s integrity, effectively protecting them from noise and possible interference.

The Nordic uC PCB, developed by the research group LABUST (Laboratory for Under-
water Systems and Technologies - LABUST, Zagreb, Croatia) [55], integrated the Nordic
nRF52840 microcontroller (Nordic Semiconductor ASA, Trondheim, Norway) and was
responsible for the communication between the acoustic modem and the ESP32 + LoRa
board (Soldered Electronics, Osijek, Croatia), as well as for the voltage regulation for
the electronic components. The ESP32 + LoRa board, from e-radionica (now Soldered
Electronics [56]), featured an ESP32-WROOM-32D microcontroller (Espressif Systems Co.,
Ltd., Shanghai, China) that supported WiFi and Bluetooth and had an embedded LoRa
module for long-distance transmissions. Communication with the GPS module and with
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the Nordic microcontroller board was carried out via UART serial buses and with the LoRa

module through SPL
An Adafruit Ultimate GPS module [57] was included, providing location, speed,
and time data in real time through satellite tracking. It communicated with the ESP32

microcontroller via UART.
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Figure 4. The electronic architecture of the buoys, integrating acoustic and LoRa communication,
enables precise real-time communication and localisation of underwater elements.

For a robust and reliable power supply, Li-lon 18650 battery systems were used in
parallel, achieving a total capacity of 7500 mAh and 3.7 V. This ensures uninterrupted
operation, even in challenging conditions. Additionally, a waterproof power switch from
Blue Robotics added a layer of control without compromising the system’s waterproofness.
This set of electronic components, encapsulated in the buoys (Figure 5), was crucial in
developing and validating the prototype.
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Figure 5. This assembly of buoy components illustrates the robust design and adaptability of the
proposed solution for real-time underwater localisation, essential for effective UCH site management.
The three-dimensional design of the buoy components (a), assembled buoy components (b), and

functional prototype of the buoy (c).

Field tests were conducted in Lake Jarun in Zagreb, Croatia, on 24 August 2023. During
these tests, a system comprising three buoys and an underwater acoustic element (UAE)
was deployed to evaluate the system’s performance. Of the three buoys, one acted as the
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central unit, responsible for orchestrating the range measurements and processing the data
collected. This central buoy communicated with the two other buoys, which functioned
solely as measurement nodes. When prompted by the central unit, these measurement
nodes conducted range calculations relative to the UAE and promptly transmitted their
results back to the central buoy for processing.

The UAE, positioned on an object equipped with an acoustic transmitter, was guided
through the water by a surface boat. This configuration allowed the system to assess the
UAE’s precise underwater location as it moved along its designated trajectory. The struc-
tured setup and communication between the central buoy, measurement nodes, and UAE
enabled the collection of essential data regarding the system’s accuracy, responsiveness,
and effectiveness in tracking and monitoring underwater acoustic elements.

Below, one of the successful messages sent by the buoy system is analysed:

24/08/2023 12:23:19 B1, RNG, 4.22, 45.779338836669918, 15.936838150024414, 81
24/08/2023 12:23:19 B2, RNG, 10.1, 45.779228210449218, 15.936708450317382, 81
24/08/2023 12:23:19 B3, RNG, 1.88, 45.779338836669918, 15.936790466308594, 81

The message was composed as follows:
<time> B#, RNG, <range>, <lat>, <lon>, <e_GPS>

where

¢  Time: date and time formatted as dd/mm/yyyy hh:mm:ss.

®  B# buoy to which the message belongs (B1: central unit, B2: bouy node 1, B3: bouy
node 2).

¢ RNG: range correctly calculated. Otherwise, it shows LOG.

* Range: distance between the buoy and the underwater acoustic element, in meters.

e  Lat: latitude, in decimal degrees.

e Lon: longitude, in decimal degrees.

e ¢e_GPS: error, in centimeters.

Each point, corresponding to the location of the buoys, was overlaid with a sphere that
symbolised the distance to the UAE. The radius r; of these spheres equaled the sum of the
distance d; between the buoy and the UAE plus the GPS error egpg margin and the error
in the acoustic range measurement e 4.,sic (0.1 m according to the manufacturer), thus
offering a detailed three-dimensional representation of the position and the uncertainty
associated with each measurement (Figure 6).
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Figure 6. The trilateration algorithm used for underwater localisation provides accurate spatial
mapping of buoys and UAEs, enhancing the platform’s capacity to precisely track assets in submerged
environments. Location of the buoys (a). Data processed using the trilateration algorithm (b).

83



J. Mar. Sci. Eng. 2024, 12, 2250

ri = di + egps + €Acoustic (6)

To obtain a graphical representation of the results, the data were processed using a
spherical trilateration algorithm (Equation (6)), in which each of the obtained points was
accurately represented in space based on the known distances p; between the buoys, taking
one of them as the origin.

(x—pio)*+ (y—pig)> =17 =0 7)

Figure 6 provides a 3D spatial visualisation of the buoy network and how the relative
buoy distances are used to pinpoint the object’s position accurately. The approach effec-
tively accounts for and visualises the uncertainty inherent in the measurements, offering a
comprehensive view of the spatial configuration and accuracy of the localisation system.

In the future, buoys equipped with acoustic sensors can be utilised not only for locali-
sation but also for the detection of diver bubbles. The ability to detect diver bubbles has
significant practical implications for managing underwater cultural heritage, particularly
in identifying unauthorised divers who may pose a threat to sensitive sites. By leveraging
advanced techniques, such as the block-based threshold theory and IMCRA (BIED) method,
the buoy system described in this section can detect diver bubbles at considerably greater
distances than traditional methods, reaching up to 40 m under optimal conditions with
signal enhancement and noise reduction [58].

5. Conclusions and Future Work

The conservation of UCH is a matter of preserving not only our past but also resources
of immense value for understanding our history. With climate change posing one of the
most significant threats to UCH, it becomes imperative to harness available data and direct
our research towards intelligent solutions.

The proposed platform and its implementation provide a robust, real-time approach
to monitoring and managing UCH. Integrating IoUT with edge computing technologies al-
lows for the effective processing and monitoring of UCH sites, improving system reliability
and responsiveness even in environments with intermittent cloud connectivity. The case
study of the buoy system highlights the effectiveness of this approach in achieving precise
underwater localisation, overcoming the limitations of traditional GPS-based systems and
validating the platform’s capability to track underwater assets in real-time.

However, while the initial results are promising, further work is needed to refine the
platform’s capabilities. Future research should focus on extending the scalability of the sys-
tem, allowing it to manage larger UCH sites with more complex environments and a greater
number of deployed assets, while ensuring energy efficiency through the optimisation of
power consumption. Enhancing the robustness and accuracy of the localisation algorithms,
especially in highly dynamic underwater conditions, is another key area for improvement.
Testing the system in more diverse and challenging marine environments will also be
critical to ensuring its effectiveness and adaptability across different heritage sites.

Additionally, integrating machine learning models to automate data processing and
risk assessment at the edge will further advance the platform’s ability to proactively
manage and conserve UCH. The CNN-VAE model for risk assessment proposed in this
work is currently theoretical and requires practical validation. Future efforts will focus on
implementing and fine tuning the model using data collected from pilot sites. This will
include optimising hyperparameters, evaluating the model’s performance in real-world
conditions, and exploring alternative generative Al approaches. This practical validation
is essential to ensure the applicability and robustness of the proposed Al-driven risk
assessment tool.

Future work is targeted towards the practical application of this platform at the pilot
sites of the TECTONIC project: the Bengala shipwreck near Isola di Capo Rizzuto in
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Italy, the ancient harbour of Aegina in Greece, and the shipwreck site of the HMS Swift
in Argentina.
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Abstract: The combination of future changes in sea levels and wave climate in coastal areas
represents one of the greatest threats to the preservation of underwater cultural heritage
(UCH). This study presents a new methodology to assess climate change’s impacts on UCH
preservation in shallow waters, focusing on wave-induced hazards like decontextualization,
scouring, and wear erosion. The approach uses hybrid downscaling of bias-corrected wave
fields from the RCP4.5 and RCP8.5 CMIP5 scenarios. The methodology was applied in
the Bay of Cadiz, where an overall reduction in wave energy flux was observed. However,
local increases were detected in rocky outcrops and coastal areas with high UCH density.
As a result, the shallow zones exhibited significant changes in decontextualization and
scouring hazards. However, the most relevant risk changes were linked to wear erosion,
particularly at sites on rocky outcrops near Cadiz. The methodology proposed in this study
is essential for identifying areas with higher risk and for evaluating UCH preservation
under future climate conditions. It offers an effective tool for discriminating sites at risk
and for conducting a long-term assessment of these risks in coastal environments affected
by climate change.

Keywords: underwater cultural heritage; climate change; hybrid downscaling;
decontextualization risk; scouring risk; wear erosion risk, numerical modelling, ocean waves

1. Introduction

The alterations in wave climate attributable to global warming are of vital importance
in coastal areas given the fundamental role of waves in shaping coastal dynamics and
coastal hazards. These modifications have the potential to change coastal morphology [1]
and significantly impact human activities. Assessing the impacts resulting from climate
change (CC) in littoral areas is of great interest as these regions not only represent the
most densely populated areas but also holds high value in terms of underwater cultural
heritage (UCH).

The preservation of UCH is crucial for local communities, and it is necessary to
recognize and properly appreciate its value [2] as its degradation not only implies a loss of
cultural capital but also reductions in tourism and recreational, educational, and scientific
activities, as well as a decline in local ecological knowledge [3]. In this regard, within
the framework of the European Green Deal, it is anticipated that the preservation of
cultural heritage will serve as a powerful driver of economic recovery [4]. Littoral UCH
is continuously subjected to the impact of marine agents that accelerate its degradation.
Among these, waves stand out as one of the main factors affecting the preservation and
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evolution of UCH in shallow water areas exposed to wave action [5,6]. Wave energy
is released on the coast, generating three fundamental hazards for submerged cultural
heritage: decontextualization, scouring, and wear erosion [7].

The complex interaction among archeological sites, suspended sediment transport, and
hydrodynamic processes has been recognized and extensively investigated in the context of
the in situ preservation of underwater archeological sites [5,6,8-13]. Changes in sediment
budgets can compromise the stability of shipwrecks, leading to the exposure and/or
burial of valuable artifacts. Additionally, scouring influences chemical and biological
processes affecting the composition of the benthic community. This has effects on metallic
materials [14], the corrosion rates of metal [15], and the degradation of stone materials [16]
and wood [17].

CC will affect atmospheric and marine conditions, thereby impacting the conservation
of coastal and underwater archeological sites. However, despite the relevance and high
density of UCH in coastal areas, studies analyzing wave-induced hazards [7,18] have not
considered long-term changes in environmental conditions.

Long-term changes in large-scale atmospheric circulation and in local wind patterns,
coupled with changes in the occurrence and characteristics of tropical and extra-tropical
cyclones, indicate long-term changes in wind wave statistics [19]. Reguero et al. [20] indi-
cated that upper-ocean warming is altering the global wave climate, suggesting that global
wave energy has increased by 0.4% per year since 1948. Global-scale studies have assessed
projected changes in wave climate under different CC scenarios [21-23], finding a robust
increase in the annual mean significant wave height in the Southern Hemisphere, while a
reduction has been observed in the Northern Hemisphere. In the case of the North Atlantic,
a reduction in significant wave height is expected by the end of the century, with greater
decreases under the RCP8.5 scenario (~10%) compared to RCP4.5 (~5%) [24]. Furthermore,
the extreme wave height is also projected to decrease in the northeast Atlantic [25-27], with
the largest decrease being more than 1 m (12%) occurring south of 45° N [28].

These potential changes in global wave climate, along with sea level rise, underscore
the need for further studies to downscale global trends regionally, analyze changes in wave
climate in coastal shallow waters, and to evaluate how these changes will affect UCH
preservation. Therefore, this study aims to develop a methodology to assess UCH-related
risk associated with wave-induced hazards in current and future climates under climate
change conditions. This methodology is tested in the Bay of Cadiz, a region characterized
by a large number of UCH sites with great diversity. To achieve this, an assessment of wave
climate and changes in the main hazards affecting UCH is carried out for the RCP 4.5 and
RCP 8.5 scenarios. To attain the spatial resolution demanded by coastal applications and to
reduce the uncertainties inherent in using global models for local-scale studies, a hybrid
downscaling approach is employed to propagate waves from deep to shallow waters.

The remainder of this paper is structured as follows: The next section introduces the
study area; the Methods Section describes the methodology developed and the datasets
used for validation; the Results Section presents the downscaled wave climate and the
assessment of CC’s impact on UCH risks and hazards; the Discussion Section analyzes
the applicability, limitations, and potential of the methodology based on the results; and,
finally, the main findings of this study are summarized.

Study Area

The Bay of Cadiz is located in the southwest of Spain, extending from Punta Candor
to the Sancti Petri estuary (Figure 1A). The seabed mainly consists of unconsolidated
sediments, with a mean grain size ranging from very fine quartz sand to very fine gravel.
Exceptions to this general pattern are localized rocky outcrops in the study area. The
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bay is a mesotidal shallow estuary with a maximum depth of 20 m at its seaward edge,
and it is characterized by dominantly semidiurnal co-oscillating tides with amplitudes of
~1 m for the M2 component and ~0.4 m for the S2 component [29]. The typical waves in
the Bay of Cadiz are wind waves with periods below 7 s and significant heights around
0.5 m in summer and 1.0 m in winter, increasing during storm events. The longer swell
components of the wave spectrum have periods of 12-15 s and a height of about 1.5 m [30].
The predominant wave direction is from the west, while the most energetic waves (wave
heights exceeding the 95th percentile) originate from the west-southwest (Figure 1B). Winds
in the Bay of Cadiz show significant seasonality with dominant Atlantic winds from the W
and WNW, and less frequent but more intense Mediterranean winds from the ESE. S-SSW

1

winds reaching speeds of 10-20 m-s™" are associated with typical storm event conditions,

occurring when low-pressure systems move along a SW-NE trajectory [6].
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Figure 1. (A) Study area with overlaid bathymetry. (B) Location of the study area, Bay of Cadiz,
Andalusia, Spain (C) A wave rose diagram of the significant wave height for a directional wave buoy.

The coastline stretching from the mouth of the Guadalquivir River to the Bay of Cadiz
is one of the areas with the highest density of shipwrecks in the world owing to the presence
of maritime trade routes since ancient times and the navigational hazards characteristic of
this zone. The great archeological significance of Cadiz Bay drove their inclusion under the
figure of maximum archeological protection of Andalusia in 2008 (BOJA n°48 of 03/10/2008,
Resolution of 17 January 2008).

2. Methods

The proposed methodology for assessing the impact of climate change on the risk of
UCH due to wave-induced hazards is structured into four phases (Figure 2). To better assess
the temporal evolution of the risk, three time slices are considered: the baseline (1981-2005),
the mid-century period (2036-2060), and the end-of-century (2075-2099) period. For
each of these time slices, we create two climate change scenarios corresponding to the
Representative Concentration Pathways (RCPs) defined in the Fifth Assessment Report
(ARS5) of the Intergovernmental Panel on Climate Change (IPCC): RCP4.5 and RCP8.5.
RCP4.5 represents a moderate emission mitigation scenario, while RCP8.5 reflects a high-
end, business-as-usual scenario.
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Figure 2. The workflow of the methodology developed to assess the impact of climate change on
UCH risk due to wave-induced hazards.

In the first phase, time series of wave parameters and mean global sea level rise are
extracted from the output of different global climate models corresponding to the historical
runs and RCP4.5 and RCP8.5 climate change scenarios [31]. The second phase involves the
treatment of RCP4.5 and RCP8.5 wave projections. This includes applying bias correction
procedure, followed by propagating the bias-corrected wave field into shallow coastal
waters using the hybrid downscaling method while considering sea level perturbation
(tide + SLR). In the third phase, a risk assessment is performed for each of the considered
hazards: decontextualization, scouring, and wear erosion. Finally, an ensemble mean is
calculated using the variables and indices obtained for each of the global climate models,
and the impacts of climate change on the risk are analyzed.

2.1. Datasets Collection
Wave Data and Sea Level Rise Projections

The historical wave data used in this study are detailed in Table 1. Given the temporal
limitation of available data at the coastal buoy of Cadiz (6.33° W, 36.50° N, 21 m water
depth), the buoy data are used to correct the longer timeseries from Med-Wav reanalysis [32]
(maintained and distributed by the Copernicus Marine Service). The corrected Med-Wav
reanalysis is then utilized for bias adjustment of the global climate model wave projection
data (Table 2).

Table 1. Summary of wave data.

Name of Product Spatial Resolution Temporal Resolution Available Period Obser-Model Bias Adjust Institution
Scalar data: 1996-2019;
Cooafs g}l;‘;oy - ?)1};1((11999968:12%911))/ directional data: Obser. none Puertos del Estado
2001-2014
SIMAR 2.8 km 1h From 13-12-2005 to Model none Puertos del Estado
the present
MEDSEA-Wav ~4.6 km (1/24°) 1h 1993-2016 Model EQM by buoy Copernicus Marine
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Table 2. Wave and sea level rise projections. The table includes spatial and temporal atmospheric
resolution, bias adjust applied, and affiliated institution.

Atm. Spatial Atm. Temporal

Model Resolution Resolution Bias Adjust Institution
ACCESS 1.0 1.25° x 1.9°, 38 3h EQM by MEDSEA-WAVE  CSIRO and Bureau of Meteorology
. 5 CSIRO, Industrial Research

CSIRO-MK3.6.0 1.9° x 1.9°,L18 6h EQM by MEDSEA-WAVE Organization & QCCCE

EC-EARTH 1.1° x 1.1°, Le2 3h EQM by MEDSEA-WAVE EC-EARTH consortium
GFDL-ESM2G 2° x 2.5°, 148 3h EQM by MEDSEA-WAVE NOAA Geophysical Fluid

Dynamics Laboratory

GFDL-ESM2M 2° x 2.5°, 148 3h EQM by MEDSEA-WAVE NOAA Geophysical Fluid

Dynamics Laboratory

The SIMAR reanalysis dataset (provided by Puertos del Estado) is used to validate
the wave propagation methodology to shallow waters (downscaling) in the study area.
The SIMAR dataset was generated by concatenating two simulated datasets, SIMAR-44
and WANA. To model wave fields over time, two third-generation models, WAM and
WaveWatch III, are used with a nested grid scheme. These models are fed with wind
data obtained from the HARMONIE-AROME mesoscale model provided by the State
Meteorological Agency (AEMET, Spain). First, SIMAR point data (315047108) are used
to propagate the wave time series into the Bay of Cadiz. The propagated wave field is
then validated using data from SIMAR points located in intermediate waters at eight
different locations within the study area (see Figure 1A). The validation period from
13 December 2005 to 1 May 2003 was selected based on the availability of SIMAR data.

The global wave projection data used in this study (Table 2) were generated using
the spectral wave model WaveWatch III (version 4.18, [33]) forced by 10 m wind extracted
from the Coupled Model Intercomparison Project Phase 5 (CMIP5) models ACCESS 1.0
(CSIRO-BOM, Australia), CSIRO-Mk3.6.0 (CSIRO-QCCCE, Australia), EC-EARTH (EC-
EARTH consortium), GFDL-ESM2G, and GFDL-ESM2M (NOAA Geophysical Fluid Dy-
namics Laboratory USA). These models attain a horizontal resolution of 0.5° and a temporal
resolution of 6 h [23]. The selection of these models is based on their high performance in
reproducing synoptic situations and inter-annual variability across Europe [34]. CMIP5
models have a typical resolution of around 1°, which means they do not resolve tropical
cyclones and poorly represent midlatitude storms [35].

In our analysis, sea level perturbation considers both tides and mean sea level. In
CMIP models, ocean dynamic sea level (DSL) is diagnosed as ZOS [36]. However, DSL
simulations from global climate models (GCMs) do not include the effect of sea level
pressure on sea level (inverted barometer effect). ZOS varies locally due to ocean circulation
and horizontal gradients, with its global mean being zero at every time step. As a result,
ZOS excludes global mean sea level rise (GMSLR). The mean sea level, due to thermal
expansion, changes in salinity affecting density, and water flows from the atmosphere, land,
and glaciers, while always maintaining a constant total volume, is represented by ZOSGA.
For this reason, as an approximation to sea level, we use the “adjusted ZOS,” which is the
sum of ZOS and ZOSGA. These variables were retrieved from the Earth System Grid (ESG)
for the five global models previously mentioned. For the CSIRO-Mk360 model, ZOSTOGA
(global mean thermosteric sea level rise; GMTSLR) is used instead of ZOSGA. Meanwhile,
for the EC-EARTH model, only ZOS data are available. These are monthly data, so we
interpolate them every 6 h and incorporate the tidal effect in order to later integrate them
into the reconstruction of wave patterns within the bay. Furthermore, by using 3 h and 6 h
wind fields to force wave models, much of the high-frequency nature of the wind climate

92



J. Mar. Sci. Eng. 2025, 13,136

is not captured, which could lead to substantial errors when estimating the wave energy
resource in a region [37].

2.2. Wave Climate Reconstruction

Global wave models are the most comprehensive tools available for simulating past
and future wave climate on a global scale. However, they are unable to accurately simulate
wave transformation processes in intermediate and shallow waters due to their limited
spatial resolution. This limitation prevents the proper representation of bathymetric and
coastal features, leading to systematic biases in the coastal zone.

2.2.1. Bias Adjustment of Global Wave Model

To mitigate these uncertainties, outputs from global wave models are corrected in
two stages using wave buoy measurement and high-resolution wave reanalysis data (Med-
WAV), involving both scalar and directional corrections. Since directional data from the
buoy are limited and only available from 2001 onwards, we are unable to use directly
observational data to correct the data from the global wave model, so the correction process
is performed in two phases. First, the observational data (1983-2014) are used for the
correction of the Med-WAV reanalysis at the location closest to the coastal buoy of Cadiz.
Subsequently, in a second phase, the corrected Med-WAV model output (1993-2005) is used
to adjust the bias in the global wave projections. The correction in both phases involves a
scalar correction using the Empirical Quantile Mapping (EQM) method to address biases
across different quantiles [38]. Subsequently, directional adjustment is carried out by
dividing wave directions into 22.5° sectors. Within each sector, the difference between
the mean directions of Med-WAYV and global wave projections is calculated and applied
as a correction [39]. The bias adjustment process is applied to the entire analysis period
(baseline: 1981-2005; projections: 2006-2099), assuming that model biases and correction
functions remain stationary over time.

2.2.2. Hybrid Downscaling

The adjusted global wave model time series are downscaled from deep water to
shallow water using the hybrid downscaling methodology proposed by Camus et al. [40].
This approach combines a numerical wave model with statistical techniques and involves
selecting a limited number of cases, within the range of 189 to 254 cases, based on the slide
period and model. These cases ensure a proper representation of the possible sea states
through bulk wave parameters (Hs, Tp, and Dir) and sea level (SL) in deep waters using
a maximum dissimilarity selection algorithm. SL accounts for the tide and sea level rise
associated with each period and model.

The selected sea states are propagated in the Bay of Cadiz using the third-generation
wave model SWAN (“Simulating Waves Nearshore”; [41]). The spatial domain is dis-
cretized in a regular mesh with 37.5 m resolution. The mesh resolution is selected to
balance the computational cost and the accurate representation of the bathymetric fea-
tures (i.e., rocky outcrops, rocky shoals, and navigation channels) in the study area. We
employ 36 directional bins (A6 = 10°) and 24 frequencies, with logarithmic spacing from
0.05 to 1.00 Hz. The range of the frequency is representative of the wave condition mea-
sured in the study area provided by the wave buoy used for the correction of MEDSEA-
WAV reanalysis (2001-2014), where most of the data exhibit peak periods shorter than 20 s
(see Figure 1 and [7]). The Battjes and Janssen [42] formula represents the depth-limited
wave breaking. Then, the time series of the parameters of the propagated sea states are
reconstructed at each node of the grid using an interpolation technique based on radial
basis functions [40].
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The effectiveness and accuracy of the EQM correction procedure and the wave propaga-
tion method are evaluated according to the following statistical indicators for scalar quantities:
e  The correlation coefficient ro = YN, (S; — S) (R; — R) /0s0r, where N denotes the

number of data, S; and R; are simulations and reference data, og and o are their

corresponding standard deviations, and the over bar denotes time averaging.
e  The symmetrically normalized root mean square error, HH, introduced by Hanna and

Heinold [43], HH = \/ Zf\i 1(S; — Ri)?/%(SiR;). This indicator combines information

on the components of average error and dispersion and is characterized by not being

biased towards simulations that underestimate the average [44].

e  The root mean square error (RMSE), RMSE = \/ % [le'\i1 (Si — Ry ) )]2.

e  The normalized root mean square error (NRMSE):

NRMSE =

e Thebias (BIAS), BIAS =S — R.
e  The normalized bias (NBI), NBI= YN, (S; — Ri)/LN; (R,).

e The scatter index (SI), SI = \/ %[N, (5,-8) (R~ R)P/RE,

For the circular direction (0), the normalized bias (NBlg) and the normalized root
mean square error (NRMSEy) are normalized by employing a 27t radians angle [45]:

YN mod_rx (GSi—9Ri)]2/N
21

e NRMSE, = \/

e NBIASg= ZZZL mod_r 7 (6s; — Or; ) /2N where the modulo operator mod.r,  in-
dicates that if (6g; — 0p;) > 7, a 27 angle is subtracted from the difference, and if
(0si — 00j) < —m, a 2 wangle is added to the difference.

The skill scores are computed for the whole time series but also for the upper tail
(>99th) in order to specifically evaluate the capability of the global wave model and
downscaling methods to reproduce extreme wave conditions because of their large potential
to damage UCH.

2.2.3. Bathymetry and Sediment Characterization

The bathymetry and seabed slope required for wave modeling were derived from
multibeam echosounder data obtained during a comprehensive eco-cartographic study
conducted in 2011 [46]. Additionally, seafloor mapping using multibeam backscatter
data allowed for the classification of seafloor types, distinguishing between rocky and
unconsolidated sediments. Sediment grain size was determined using 460 samples collected
using a Van Veen grab.

2.2.4. Archeological Datasets

The archeological database, compiled by Fernandez-Montblanc et al. [7], provides
information about the main characteristics of UCH sites. This dataset includes attributes
such as provenance and chronology; material composition (organized into five categories:
metallic, stone, glass, ceramic, and wood/organic materials) and dominant material; meta-
data, including data source; and basic environmental characteristics of the sites, such depth
and seabed type (when available). The archeological database comprises 56 sites of different
chronologies spanning from 500 BC to AD 1820.
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2.3. Risk Assessment

The risk assessment methodology evaluates UCH vulnerability to wave-induced
hazards by calculating a risk index specific to each archeological site [7]. Each UCH site is
treated as an asset susceptible to wave-induced damage.

The risk index is calculated as a function of vulnerability (determined by archeological
materials, seabed slope, and type) and hazard. The analysis focuses on three primary
wave-induced hazards that influence the long-term preservation of UCH: archeological
decontextualization (DCR), scouring (SC), and erosive wear (EW). Each of these hazards is
assessed independently without considering interactions between them. A response-based
approach [47] is used, where hazard probability is directly calculated without presupposing
underlying drivers or governing variables.

An indicator is defined for each hazard, and its assessment follows three sequential
steps [48,49]. First, the time series of the hazard indicator are calculated based on the
depth, seabed, grain size, wave characteristics, and sea level perturbation (tide + sea level
rise). Second, extreme hazard probabilities are modeled using a transformed-stationary
methodology. In this case, storm events are decluttered using a 72 h time window, and
a constant threshold (97th percentile) is applied to select extreme events. The selected
extreme events are fitted to a generalized Pareto distribution (see [50] for further details).
For the case of archeological decontextualization and scour hazard, values corresponding
to a 10-year return period are used as intermediate values in the extreme distribution.
However, for the case of erosive wear hazard, a 1-year return period is selected to account
for the continuous impact of wear on UCH materials. This reflects the high-frequency,
cumulative damage of wear rather than isolated extreme events. Hazard indicators for
each return period are ranked, and hazard scores (0 to 5) are assigned (see Table 3).

Table 3. Hazard indicator scores for decontextualization, scouring, and wear erosion.

Critical Size of Scouring Erosive Wear Level of
Decontextualized Object, Volume, Potential, Scores H d
DCR (m) RT10 SV (m®) RT10 EWP (J/m®) RT1 azar
Dcr <0.02 SV <0.05 —20 > EWP < —18 0 None
0.02 > Dcr < 0.04 0.05>SV<0.1 —18 > EWP <—-16 1 Low
0.04 > Dcr < 0.08 0.1 >SV<0.15 —16 > EWP < —13.5 2 Low/medium
0.08 > Dcr <0.12 0.15> SV <0.3 —135>EWP < —125 3 High/medium
0.12 > Dcr < 0.16 03>SV<04 —12.5 > EWP < —-11.5 4 High
Dcr > 0.16 SV>04 EWP > —11.5 5 Very high

RT10 corresponds to the value of a 10-year return period and RT1 to a 1-year return period.

Given the limited amount of information about UCH sites, we assume that all of them
have the same exposure value. The risk index is calculated as the geometric square root
of the product of the hazard and the vulnerability scores [48,51]. The vulnerability index
ranges from 1 to 5 and is determined by the material composition of the UCH site and the
specific hazard considered (refer to Table 4).

UCHrisk = \/Hazard-Vulnerability (1)

Table 4. Vulnerability scores in common material in underwater cultural heritage sites for decontex-
tualization, scouring, and wear erosion hazard.

Material Category Material Type Vulnerability Score
Metallic Gray iron 1
Stone Marble 2
Decontextualization Glass Glass 3
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Table 4. Cont.

Material Category Material Type Vulnerability Score
Ceramics Coarse ware 4
Wood/organic material Oak 5
Glass Glass 1
Metallic Gray iron 2
Scouring Ceramics Coarse ware 3
Stone Marble 4
Wood/organic material Oak 5
Stone Marble 1
Metallic Gray iron 2
Wear erosion Ceramics Coarse ware 3
Glass Glass 4
Wood/organic material Oak 5

Sites are classified as “at risk” when UCHg;g > 3.2, a threshold derived as the rounded
geometric mean of “low” (2) and “very high” (5) classes. Higher UCHg;gx values indicate a
combination of medium to very high vulnerability and hazard classes.

2.4. Wave Energy Flux

Wave energy flux (WEF) serves as comprehensive indicator of wave climate within
the study area.

To account for water depth effects, the WEF calculation follows the methodology
outlined by Liang et al. [52]:

WEF =

2
rtpghHg [ 2kh } )

16T sinh(2kh)

where p is the water density, g is the gravitational acceleration, h is the water depth taking
into account the sea level perturbation (tide and sea level rise), and Hs and Te are the
significant wave height and energy period, respectively, where T, can be approximated as
Te = Tp. Tp denotes the peak period, while k = 27t/L represents the wave number, and L is
the wavelength. An extreme value analysis of the WEF time series is conducted for each
grid node using the methodology in Section 2.3, focusing on a 10-year return period.

2.5. Variations in WEF and UCH Risk Induced by Climate Change

From the 5-member model ensemble, and for each considered period and scenario,
we calculate the ensemble mean and standard deviation of WEF, hazard indices, and risk.

Model agreement is evaluated based on the coefficient of variation (CV) [53-55]. The
CV is defined as the ratio of the standard deviation of the model ensemble, o, to the
ensemble mean value:

cv=2 ®)

x
where o0 is the standard deviation of the model ensemble and « is the ensemble mean. CV
decreases as intra-model variability becomes a smaller fraction of the ensemble mean value,
implying greater agreement among models and statistical significance of the ensemble mean
value. To reduce uncertainty, values with |CV | > 0.8 are not considered, corresponding
approximately to an average agreement of four out of five models (i.e., 80% probability).
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Finally, WEF or UCHrisk variation induced by climate change is assessed by means of ab-
solute changes (A) for each period (mid-century and end-of-century periods) corresponding
to the RCP 4.5 and RCP 8.5 scenarios (xrcp) with respect to baseline values (Xpaseline):

A = XRCP — Apaseline 4)

3. Results

3.1. Wave Climate
3.1.1. EQM Correction

Global wave model outputs, with and without correction, were compared with cor-
rected Med-WAV (Figure 3). The uncorrected global models underestimate significant wave
height (Hs) values and extreme Hs values. This is particularly noticeable for ACCESS 1.0,
GFDL-ESM2G, and GFDL-ESM2M (Figure 3A,D,E; also, see Table S1 in SM) where the
EQM largely improves the Hs NBI index. CSIRO-Mk3.6.0 and EC-EARTH show better
performance (HH ~0.8; Table S1 in SM) with an EQM improvement of ~5% in HH.

,  ACCESS10 ;. CSIRO-MK3.6.0 7 EC-EARTH ; GFDL-ESM2G , GFDL-ESM2M
2o A s B s C s D o B
Es‘ 5} 5 5/ 5
34 4‘ 4 4 4
,_‘-.:3‘ 3‘ 3 N 3
EZ‘ 2‘ 2 2 2
‘0‘)11 1‘ 1 1 1
%C1234567 0 0 0 °
01 2 3 4 5 6 7 01 2 3 4 5 6 7 012 3 4567 012345867
Observed Hs (m) GFDL-ESM2M
CSIRO-Mk3.6.0 . GFDL-ESM2G : -
55, . ACCESS 1.0 25 25 EC-EARTH 25 % A
F : G i H 20 J

20 20

220
e 15 15 15 15
=15 , et
"
210 10 10 10 10
H P J) )
% 5 5 5 5 5
0 0 0 0 0
O 5 10 15 20 25 © 5 10 15 20 25 0 5 10 15 20 25 5 10 15 20 25 0 5 10 15 20 25
Observed Tp (s)
EC-EARTH GFDL-ESM2G GFDL-ESM2M
ACCESS 1.0 CSIRO-Mk3.6.0 300° 8 300° 8 300° 8
300° 8 300° 8 6 6 6
6 L 6 M 4 4 4
4 4 2 2 2

0 270°

®  Med-WAV
® Uncorrected model
® Corrected model

Figure 3. Q-Q plot of significant wave height (Hs) (A-E) peak period (Tp) (F-J). Polar plot for wave
heights exceeding 99th percentile (K-O). Uncorrected global wave model (red), corrected global
wave model (blue), and Med-WAV reanalysis (black) are represented.

The uncorrected global wave model outputs overestimate, in general, the peak period
(Tp) (NRMSE ~0.6), with EQM correction improving ~10% for CSIRO-Mk3.6.0 and EC-
EARTH models (Figure 3G,H) and ~18% for the rest of the models (Figure 3EL]).

For the case of wave directions with an Hs greater than or equal to the 99th per-
centile (P99), the uncorrected models show a deviation of approximately 25° (NRMSEg ~39°;
Figure 3K,L,N,O). After applying the EQM correction, this improves by 63% (NRMSEg ~ 20°),
except for the case of EC-EARTH, where the bias increases by 66% (Figure 3M). Overall, in
the study area, EC-EARTH and CSIRO-Mk3.6.0 show the best agreement with the Med-WAV
reanalysis, both with and without correction. Specifically, CSIRO shows better alignment for
Hs, especially for extreme values. On the other hand, EC-EARTH performs better in capturing
extreme Tp values compared to the other models. Regarding wave direction, EC-EARTH
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shows the best agreement among the uncorrected models. However, after applying the EQM
correction, CSIRO achieves the most accurate alignment with the observed data.

3.1.2. The Validation of the Wave Propagation Method

This section summarizes the performance of the wave propagation method to re-
produce average and extreme wave conditions (>99th). This step is crucial for reducing
the uncertainties associated with global models, which do not accurately represent wave
transformation processes in intermediate and shallow waters due to their limited spatial res-
olution. Due to the lack of observational data within the bay, SIMAR points were selected to
assess the model’s performance within the bay. SIMAR reanalysis was selected as the best
alternative due to its wide spatial distribution in the region, good temporal coverage, and
frequent use in wave studies conducted across the Iberian Peninsula (e.g., [56,57]). Table 5
shows the average values of skill scores for Hs, Tp, and Dir calculated in the eight SIMAR
locations in the Bay of Cadiz. The validation indicates a good performance, especially for
extreme wave conditions, for Hs (ro = 0.95; HH = 0.07) and Tp (ro = 0.82; HH = 0.18). The
biases related to Hs are practically zero, while Tp is generally affected by a negative bias.
However, the results are quite adequate. The wave direction shows also good agreement,
although performance worsens in extreme events.

Table 5. Statistical scores for mean and extreme significant wave height, peak period, and mean
direction between propagated series and SIMAR points.

1o HH NRMSE NBI

Hs (m) 0.96 0.18 0.18 0.05
P99 Hs 0.95 0.07 0.07 —0.02
Tp (s) 0.82 0.28 0.26 —0.14
P99 Tp (s) 0.83 0.18 0.17 —0.11
Dir (°) - - 2.60 —1.72
P99 Dir (°) - - 13.42 38.39

3.2. Changes in WEF
Scalar and Direction Climate

The WEF associated with a 10-year return period (RT10) shows maxima (around
15 x 10* Wm™!) in the outer domain and by the rocky outcrops outside the bay. Minima
appear by the coast, where shallow depths and the wave breaking limit reduce the WEF,
and inside the bay due to the protective effect of the Cadiz tombolo against wave front
propagation (Figure 4A). Under RCP4.5, the WEF associated with RT10 shows a general
decrease, slightly increasing only by some coastal stretches, over rocky outcrops and inside
the bay (Figure 4B,C). The general WEF decrease is weaker in the end-of-century period
than in the mid-century period as a result of the larger SLR. The mid-century RCP8.5 WEF
change pattern replicates that of the RCP4.5 WEF, but with a weaker general decrease and
slightly larger increments located in the shallower areas (Figure 4E). By the end-of-century
period in RCP8.5, there is a general WEF increase, with maxima located at shallow waters
and rocky outcrops (Figure 4F). Additionally, a southward shift in the WEF direction is
evident in all cases except for RCP4.5 in the mid-future period.
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Figure 4. (A) The wave energy flux corresponding to the 10-year return period and the mean direction
associated with the 99th percentile or greater of the WEF (black arrow). The absolute change and
mean direction associated with the 99th percentile of the WEF for each simulation (red arrow): (B) the
2036-2060 period of the RCP 4.5 scenario, (C) the 2075-2099 period of the RCP 4.5 scenario, (E) the
2036-2060 period of the RCP 8.5 scenario, and (F) the 2075-2099 period of the RCP 8.5 scenario. The
sea level rise (SLR) for each period is shown in the bottom left corner and represents the average
increase calculated from the five global models used. (D) The mean direction associated with the
99th percentile or greater of the WEF for the historical period (black arrow), the end-of-century
period of the RCP 4.5 scenario (blue arrow), and the end-of-century period of the RCP 8.5 scenario
(red arrow).

Such a direction shift also takes place for the most energetic waves. Figure 4D shows
the average of the directions of the extreme waves (>99th) for the historical period and for
the end-of-century period in the RCP 4.5 and RCP 8.5 scenarios. While the most energetic
waves impact the bay from the west (ca. 263°) during the historical period, they come
from 250° in the RCP 4.5 scenario and from 240° in RCP 8.5. This change in the direction
of incident waves in the bay leads to an alteration in their propagation within the Bay of
Cadiz, resulting in a greater impact on the areas of Rota, Cadiz, and the surrounding areas.

To determine how the increase in sea level affects wave propagation, the method-
ology is repeated without considering the SLR (Figure 5). These results show a larger
WEF decrease than when considering SLR, which is particularly notable over the shallow
coastal areas and rocky outcrops, where the depth increase due to SLR makes a substantial
contribution to the WEF.
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3.3. Hazard Assessment
3.3.1. Decontextualization Hazard

We relate decontextualization hazard (DCR) to the maximum critical diameter of an
object (we assume sphericity) susceptible to be displaced due to wave action over a 10-year
return period (Figure 6). All projections present a slight general reduction in the value of
DCR, except for the bay’s interior and shallower areas, where local significant increases (up
to 25%) are observed compared to the historical period. This result aligns with the projected
general reduction in the WEF and its local increase in shallower areas. In shallow areas,
the wave-induced bottom stress is larger, but as wave orbital velocity strongly attenuates
with an increasing depth (Figure S1), DCR is reduced throughout the rest of the bay. The
mid-century RCP4.5 and the end-of-century RCP8.5 scenarios exhibit the most substantial
hazard changes. However, the result of these changes reflects only as a decrease in the
bay area under a hazard score of 3 and an increase in the bay area as a hazard score of 2.
The percentages of the bay area classified as high and very high hazards (scores of 4 and 5;
Figure 6D) remain nearly unchanged.
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Figure 6. (A) A map of decontextualization hazard (the critical diameter of an object moved under
wave action) for the historical period. The absolute change in this hazard for (B) the 2036-2060 period
of the RCP 4.5 scenario, (C) the 2075-2099 period of the RCP 4.5 scenario, (E) the 20362060 period
of the RCP 8.5 scenario, and (F) the 2075-2099 period of the RCP 8.5 scenario compared with the
historical period. The black points indicate the locations of UCH sites. (D) A histogram of the hazard
at UCH sites and hazard classes. The sea level rise (SLR) for each period is shown in the bottom left
corner and represents the average increase calculated from the five global models used.

3.3.2. Scour Hazard

The scour hazard indicator is represented by the potential volume of scouring cor-
responding to a 10-year return period (Figure 7). In general, no significant changes in
the scouring hazard are observed in the Bay of Cadiz for all the scenarios and periods
considered. However, locally significant variations are identified in the shallower areas of
the bay (less than 5 m) and in some rocky outcrops, such as those located off Rota and Cadiz.
In these areas, the RCP 4.5 scenario for the mid-century period and the RCP 8.5 scenario
for the end-of-century period show mostly positive anomalies, while the RCP 4.5 scenario
for the end-of-century period and the RCP 8.5 scenario for the mid-century period exhibit
mostly negative anomalies. These changes result in an increase in the percentage of the bay
area classified as a high hazard level (4), accompanied by a decrease in the very high hazard
level (5; Figure 7D). The percentage change is very similar across all periods; however, it
is at the end of the century for the RCP 4.5 scenario where the greatest reduction in the
percentage of the bay area classified as having a very high hazard level is observed.
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Figure 7. (A) A map of the scour hazard (scour volume) for the historical period. The absolute change
in this hazard for (B) the 2036-2060 period of the RCP 4.5 scenario, (C) the 2075-2099 period of the
RCP 4.5 scenario, (E) the 2036-2060 period of the RCP 8.5 scenario, and (F) the 2075-2099 period of
the RCP 8.5 scenario compared with the historical period. The black points indicate the locations of
UCH sites. (D) A histogram of the hazard at UCH sites and hazard classes. The sea level rise (SLR)
for each period is shown in the bottom left corner and represents the average increase calculated
from the five global models used.

3.3.3. Wear Erosion Hazard

The indicator erosive wear hazard is analyzed by means of the erosion potential
(Figure 8). This hazard exhibits the most significant future changes compared to the
historical period. The changes for both scenarios are predominantly positive, indicating
an increase in the magnitude of the hazard. These changes are more intense near the
southern entrance of the bay, where most UCH sites are located. However, significant
negative anomalies are also recorded at the rocky outcrops off the city of Cadiz, being more
pronounced in the RCP 8.5 scenario, particularly towards the end of the century. As a
result, there is an increase in the percentage of the bay area that will be affected by a very
high hazard level (5) for erosive wear hazard (Figure 8D).
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Figure 8. (A) A map of the erosive wear hazard (log of erosive wear potential) for the historical
period. The absolute change in this hazard for (B) the 2036-2060 period of the RCP 4.5 scenario,
(C) the 2075-2099 period of the RCP 4.5 scenario, (E) the 20362060 period of the RCP 8.5 scenario,
and (F) the 2075-2099 period of the RCP 8.5 scenario compared with the historical period. The black
points indicate the locations of UCH sites. (D) A histogram of the hazard at UCH sites and hazard
classes. The sea level rise (SLR) for each period is shown in the bottom left corner and represents the
average increase calculated from the five global models used.

3.4. UCH Risk Assessment

Figure 9 shows the underwater cultural heritage risks (UCHRs) at the studied sites
in the Bay of Cadiz. During the historical period, there are 7 UCH sites under decontex-
tualization risk, 19 under scour risk, and 21 under wear erosion risk (UCHRpg, UCHRgc,
and UCHRpgy > 3.2). The sites under risk are mainly located around the city of Cadiz, with
the exception of two located by the eastern coast of the Bay of Cadiz (Valdelagrana). In
general, the sites present lower risk values associated with decontextualization and larger
risk values associated with erosion wear. In the historical period, the distribution of risks is
skewed towards low values for UCHRpg, centered near 3.2 for UCHgc, and it presents a
bimodal distribution with a narrow peak at 3.8 for UCHwg. In the future scenarios, the
number of UCH sites at risk (>3.2) remains unchanged for the risks of decontextualization
and scouring. However, for wear erosion under the RCP 4.5 scenario, the number of sites
at risk increases from 21 to 23 at the mid-century period and to 22 at the end of the century
(Figure 10). The sites turning under risk are located at the rocky outcrops off the city of
Cadiz and are related to strong and very local changes in erosion wear hazard (see Figure 8).
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4. Discussion

This study outlines a methodology to evaluate the impacts of climate change on UCH
through wave-induced hazards. It is based on a hybrid downscaling [33] of the bias-
corrected wave fields [31,32] corresponding to the CMIP5 RCP4.5 and RCP8.5 scenarios.
Both scenarios show a robust reduction in significant wave height in the North Atlantic
(see also Wang et al. [58] and Lemos et al. [59]). However, most UCH is placed in shallow
coastal areas, where the wave fields will be affected by shallow water processes, coastline
orientation and bathymetric relief, and by the concurrent SLR; therefore, downscaling the
global wave fields is necessary. Our results show that the use of the EQM method and
the directional adjustment improved the global wave model outputs (see Table S1). This
correction is key for obtaining accurate high-resolution wave propagated fields. This is
corroborated by the validation of the wave downscaled fields against SIMAR reanalysis
points (Table 3). The validation presented very good results for both mean wave climate
and for extreme P99 waves.

Changes in the future WEF are the result of the combination of changes in projected
significant wave height, energy (~peak) period, and depth changes (Equation (2)). As
changes in peak period are small, the resulting WEF changes result from the opposite
contribution of significant wave height diminution and sea level rise. The result is a general
reduction in the WEF in the Bay of Cadiz, with local increases in shallow rocky outcrops
and coastal areas, where the depth increase by SLR allows for the higher waves to appear
without breaking. These results are consistent with the findings of Aarns et al. [25] and
Chaigneau et al. [28], who demonstrated that changes in depth induced by sea level rise
can lead to higher wave amplitudes near the coast. The impact of sea level variations is
substantially more important on extreme significant wave heights over the wide continental
shelf where shallow water dynamics prevail, particularly in large tidal range areas [28].
However, our results show the important contribution of SLR to changes in the WEF in
a mesotidal bay (see Figure 5). This demonstrates that accurate high-resolution wave
propagation fields enable better capture of the nonlinear interactions between sea level and
waves. Additionally, there is a shift in the direction of incident waves, increasing the wave
exposure in certain areas of Cadiz and Rota. Along with these changes in the WEEF, there is
a reduction in wave orbital velocity (Figure S1; increased depth and decreased Hs), which
is a fundamental parameter for UCH risk assessment, either by direct impact of orbital
velocity on object decontextualization or scour and wear erosion impact.

Our assessment of the impact of wave climate changes on UCH hazards shows limited
consequences. For decontextualization and scour hazard, the changes in the critical diame-
ter of the moved object and in scour volume are, in general, small. There are considerable
changes only in those locations (shallows and coastal areas), where the hazard indicators
already had maximum values and had very high hazard levels (>0.16 m and > 0.4 m3
for decontextualization and scour indicators, respectively (Table 3; Ferndandez-Montblanc
et al. [7])). Therefore, it is not surprising that remarkable increases, such as the 0.2 m in-
crease in the decontextualization hazard indicator, have no clear impact on the distribution
of hazard levels within the bay. Indeed, there is a strong sensitivity of the hazard change
assessment to the definition of the hazard level classes.

Hazard and vulnerability thresholds are mainly determined through the likelihood of
exceeding certain predefined thresholds [60] and active participation from local users and
stakeholders responsible for the management and conservation of cultural heritage [61,62].
The reliance on hazard categories based on historical data assumes that future conditions
will follow probability distributions similar to those of the past. However, climate change is
significantly altering these distributions, increasing the frequency and intensity of extreme
events, which shifts hazard thresholds toward higher categories. This could explain
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why there are not important changes in UCH risk under the considered climate change
scenarios; however, this does not imply that such changes are not occurring. The lack of
quantitative data on observed and projected impacts under different climate scenarios
limits the ability to establish acceptable risk thresholds and develop effective adaptation
and mitigation strategies [63].

The proposed methodology represents the first attempt, to our knowledge, for ad-
dressing UCH risk assessment for wave-induced hazards under climate change projections,
and it is not free of shortcomings and limitations. Some of the methodological limitations
related to the simplifications applied to hazard quantification are exposed in [7]. Here, it is
necessary to add the assumption used in the EQ bias correction that the wave parameter
distributions (period, height, and direction) will remain unchanged in the future. Clearly,
this may not be the case in real life, but it is the simplest and best choice we have. It is
important to note that our study did not include the contribution of storm surge to the
water level, as it was initially omitted due to the predominant influence of tides on the total
water level in the study area. Additionally, the lack of consideration for possible changes
in morphodynamic processes, such as those related to depth and the interaction between
waves and currents, represents a significant limitation in our analysis. It is crucial to
recognize that the relative rise in sea level could be mitigated by sediment accommodation
depending on the sediment budget, which would have a substantial impact on coastal
dynamics. Furthermore, the impact of waves on sea level was not included; if this factor
was incorporated into the ocean model, it would result in a higher sea level, which, in turn,
would have a greater effect on wave propagation and the hazards affecting underwater
cultural heritage. For future research, it would be valuable to conduct a multiple-hazard
analysis to assess whether risky events occur simultaneously in a cascading or cumulative
manner over time. In risk assessment studies, multidisciplinary approaches and the use
of precise data are of utmost importance for managing the impacts of climate change
in coastal contexts [64]. Furthermore, the proposed methodology must be expanded to
other environmental factors influencing UCH preservation (i.e., water temperature, salinity,
and pH) to provide a holistic methodology to assess the evolution of the natural hazards
affecting the in situ preservation of UCH in the context of CC.

5. Conclusions

Future changes in sea levels and wave climate in coastal areas represent one of the
major threats to the preservation and conservation of underwater cultural heritage (UCH).
However, understanding how these changes will unfold in the long term and the associated
hazards remains a challenge due to the complexity and interaction between the processes
involved. In this study, we propose an innovative methodology to assess the risk to
UCH in shallow waters based on hybrid downscaling using an ensemble derived from
CMIP5 wave projections. This methodology applies downscaling to bias-corrected wave
fields corresponding to the RCP4.5 and RCP8.5 scenarios from CMIP5. The approach
focuses on the primary wave-induced hazards, considering their impact on the long-term
preservation of UCH: archeological decontextualization, scouring, and wear erosion. To
evaluate the effects of climate change, we compare the historical period (1981-2005) with
two future periods, the mid-century (2036-2060) and end-of-century (2075-2099) periods,
for both scenarios.

First, we present and validate the methodology for wave correction and propagation.
Our results show that the use of the EQM method and directional adjustment improved the
global wave model outputs, which is essential for obtaining high-resolution and accurate
propagated wave fields. Second, we assessed changes in wave climate, observing a general
reduction in the wave energy flux in the Bay of Cadiz, with local increases in rocky outcrops
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and coastal areas, where the increased depth due to SLR allows higher waves to appear
without breaking. This finding highlights the importance of high-resolution wave fields in
capturing the nonlinear interactions between sea level and waves. Additionally, a shift in
the direction of incident waves was identified, increasing wave exposure in certain areas of
Cadiz and Rota.

In the bay, a general reduction in wave orbital velocity is observed due to increased
depth and decreased significant wave height. This parameter is crucial for assessing UCH
risk, as most UCH sites lie on the seafloor. However, in shallow areas, where the highest
density of UCH is concentrated, significant changes in decontextualization and scouring
hazards are observed. The only relevant changes in risk (UCHrisk > 3.2) are associated
with wear erosion, particularly in the sites located on rocky outcrops off the city of Cadiz,
where local changes in this hazard are marked. However, the strict definitions of hazard
level classes, which shift thresholds toward higher categories, do not adequately reflect the
changes in hazard classes. This factor could explain why significant changes in UCH risk
are not observed under the considered climate change scenarios, although this does not
imply that such changes are not occurring.

In conclusion, this study emphasizes the importance of conducting local-scale studies
that incorporate the nonlinear interactions between sea level and waves in extreme wave
studies, as these interactions could lead to local trends in wave energy that are different
to those indicated in the global projections. This could result in variations in the impact
on UCH risk in specific areas. It is also crucial to consider the high sensitivity in defining
hazard level classes, as inadequate definitions may mask significant changes in UCH risk.
The obtained results offer the possibility to iteratively redefine the hazard level and/or
hazard classes accounting for future changes. The proposed methodology offers a tool
to perform a quantitative analysis on the impact of CC on UCH rather than the existing
state-of-the-art qualitative approach and method. The methodology developed in this
study therefore represents a crucial step toward a more accurate understanding and more
effective management of UCH risk in the face of climate change, an area that has been
relatively overlooked until now. This tool provides innovative approaches for decision
making in the protection and conservation of this invaluable heritage.
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Abstract: This article presents the results of high-resolution multimodal remote sensing
surveys which were performed in the Roman city of Caesarea Maritima at the sunken
Herodian harbour of Sebastos. A joint team of scholars from the Universities of Malta
and Haifa conducted the surveys at the area of the harbour’s entrance in order to answer
questions related to its original architecture, long-term functioning, and gradual degrada-
tion processes. The core methodology employed comprised teams of divers performing
a meticulous photogrammetric survey in order to generate a high-resolution 3D plan of
the harbour’s entrance. The results present two different architectural styles on either
side of the harbour entrance, which suggests two different building stages, potentially
deriving from a late renovation attempt. The current state of the entrance channel, still deep
and wide enough for the passage of vessels despite collapse and sedimentation processes,
suggests the long-term functionality of the entrance, even while other parts of the harbour
have structurally deteriorated and gone out of use.

Keywords: Caesarea Maritima; Sebastos; Roman harbours; remote sensing archaeology;
under-water surveys

1. Introduction

Ancient harbours are vital for our understanding of the Mediterranean economy in
antiquity, and none more so than the large-scale artificial installations that emerged at
the time when the oikumene experienced rapid processes of globalisation under Roman
hegemony. Caesarea Maritima was built by Herod the Great as a coastal city, boasting
the largest hydraulic concrete-based harbour in the Mediterranean Sebastos [1]. It was
inaugurated in the year 10 BCE, many decades before the Roman emperors would engage
in a similar endeavour for the purpose of serving the prodigious needs of the city of Rome.

The remains of Sebastos are located by the coast near modern-day Caesarea, just south
of the Carmel coast (Figure 1 inset). Of the three original basins of the ancient harbour,
the inner (shallow) basin silted up and is now completely landlocked (Figure 1a). The
middle and outer basins are located in the open sea at depths of up to 9 m (Figure 1b,c). The
harbour’s massive breakwaters (Figure 1d,e) and associated structures, which protected
these basins, are now submerged, and the debate concerning the circumstances behind the
collapse of the harbour currently favours the impact of high-energy winter storms, rather
than tectonic activity, tsunami events, or a rise in relative sea levels [2,3].

J. Mar. Sci. Eng. 2025, 13, 940 https://doi.org/10.3390 /jmse13050940
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Figure 1. Sebastos and its inner (a), middle (b), and outer (c) basins, northern breakwater (d) and

southern breakwater (e). Inset: Location of Sebastos on the coastline of Judea/Palestine. Google
earth credit: Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Image Landsat/Copernicus. The numbers
correspond to the harbour features as listed on the following pages.

Early surveys of the site were conducted by the Palestine Exploration Fund in the
early 1880s. The first underwater excavations of the harbour were headed by A.D. Link
in 1960. Between the years 1963 and 1972, excavations were conducted on behalf of the
Underwater Exploration Society of Israel, headed by E. Linder. From 1975 to 2005, the
harbour and the city were excavated and studied by the Recanati Institute of Maritime
Studies at the University of Haifa, headed by A. Raban and Y. Porat on behalf of the Israel
Antiquities Authority. No significant changes in the local landscape have been registered
between the beginning of archaeological work in Caesarea and now.

Raban [4] summarised the historical and archaeological studies concerning the op-
eration of the harbour and its decline, conjecturing that the deterioration of the outer
basin began in the 1st century CE and the siltation of the inner basin started in the 2nd
century CE. During the early 6th century CE, Procopius of Gaza wrote the following: “The
harbour of the city named after Caesar had disintegrated through age and lay open to
every threat from the sea. Its structure no longer measured up to the category of harbour,
but of its former condition it kept the name alone”. Procopius refers to the Byzantine
emperor Anastasius I (491-518 CE), who provided resources to repair the harbour, though
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the project was probably meant as an act of munificence and was, therefore, basic and far
from long-lasting [5,6].

Relying on numismatic evidence, Ringel [7] and Hohlfelder [8] suggested that the
harbour remained operational during the 3rd-5th centuries CE. Based on botanical remains
of crops species collected in the eastern basin, Ramsay [9] suggested that maritime activity
took place there in the 4th—6th century CE. A study of shipwreck remains discovered on
the breakwaters of the western basin [4] revealed a wreck with amphoras of types that
were in use from the end of the 2nd century CE until the end of the 3rd century CE. Thus,
Raban inferred that during the 3rd—4th centuries CE, the breakwaters were already partly
ruined and the main breakwater had deteriorated, proposing that the western basin of the
harbour underwent tectonic subsidence.

Later studies reported on a cargo of lead ingots found in area K, at the northern end
of the main breakwater, and dated it to the years 83-96 CE according to inscriptions [10].
The excavators assumed that the ingots originated from a shipwreck on the breakwater
and suggested that this part of the port ceased to function about a hundred years after
its construction.

Strikingly, these are, in sum, the hypotheses available for modern research regard-
ing the harbour of Sebastos and research questions related to it. Crude generalisations
regarding function and maintenance and the low resolution of chronological data are
accompanied by the lack of a reliable plan for the site, which should be a mandatory initial
step in evaluating every aspect related to the harbour.

Previous research, based on visual surveys and focused excavations, has invested
significant efforts in studying the remains of Sebastos, to the effect of identifying the
general function of many of its structures, now partly or fully submerged (for orientation,
see Figure 1 above), as follows:

1.  The south-western breakwater of the Herodian harbour, extending to a length of c.
650 m, built of Hydraulic concrete, following the instructions of Vitruvius [11].

2. The northern sea-wall breakwater of the Herodian harbour, extending to a length of c.
250 m, built of Hydraulic concrete, following the instructions of Vitruvius [11].

3. The quay of the Hellenistic northern harbour, built of headers, and described
by Raban.

4. Harbour wharfs in the central basin, built on the kurkar ridge. Next to them, a Roman
quay was built of headers on the south-western side of this basin. Another quay
was excavated by Raban on the north-eastern side of this basin and was dated to the
Herodian period.

5. A surface built of large ashlars—this surface was discovered in the western basin at a
depth of more than 5 m. This structure was interpreted as a submerged pavement,
supposedly indicating that the western basin of the harbour underwent tectonic
subsidence and could no longer function as a port.

6. Roman harbour installations in the eastern basin—a Roman mooring stone and
staircase leading to it were found on the eastern quay of the eastern basin.

7. A Crusader mole in the northern part of the central basin. The Crusader mole was
built of pillars in secondary use, placed on a flat rocky surface.

8. Abrasion platforms—north and south of the harbour, the coastal aeolianite sandstone
ridge was abraded by the sea.

9.  Beach rock north of the northern Crusader wall. A 50 m long deposit of beach
rock, with Roman marble chanks trapped in it, is attached to the kurkar rock at the
present-day sea-level elevation.

10.  Beach rock ridge in the north anchorage. A massive strip of beach rock deposit, about
2.8 m thick, is at 0.2-3.0 m below the present sea level. The deposit is located parallel
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to the coast, some 60 m west of the present shore and the remains of the aqueduct
foundations. This beach rock probably marks the location of the ancient coastline
before the construction of the harbour and the aqueduct.

So far, however, technological limitations have not allowed researchers to generate a
high-resolution plan of the entire array of structures, and multiple questions concerning
the site’s plan, function, chronology, and decline were bound to remain unanswered or at
least hotly debated. The area of the entry channel to the harbour, while partially covered
by the campaigns described above, thus remains, as of yet, far from fully explored and
understood, thus serving as the focus of the present investigation (for the coverage of past
and current projects, see Figure 2).

Figure 2. Location of the newly modelled areas superimposed on previous excavation areas as drawn
by Raban [12].

Through the generation and analysis of new underwater 3D multimodal data, the
Caesarea SubMaritima project seeks to retrace the site’s history at a resolution far higher
than ever available before and to produce solutions to these and other problems pertaining
to local and regional economic systems. The project has been launched at the opportune
moment, when the fusion of underwater multimodal remote sensing capabilities, including
photogrammetric 3D modelling [13], sub-bottom profiling [14], shallow water frequency-
domain electromagnetic (FDEM) methods [15], and multi-beam surveys [16], is becoming
not only sufficiently accurate and available, but also practiced and tested by the leading
edge of the research community in select projects of relevance [17].

For studying the functionality of the harbour, the type and size of ships it would
have been able to host, and the key processes in its decline and collapse, we identified the
harbour’s entrance as a key feature and useful proxy, therefore designating its investigation
as the first stage of our project. Accordingly, we aimed initially to record the main features
of the harbour’s entrance, the extremities of the two breakwaters which create its entry
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channel, the debris scattered along this channel, and the structures placed just outside of
the harbour’s entrance. Thus, we will contribute to documenting the collapse process that
more specifically affected key port areas. The results presented here emerge from the initial
phase of the Caesarea SubMaritima project. They comprise 3D photogrammetric models
focusing on the entrance to the harbour of Sebastos, designated by previous researchers as
areas G and K, as well as on two blocks of stone on which colossal statues stood, according
to historical sources (Figure 2). These results also serve as a successful proof of concept for
the project as a whole.

2. Methods

Alternative approaches for modelling submerged structures exist and have been
considered thoroughly by our team and others engaged in similar projects elsewhere, yet
none of them have proven able to produce the combination of viability and high-quality
results that diver-borne photogrammetry offers. Employing a large Remotely Operated
Vehicle (ROV) from a survey vessel would be too costly and not very efficient, mostly on
account of its limited manoeuvrability. A small ROV could be deployed from the coast or
from a vessel, but the shallow depths at which the site is located, combined with the high
energy of the sea, currents, waves, and winds, render this option impractical. The camera
and lighting system of a small ROV would not produce the same resolution obtainable
with diver-borne systems. Furthermore, the features of the site would challenge ROV
tether management, as well as communications with the USBL transceiver and the accurate
positioning of the ROV underwater.

A multibeam survey would deliver accurate bathymetric information that could be
processed to produce a digital elevation model (DEM). However, smaller features might
not be recognised by this technology, and multiple individual elements of the surveyed
construction would not be identified through a DEM alone, whereas photogrammetry
would deliver both a DEM and unambiguous visual information, facilitating a detailed
assessment of specific features. For all of these reasons, the latter technology is the one
adopted by Caesarea SubMaritima.

The research presented here leverages cutting-edge methodologies, benefitting from
recent advancements in high-resolution three-dimensional underwater documentation
and modelling technologies. Key to this project is the utilisation of high-performance
Geographic Information System (GIS) software (QGIS 3.42.2), able to compile, analyse,
and present large-scale, densely populated datasets. Additionally, Computer Assisted
Design (CAD) software (AutoCAD 39) plays a pivotal role, enabling computational, non-
destructive procedures for engineering failure analysis. Such methodologies have been
employed successfully in recent relevant projects, which shed revealing light, for example,
on the history of Methoni Bay and of the ancient harbour of Aegina, Greece [14,18].

In the initial phase of the project, a comprehensive underwater 2D data acquisi-
tion campaign was undertaken by a team of survey divers employing multiple cameras,
synchronised with lighting systems and prefabricated custom calibration targets. This
methodology ensured the continuous capture of images of submerged harbour components
at a rate of three frames per second (FPS). The subsequent processing of these 2D images
utilised Agisoft Metashape (2.2.0), a software implementing Structure-from-Motion (5fM)
algorithms to author 3D models within the GIS framework.

The resulting 3D dense point clouds were geo-rectified using ESRI ArcMAP GIS
software (10.8.2), facilitating the creation of Digital Elevation Models (DEMs) with precise X,
y, and z coordinates per pixel. The initial 3D models also yielded quantitative insights in the
form of architectural element evaluations at a level of precision and confidence previously
unattainable. By circumscribing the modelled remnants through polygons and factoring in
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the three-dimensional surfaces of these elements, we approximated the volumetric content
within the modelled zones. For computational expediency, our current methodology
adopted the mean seabed elevation for each area, omitted potential subsurface remnants,
and excluded plausible water-filled interstices amid remains.

Through the integration of these complementary techniques and their application to
the Sebastos harbour entrance area, a detailed digital model of the area’s various compo-
nents was meticulously crafted. This model was subjected to a comprehensive analysis,
incorporating insights from Roman harbour archaeology, pertinent historical evidence,
and data from previous archaeological campaigns. Furthermore, part of our team had
previously participated in the Azure Window project, where a well-documented natural
arch on the west coast of the island of Gozo (Malta) recently collapsed [13]. The project used
similar 3D technologies to the ones now employed in Caesarea and managed to document
complex underwater geomorphologies, produce an accurate high-resolution geomorphic
plan of the site, and reconstruct the process of the collapse—all methodologies for which
have now been employed in the Caesarea project.

3. Results

Analysis of the initial models of the harbour’s entrance area identifies distinct con-
struction and collapse patterns flanking the entry channel (Figure 3). Eastward of the
channel lies the terminus of the northern breakwater, characterised by substantial hewn
stone blocks, some reaching a length of 3 m (Figure 4). Evidently, these blocks have shifted
and slid, undergoing westward displacement over time. In stark contrast, the southern
breakwater, positioned west of the channel, manifests an extensive scatter of rubble, devoid
of discernible architectural attributes (Figure 5). These observations underscore critical
unresolved aspects concerning the different construction phases of Sebastos and their
implications for the design and functionality of the harbour entrance.

Figure 3. Digital elevation model (DEM) of the harbour entrance channel flanked by the northern
(right) and southern (left) breakwaters. Elevation colour scale range from —8.61 m to —2.79 m.
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Figure 4. Digital elevation model (DEM) of the northern breakwaters’ western extremity. Elevation
colour scale range from —8.61 m to —2.79 m.

Figure 5. Digital elevation model (DEM) of the southern breakwaters’ northern extremity. Elevation
colour scale range from —8.61 m to —2.79 m. Actual elevations do not occupy whole range.

The entrance constituted a key area of the Herodian concrete-built outer basin. His-

torical accounts by Josephus [19] indicate that monumental statues embellished the two




J. Mar. Sci. Eng. 2025, 13, 940

structures standing just outside of the harbour’s entrance, extending a salutation to incom-
ing vessels. Our analysis of the three-dimensional model of these structures shows them as
presently measuring six by six meters and towering six meters above the seabed, at a depth
of 8.6 m (Figure 6). A near 100% coverage of these structures by the bivalve Spondylus
spinosus is detected through analysis of the model, suggesting novel directions of research
into the interaction between artificial structures and the marine environment throughout
the ages.

Figure 6. Digital elevation models of the eastern (a) and western (b) columns outside the harbour

entrance. Elevation colour scale range from —8.61 m to —2.79 m.

In addition, our volumetric calculations add valuable information for the study of the
harbour’s entrance. At the westernmost extremity of the northern breakwater, positioned
at an average seabed depth of 7.6 m, a spatial expanse of 92.8 square meters is modelled,
within which remnants occupy a volume of 221.7 cubic meters (Figure 3). Correspondingly,
at the northern extremity of the southern breakwater, where the mean seafloor depth is
7.3 m, the modelled area of 97.3 square meters accommodates remains with a volume of
94 cubic meters (Figure 4). In reference to the remnants of the western structure outside
of the entrance, located at an average seabed depth of 7.4 m, a discernible volume of
61.8 cubic meters is evident above the seafloor (Figure 6a). The remains of the eastern
structure next to it, positioned at an average seabed depth of 8 m, exhibit an elevated
volume of 148.8 cubic meters above the seafloor (Figure 6b). These quantifications may be
refined as additional sectors of the harbour’s remains undergo modelling.

4. Discussion and Conclusions

The width and the depth of the entrance channel between the extremities of the
northern and southern breakwaters were crucial parameters that allowed merchantmen
to pass [20,21]. Depth was a critical parameter, as it could prevent large vessels with a
significant draught from entering the harbour. Thus, in many instances, they had to moor
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offshore and unload their merchandise, like at many other harbours such as Ostia [22,23].
A mosaic found at this port displays a scene showing how difficult this task was—a docker,
walking cautiously on a gangway, carries a heavy amphora on his shoulder, from a sea-
going freighter onto a caudicaria, a craft that sailed along the river Tiber [24]. Although
recent investigations have allowed for a better understanding of the harbour system of
Ostia, more precisely the capacity of the streams that connected the settlement to the capital
city [25], the situation is less clear for Caesarea. The initial study of the remains stated
that the depth of the harbour was shallow, preventing vessels with a draught exceeding
2 m from entering [26]. Recent drills and probes have shown that the depth was much
more significant, actually reaching 6 m, showing that large merchantmen could enter the
Herodian port [27].

Entering harbours was a particularly challenging manoeuvre for unoared sailing
vessels, which could potentially cause accidents with devastating consequences, as a
shipwreck could obstruct the harbour entrance and suspend traffic, requiring tremendous
efforts to remove it. For this reason, commercial vessels required the assistance of smaller
oared boats similar to the tugboat displayed in the Rimini mosaic [28,29]. The extremities
of breakwaters, protruding into the sea, were exposed to storms. Debris lying on the
harbour bottom could likewise obstruct its entrance, which was dangerous for sailing ships.
Harbour authorities aiming to mitigate these damages usually reinforced the structures
at the entrance. The case is clearly evidenced in Frejus [30]. A recent investigation on a
caisson located at the entrance of the Herodian harbour of Caesarea revealed a similar
attempt to repair or reinforce the end of the northern breakwater in the second century CE,
revealing that the port still enjoyed prosperity in that period [16].

The results presented here provide a new baseline for the mapping of the harbour
entrance, which will be expanded to additional areas of the harbour and serve as a basis for
gathering further multimodal remote sensing data. A close comparison between the newly
identified elements as they appear in Figures 4 and 5 indicates, firstly, that the two main
seawalls bracketing the harbour’s entrance, and possibly also the superstructure imposed
on them, were constructed by employing different architectural styles, and, therefore,
were likely constructed during different stages of the harbour’s activity. Arguably, the
original Herodian structures are represented in the northern breakwater, which employed
large-scale ashlar masonry, comprising massive blocks measuring up to three meters in
length (Figure 4). This architectural style is familiar from other Roman sites along the
local coast, such as elements in the temple platforms of the adjacent Dor. The part of the
southern breakwater that formed the western facet of the harbour’s entrance, on the other
hand, presents far less defined architectural characteristics, defined above as an extensive
scatter of rubble, and may be approached as a later renovation project, aiming to solidify a
collapsing part of the entrance channel (Figure 5).

Secondly, as far as the functionality of the harbour’s entrance is concerned, it is
noteworthy that the actual entry channel still remains wide and deep enough today for the
passage of larger vessels of antiquity, despite the partial collapse of the walls comprising it
on both sides. Together with the possible renovation in antiquity of the northern extremity
of the southern breakwater, it may be assumed that the functionality of the harbour was
not diminished on account of the deterioration in the condition of the harbour’s entrance,
but possibly following the collapse of other parts of the breakwaters, most likely the
southern one, which was the most exposed to the energy of winter storms attacking it from
the southwest. A passage from Procopius Gazaeus [31], dated to the early 6th century,
reinforces this notion, as follows:

“The port of the city named after Caesar had fallen into bad condition in the course of
time and became exposed to the waves, no longer deserving in fact to be titled a port but
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preserving merely its name from its former fortune. But you (Anastasius) did not ignore
the city’s prayers and laments over the ships which, escaping the sea, were wrecked in the
harbour itself. [...] Thanks to your decision the city was rejuvenated and receives ships
without fear and is provided for its basic requirements.”

This passage, which refers to Emperor Anastasius’ act of munificence in renovating
the dysfunctional Sebastos, clearly refers to ships already passing into the harbour through
its entrance, only to be wrecked while in it due to the facility’s lack of sufficient protection.

Further investigation is to be carried out on the harbour’s original building techniques
and resources, function, collapse processes, and possible renovation efforts, centred, among
other things, also on the obtainment and transportation of spolia from elsewhere in Cae-
sarea, as well as from neighbouring settlements such as the city of Dor, whose ancient
centre on the tell, as well as its coastal structures and facilities, also saw serious decline
from the 3rd century onward [32].
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Abstract

Historically, the Mediterranean Sea has been an area of cultural exchange and maritime
commerce. One out of many submerged archaeological sites is the Roman shipwreck
that was discovered in 2006 off the coast of Santo Stefano al Mare, in the Ligurian Sea,
Italy. The wreck was dated to the 1st century B.C. and consists of a well-preserved cargo
ship of Roman amphorae that were likely used for transporting wine. In this study, we
present the results of the first underwater survey of the wreck using an Autonomous
Underwater Vehicle (AUV) industrialized by Graal Tech. The AUV was equipped with
a NORBIT WBMS multibeam sonar, a 450 kHz side-scan sonar, and inertial navigation
systems. The AUV conducted multiple high-resolution surveys on the wreck site and
the collected data were processed using geospatial analysis methods to highlight local
anomalies directly related to the presence of the Roman shipwreck. The main feature
was an accumulation of amphorae, covering an area of approximately 10 x 7 m with
a maximum height of 1 m above the seabed. The results of this interdisciplinary work
demonstrated the effectiveness of integrating AUV technologies with spatial analysis
techniques for underwater archaeological applications. Furthermore, the success of this
mission highlighted the potential for broader applications of AUVs in the study of the
seafloor, such as monitoring seabed movements related to offshore underground energy
storage or the identification of objects lying on the seabed, such as cables or pipelines.

Keywords: AUV; Roman shipwreck; seabed monitoring; geospatial analysis; marine archeology;
underwater cultural heritage; underground energy storage

1. Introduction

During historic times, the Mediterranean Sea was an important area of commerce
and cultural exchange among the surrounding countries, connecting the civilizations of
Europe, Africa and Asia (e.g., [1]). According to [2], during the Roman era, the Mediter-
ranean is believed to have been more interconnected than at any other time until modern
transportation developed in the 19th century.

J. Mar. Sci. Eng. 2025, 13,1921 https://doi.org/10.3390/jmse13101921
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Shipwrecks are some of the most valuable sources to gain an insight into the maritime
economy in the Mediterranean area. Until 1984, there were almost 800 shipwrecks reported
in the Mediterranean area and the Black Sea [3], while to date, almost 1784 ancient ship-
wrecks have been identified [4], many dating from the Hellenistic and Roman periods, a
time when maritime commerce was very active due to relatively stable political conditions.
Many wrecks that lie in shallow waters are easily accessible to potential looters, while
others, especially those sunk in deeper locations, are more difficult to reach and remain
relatively intact.

These shipwrecks provide valuable and rare evidence of the goods and materials that
were traded across the sea in ancient times. The goods in most cases were transported
in amphorae, ceramics and other types of cargo, which, when discovered, offer valuable
information regarding the economic patterns, production centers, and consumption habits
of the communities of that time [3]. The reasons for the maritime disasters that caused
the ships to sink were diverse. Sometimes, heavy storms or navigational errors could
lead to the ship sinking, while other times, the causes can be linked to piracy or even to
deliberate beaching.

In the Italian region, one of the discoveries that has enriched our knowledge of
maritime trade in Roman times is the wreck of a Roman merchant vessel located off the
coast of Santo Stefano al Mare in the Ligurian Sea (Figure 1). The wreck was discovered in
2006, and it is a well-preserved example of a mid-sized cargo ship that was transporting
amphorae. The wreck offers valuable information regarding shipbuilding techniques and
logistical practices in the 1st century B.C. The site where the wreck was found is relatively
undisturbed and thus has allowed researchers to document the spatial organization and
preservation state of the cargo with high precision. In addition, a museum dedicated to the
wreck, the Roman Shipwreck Museum (MURR), was established in the area of the former
railway station of Santo Stefano al Mare, with the aim of bringing the public closer to
history and underwater archaeology and offering a unique opportunity to virtually explore
the wreck to those who cannot dive into the depths of the Ligurian Sea.

.
Roman shipwreck
Museum

Roman shipwreck
location

Figure 1. Location of the Roman shipwreck in the Ligurian Sea, close to the city of Santo Stefano al
Mare (IM), Italy; the red square on the top right map identifies the position of the wreck site in the
Ligurian Sea, North-West Italy.

In recent years, Autonomous Underwater Vehicles (AUVs) have become an important
tool used in a wide range of marine exploration applications. This has been achieved
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by introducing state-of-the-art technologies that minimize human contribution and allow
accurate mapping of large areas that are difficult to access directly.

AUVs are extensively used for seabed mapping due to their high-resolution scan
capability. Bathymetric studies have been conducted by [5], who employed an AUV to
map undiscovered fields of high-temperature hydrothermal vents. Ref. [6] used an AUV to
survey bathymetry and water mass properties at Glover’s Reef atoll in Belize as part of a
multidisciplinary study of population connectivity of Nassau grouper. Ref. [7] exploited
high-resolution multibeam scans for sea floor mapping, while [8] used AUVs for iceberg
positioning and orientation. AUVs have also been used for environmental monitoring and
the mapping and detailed characterization of geological structures. Ref. [9] focused their
research on monitoring coral reefs and fisheries. Ref. [10] used images at selected reference
stations on the Australian continental shelf for the identification of changes in benthic
assemblage composition and cover derived from registered maps collected at regular
intervals. Ref. [11] used an AUV to record aquatic life. Ref. [12] focused on the study
of hydrothermal fields on the submarine ridges. Ref. [13] adopted AUV technology for
studying large-scale, deep-sea geological structures such as mid-ocean ridges, seamounts
and back-arc basins. In recent years, surveys and inspections of subsea infrastructures
and sites have also benefited from AUVs because they can work efficiently and safely in a
cost-effective way. Ref. [14] utilized an AUV for real-time simultaneous localization and
mapping (SLAM) to inspect a 3D subsea infrastructure within a water tank, whereas [15]
focused their work on pipeline inspection for tracking and monitoring spilled oil and gas
in an offshore environment. AUVs have also been used for military applications such as
intervention activities, logistics, search and rescue operations [16-18]. Recently, ref. [19]
presented advancements in Unmanned Underwater Vehicle (UUV) technology, leading to
increased capabilities and reduced costs, and making underwater archaeological sites more
accessible, thereby reducing the need for human diving.

AUVs are particularly valuable for conducting archaeological studies by mapping
underwater sites with high precision and minimizing human intervention, which could
damage the archaeological findings [20,21]. Ref. [4] studied 11 known shipwrecks in the
Ionian Sea (Greece), ranging from ancient times to the 20th century, using marine remote
sensing tools such as side-scan sonars, sub-bottom profilers, and multibeam echo-sounders.

The considerable interest of the scientific community in a broad spectrum of under-
water operations to investigate offshore historical artifacts as well as industrial marine
structures is well documented in recent research. Ref. [22] performed geophysical surveys
off the ancient port of Myos Hormos in the Red Sea; they detected a Roman shipwreck
using a side-scan sonar and AUV-based high-resolution mapping, highlighting the value
of advanced acoustic methods for underwater archaeology. Ref. [23] offers a review of
recent advances in underwater robotics and analyzes their potential to improve inspec-
tion and monitoring of critical undersea infrastructures. Ref. [24] highlights the potential
of using artificial intelligence for the detection and classification of underwater findings
and how interdisciplinary approaches can assist in the preservation and valorization of
cultural heritage.

For the study of the offshore area of Santo Stefano al Mare, recent technological ad-
vancements were employed for an accurate mapping of the wreck site and its amphorae. At
the end of 2023, an AUV was deployed by Graal Tech to explore the area and collect detailed
bathymetric data about the ancient cargo ship lying on the seabed. The AUV provided a
high-resolution 3D map of the wreck site, which helped identify key geomorphological and
anthropogenic features. In this work, we collected and analyzed the available data derived
from the AUV acquisitions. Data were elaborated using geostatistical techniques, including
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a variogram model and spatial interpolation analysis. The main detected features were a
substantial amphorae concentration and a separate anomaly, identified as a mine cart.

Our results show that the acquisition process and methodology were adequate for
accurately locating the amphorae accumulation and measuring its dimensions and, more
generally, that current AUVs, equipped with proper instrumentation, have a good perfor-
mance for underwater archaeological exploration. The successful outcome of this mission
confirmed the AUV’s potential for the identification and localization of objects lying on
the seabed, such as communication cables or pipelines, as reported in [15], but their use
could be effectively extended to monitoring seabed movements related to anthropogenic
activities, as suggested in [25,26].

2. The Roman Shipwreck

The waters of the Ligurian Sea are rich in ancient shipwrecks, with the discovery of
the Albenga A in 1950 being the first and possibly most famous find [27]. Crucially, most
discoveries are the result of fishing or diving activity and not of systematic research, as
is the case of the Santo Stefano Romano shipwreck that was found off the coast of Santo
Stefano al Mare, a small coastal village in the province of Imperia, Italy [28-30].

In 2006, at a depth of about 58 m, the sea returned the remains of a Roman merchant
ship, that once sailed the Mediterranean transporting amphora-borne foodstuffs. This
wreck, dating back to the 1st century BC, is one of several examples of this period along
the coast of Liguria.

The vessel, likely of medium size, around 15-20 m long and 5-8 m wide, was probably
a corbita (Figure 2), a sailing ship with a rounded bow and stern that had a large load
capacity. This ship typically had one mast, even if the presence of a second mast cannot
be excluded. The existence of a deck is doubtful because in other cases it was found that
such ships had only narrow footbridges for access, leaving the entire hull free for cargo,
covered only by tents in case of rain or rough sea. It is also believed that since the cargo
was full of a single type of amphora, this proves that the ship was performing a cabotage
route rather than coastal trade with intermediate stops ([31] and references therein). The
presence of amphorae (Figure 3), of Roman Republican type 1B according to the Dressel
classification [31], suggests that the ship was transporting wine (or, less likely, oil), valuable
goods that were traded along the commercial routes connecting the Italian peninsula to
Gallia and Hiberia further to the west.

Figure 2. Artistic depiction of a Roman corbita vessel (mod. from [32]).
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10 cm

Figure 3. Underwater photo of an amphora from the Santo Stefano al Mare shipwreck (left);
representation of a Dressel 1B amphora [33] (right). (Underwater photo courtesy of: Superin-
tendence for Archaeology, Fine Arts and Landscape for Liguria Soprintendenza Archeologia Belle
Arti e Paesaggio per la Liguria/Nautilus Technical Diving Center).

While the ship’s wooden planks are worn by time and salt, the cargo of amphorae is
still well-preserved. It is believed that the cargo capacity was about 3000 amphorae. The
amphora accumulation is covered with sponges and has an elliptical shape, rising about
70 cm above the seabed (Figure 4). Video analysis shows mostly intact amphorae, scattered
on the seabed, possibly due to trawl nets, with only around 5% of the amphorae having
been damaged. The absence of other materials, such as ceramic pieces, stones, etc., around
the amphorae suggests the good state of preservation of the wreck [31]. Dives conducted
by the team from the Superintendence (Soprintendenza) and the Nautilus Technical Diving
Center have documented the state of the wreck and carried out detailed surveys, allowing
researchers to reconstruct the history and hypothesize the causes of the sinking of the ship,
which likely sunk due to a sudden storm, a common event for sailors of the time who,
despite their expertise, lacked modern technology to predict the whims of the sea.

Figure 4. Underwater photos of the amphorae accumulation of the Santo Stefano al Mare shipwreck.
(Underwater photos courtesy of Superintendence for Archaeology, Fine Arts and Landscape for
Liguria—Soprintendenza Archeologia Belle Arti e Paesaggio per la Liguria/Nautilus Technical
Diving Center).

This extraordinary discovery became the focus of a French documentary series
dedicated to Roman trade in the Mediterranean named “Histoires englouties”
(PLANETE+/ myCANAL), episode “Les naufrages de I'Empire romain”. In this episode,
director-diver Kevin Sempé explores several sites across Italy and France, including the
Roman shipwreck off Santo Stefano al Mare (Liguria) as well as wrecks in the Camargue.
The series was broadcast during December 2022 and produced by Imagissime (Mediawan).
High-definition underwater footage offered the public fascinating images of what lies on

the seabed, revealing the beauty and historical value of the wreck.
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3. Underwater Exploration with the AUV
3.1. AUV Equipment

The exploration of submerged archaeological sites presents complex challenges and
requires advanced methods to achieve high-quality data acquisition. Several challenges,
such as the depth of investigation, limited visibility, unpredictable sea currents, and the
need for precise data acquisition without direct visual confirmation, need to be addressed;
thus, the use of advanced technology is mandatory. AUVs equipped with high-precision
sensors have become essential for the real-time collection of detailed, georeferenced subsea
data (e.g., [4,19] and references therein).

In the present study, an AUV assembled by Graal Tech was deployed for the inspection
of the Roman shipwreck off the coast of Santo Stefano al Mare, at a depth of approximately
58 m. The employed platform was based on the X300 model, equipped with instruments
for high-resolution bathymetric mapping and imaging and georeferenced localization of
the AUV.

The NORBIT WBMS multibeam sonar was the core of the system. This device emits
fan-shaped acoustic waves toward the seabed and measures the time it takes for the echoes
to return after striking submerged objects. The result is a detailed 3D bathymetric map
that offers a precise reconstruction of the underwater terrain that is crucial for identifying
anthropogenic structures such as wrecks or objects lying on the sea floor. Alongside the
multibeam sonar, a 450 kHz side-scan sonar was also employed. Unlike the multibeam,
which focuses on vertical depth, this instrument performs lateral scans, providing high-
resolution images of the seabed on both sides of the vehicle. It is especially useful for
detecting the shapes and contours of submerged objects, allowing researchers to clearly
distinguish man-made elements from natural formations. To accurately determine where
data is being collected, the AUV is equipped with an inertial navigation platform integrated
with a Doppler Velocity Log (DVL). The former uses gyroscopes and accelerometers to
detect the vehicle’s movement and orientation, while the DVL measures velocity relative to
the seabed. Together, these systems allow for precise georeferencing of each point, even in
the absence of GPS signals, which cannot be received underwater.

The entire system is managed by a synchronization software that enables autonomous
navigation and real-time data acquisition. Additionally, a radio communication link with
the ground station allows remote monitoring of the mission, with the possibility of receiving
updates on the vehicle position and issuing corrective commands, if necessary.

3.2. AUV Specifications and Instrumentation

The X-300 is a multimode AUV that can operate under different configurations, as a
classic AUV, glider or profiler, while in some cases also as a ROV-like system with real-time
operator control. It is 2.2 m long with a diameter of its cylindrical body of 15.5 cm, a weight
of approximately 29 kg, and it is capable of operating down to a depth of 300 m below
sea level.

The general structural layout includes a nose section, hosting navigation sensors and
optional sonar or cameras. The payload bay (middle part) hosts scientific equipment or
side-scan sonar. The core suite of sensors includes:

Inertial Measurement Unit (IMU) with gyroscopes and accelerometers used for navigation;
Depth-meter and pressure sensor;

Doppler Velocity Log (DVL) for underwater dead-reckoning;

GPS (only at surface);

Acoustic modem and WiFi for underwater and surface communications.

Optional payloads may include different frontal or side-scan sonars and environmental
sensors (e.g., fluorometer, magnetometer)
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The AUV buoyancy system is controlled by a variable buoyancy chamber. Its thruster
system includes two pairs of vectored thrusters plus a rear propulsor for the main forward
thrust that offers a maximum speed of 5 knots. The tail is equipped with antennas or tether
connection devices. The AUV is powered by 24 V Li-ion batteries.

The resolution of side-scan sonars depends on the frequency and the depth of investi-
gation. Sonars operating in low frequencies (100-300 kHz) offer longer range and deeper
penetration, but lower resolution. Higher-frequency sonars (600-1200 kHz) offer higher
resolution but are limited to shallow waters. The 450 kHz sonar employed for the surveys
is an intermediate solution. It is effective at the depths of the Roman shipwreck site since it
is specifically designed for continental shelf waters or coastal surveys. Its optimal operation
depth range is 50-150 m, with a lateral coverage of 100-400 m while offering a resolution
between 20 and 50 cm.

The X-300 model uses an inertial navigation system and a Doppler Velocity Log (DVL)
to maintain accurate positioning when operating underwater in the absence of GPS access.
Its Inertial Measurement Unit (IMU) continuously monitors acceleration and angular rates,
and the on-board computer analyzes the data to estimate position or orientation changes
with time. This system keeps track of the navigation path once the last GPS measurement
is taken, just before the submersion of the AUV. Additional systems, such as the Doppler
Velocity Log (DVL), are used to measure the AUV’s velocity relative to the seabed using
acoustic pulses, providing precise 3D velocity data, which significantly enhances positional
accuracy when used in conjunction with IMU data.

3.3. AUV and Equipment Testing Phases

The mission followed a multiphase approach that is described below and is illustrated
in the pictures shown in Figure 5.

AUV - X300 model equipped with multi-beam and side scan sonars

Mission in the area of the Roman wreck

4]

Figure 5. Visual narration of the journey of the AUV from assembly to open-sea deployment, starting
with the installation of the sonar systems (1), followed by preliminary testing in a controlled pool
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environment (2), then seawater trials at the Naval Support and Experimentation Center in La Spezia
(3), and finally the actual inspection of the archaeological site (4).

The development of this underwater archaeological mission adhered to rigorous
protocols. Initially, a system calibration and validation were conducted at Graal Tech’s lab-
oratories, where the autonomous vehicle was configured with the multibeam sonar system
and integrated data management software. Extensive testing of each of the individual com-
ponents and the overall system stability was performed in controlled pool environments
to simulate operational conditions. These preliminary tests ensured functional integrity
before deployment.

The second phase Involved conducting sea trials at the Naval Support and Experimen-
tation Center (CSSN) in La Spezia. The objectives included refining navigation algorithms
to achieve precise georeferencing and validating data fusion methods between the naviga-
tion system and multibeam sonar. Trial data acquisition facilitated the iterative adjustments
to optimize sensors synchronization and positional accuracy under open-sea conditions.

Following laboratory and sea trial validation, the operational phase was initiated. Pre-
deployment procedures included system checks, instrumentation functionality verification,
and logistical preparations such as loading the AUV and supporting equipment onto
the deployment vessel. The mission was executed through three autonomous surveys at
specific depths:

1. Survey 1: Depth of 40 m.
2. Survey 2: Same trajectory as Survey 1, but at 45 m.
3. Survey 3: Navigation at 48 m with a vertical distance of 7 m from the seabed.

Each survey was designed to generate high-resolution, layered datasets of the archae-
ological site.

4. Statistical Analysis of Data Recorded by the AUV

The data collected during the AUV surveys were downloaded and processed to exam-
ine the methodology applied during the acquisition process and to analyze the findings
related to the remains of the Roman shipwreck on the sea floor. Initial analysis of the
collected data was used to demonstrate its operational effectiveness. The on-board sensors
produced detailed 3D reconstructions of the wreck site, revealing the structural features and
the positioning of artifacts such as amphorae, while the integrated navigation algorithms
maintained precise georeferencing. The combined application of multibeam and side-scan
sonar methodologies facilitated the interpretation of the submerged archaeological site.

The area surveyed by the AUV Is approximately 65 m x 50 m wide, covering a larger
area with respect to the one where the Roman shipwreck is located (Figure 6), with depths
below sea level varying from 54 m to 62 m. The acquisition route of the AUV was in the
NW-SE direction with a sampling rate frequency of approximately 1 data point/15 cm
along the route. The average spacing between adjacent trajectories was approximately
10 cm, covering the area of investigation with a high point density. Each stripe of data
points reflects the trajectory followed by the AUV to cover the study area. An intentional
overlap between stripes was designed to ensure complete spatial coverage and the absence
of gaps.

The data were initially imported into a specialized software for statistical analysis
to visualize them and perform an analysis focused on revealing the details of sea floor
geometry and the objects lying on the seabed.
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Figure 6. Measurement points of the depth of the seabed below sea level (SL) acquired by the AUV
in the area of the Roman shipwreck (top) and corresponding histogram distribution of the depth
values (bottom). The route of the AUV followed parallel NW-SE trajectories coinciding with the
direction of the data point stripes displayed in the top map.

Before any interpretation, it was necessary to recognize possible trends that are related
to the geometry of the sea floor. In this pre-processing phase, a geostatistical analysis
(e.g., [34-37]) was performed in order to identify the spatial characteristics of the dataset
(including spatial variation or degree of discontinuity). For this reason, it was necessary to
calculate the variogram, a useful tool to identify various spatial features of a dataset, such
as spatial continuity, cyclicity, or trend. For observations collected in nature (data points
within a specific area), the variogram (or semi-variogram) is defined as the half variance of
two observations that are separated in space by a specific distance (lag distance). In this
case, the experimental variogram was calculated as follows:

_ L N B 2
where h is the lag distance between the two data points Z(x + h) and Z(x) and N(h) is the

number of pairs of data points for this specific lag distance (e.g., [34]).
A conceptual example of an experimental variogram analysis is presented in Figure 7.
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v(h)

Range v

N
L
Lag distance
Figure 7. Typical example of an experimental variogram showing the maximum data variability

(sill) and the maximum correlation distance (range); the horizontal axis represents the lag distance
(distance between pairs of data points).

During the variogram analysis, the values of the variogram are plotted for several
lag distances. If the dataset shows correlation in a specific direction, it is expected that the
variogram values will flatten out, at a certain distance, when the maximum data variability
(sill) is reached. This lag distance is called range and indicates the maximum distance,
in a given direction, for which the values remain correlated. To evaluate the full spatial
correlation, the variogram can also be calculated for different directions, investigating
the presence of anisotropy effects. If the dataset exhibits higher spatial continuity in a
certain direction, a longer correlation range is expected in that direction. In several cases,
the dataset may be characterized by the presence of a trend; in such cases, the variogram
analysis will show a continuous increase with larger lag distances never reaching the
“sill” point.

During the pre-processing phase, we performed the variogram analysis on the data
gathered by the AUV. The variogram map created by calculating the experimental vari-
ogram for different directions is shown in Figure 8. As expected, the trend in the data due
to the deepening of the seafloor was clearly identified (direction parallel to the AUV route),
while the variogram shows a constant behavior in the direction perpendicular to the AUV
route, which is typical for a variable that does not present any spatial continuity.

26 10
Legend
3 o Exp.Var [A-0)
*® Exp Var (88 ¥

Variance
-
IS
Semivariogram

P B = o s

o 4 5 12 16 20 24 28 2 36 40
0 Lag distance (m)

Figure 8. Variogram map and experimental variograms relative to the directions parallel (A-A") and
perpendicular (B-B’) to the AUV route.

Then, we performed an interpolation over the available data points and created
a surface that represents the detected regional trend (Figure 9) by using a polynomial
regression approach applied to the original bathymetric data. As clearly visible from the
regional trend, the investigated area shows a constant deepening of the sea floor when
moving from NW towards SE, which we expected to identify during the variogram analysis.
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Figure 9. Regional surface trend obtained from the original seabed depth map.

This trend was subsequently subtracted from the data points to create a detrended
dataset of the bathymetric data suitable for further analysis. The detrended data, interpo-
lated using the Kriging interpolation technique, along with the corresponding histogram
distribution of the residual depth values, are presented in Figure 10. In this case, the Kriging
interpolation was adequate for producing accurate maps because the point density was
extremely high (a few centimeters distance between points and a total number of more than
128,000 measured points), and different methods would not have generated substantially

different results.
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Figure 10. Residual surface of the seabed elevation points after removing the regional surface trend

and corresponding histogram distribution of the residual depth values.

The area covered by the AUV surveys shows two anomalies, which are highlighted in
Figure 11. The first anomaly of large dimensions corresponds to the Roman shipwreck site.
It covers an area of approximately 10 m x 7 m and highlights the accumulation of amphorae
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related to the cargo of the Roman ship that sank in that region. The maximum height of
the amphorae accumulation reaches almost 1 m. The second anomaly has dimensions of
approximately 1.5 m x 1.5 m and corresponds to a mine cart.

4,851,280
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Mine cart

Figure 11. Identification and measurements of significant anomalies recognized on the seabed:
Roman amphorae accumulation and mine cart. (Underwater photo courtesy of: Superintendence for
Archaeology, Fine Arts and Landscape for Liguria Soprintendenza Archeologia Belle Arti e Paesaggio
per la Liguria/Nautilus Technical Diving Center).

5. Discussion and Conclusions

In this work, we presented an integrated methodology for the acquisition and analysis
of underwater elevation data related to a Roman shipwreck site offshore of the town of
Santo Stefano al Mare in the Liguria region of northern Italy, using an Autonomous Un-
derwater Vehicle (AUV). This was the first time that an AUV was deployed in that area
to document the shipwreck. The result of this work is an example of interdisciplinary
collaboration between archaeology and engineering, combining advanced monitoring
techniques, geostatistical analysis, and knowledge of maritime archeology. The outcome of
this joint effort from researchers with such different backgrounds contributes to revealing
the complexities of ancient maritime networks and enriches our understanding of the eco-
nomic and social framework that characterized the Mediterranean basin during the Roman
era. Furthermore, the collaboration with the Roman Shipwreck Museum (MURR) proved
the importance of bringing scientific discoveries and public interest to raise awareness of
cultural heritage preservation.

The combined use of multibeam and side-scan sonars proved to be a highly effective
solution for surveying submerged archaeological sites, ensuring minimum disturbance of
the site under investigation. The collected data interpretation has demonstrated that the
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use of high-quality equipment and the application of geostatistical techniques can provide
precise and reliable results in identifying relatively small objects lying on the seabed, with
dimensions ranging from the centimeter to meter scale. The methodology that is presented
in this work proves how advanced technological integration and systematic operational
planning can bring underwater exploration to a rigorous scientific discipline, showing its
potential for applications beyond archaeology surveys. Bathymetric variations and the
presence of submerged artifacts, cables or pipelines can be detected and mapped, reducing
the need for diving interventions. The ability to detect and map seabed anomalies can also
be applied to offshore infrastructure inspection, environmental monitoring, and geostorage
risk assessment.
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Abstract

In this paper, the results of several geophysical surveys developed with a Sub-Bottom
Profiler in different regions of Spain are presented. This research forms part of a broader
project aimed at developing innovative non-invasive methodologies for documenting
Underwater Cultural Heritage (UCH). The 2001 UNESCO Convention on the Protection
of the Underwater Heritage recommends the use of non-destructive techniques, in situ
conservation, and prioritising exploration over recovery. Geophysical techniques allow the
non-invasive documentation of UCH without altering archaeological remains. The Sub-
Bottom Profiler was tested in several underwater archaeological surveys under different
objectives, depths, and environmental conditions. The research questions addressed the
amount of information obtainable without intrusion and the optimal use of the equipment
for methodological innovation. Based on the results, methodological conclusions are drawn
regarding the influence of seabed composition on acoustic performance, the importance
of controlling navigation speed and vessel stability, and the strong impact of sea state
on data quality. The need for frequency and motion-correction optimisation to balance
resolution and penetration is also highlighted, as well as the usefulness of SBP for anomaly
detection, site monitoring, and palaeolandscape reconstruction. These findings contribute
to establishing a transferable methodological framework applicable to other case studies.

Keywords: non-invasive techniques; geophysical survey; Sub-bottom profiler; monitoring
UCH; new technologies; Spain

1. Introduction

Underwater Cultural Heritage (UCH), as defined in the 2001 UNESCO Convention for
the Protection of the Underwater Cultural Heritage, comprises “all traces of human exis-
tence having a cultural, historical or archaeological character which have been partially or
totally under water, periodically or continuously, for at least 100 years, such as sites, struc-
tures, buildings, artefacts, ships or human remains, together with their archaeological and
natural context” [1,2] (Art. 1(1)(a)). This definition explicitly includes and recognizes that
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the context (including sediment and environment) is an integral part of the scientific value
of the site. The Convention also affirms that Underwater Cultural Heritage is a “particularly
vulnerable” asset and that its preservation contributes to understanding phenomena such
as climate change and sea level rise [2] (Convention summary). A fundamental principle
of the Convention is that in situ preservation—meaning the conservation of Underwater
Cultural Heritage in its original location and context—must be regarded as the preferred
option before any intrusive intervention is authorised [2] (Art. 2(5)). This approach im-
plicitly acknowledges the scientific value of surrounding sediments and environmental
context as integral components of conservation. The Annex to the Convention establishes
detailed rules requiring that archaeological activities avoid unnecessary disturbance, pri-
oritise non-destructive techniques, and ensure that any intervention does not compromise
the long-term preservation of the site. These provisions reinforce the obligation to safe-
guard sedimentary deposits and maintain the integrity of the archaeological context [2]
(Annex—Rules 1, 3 and 4).

Spain has implemented the UNESCO 2001 Convention on the Protection of the Un-
derwater Cultural Heritage through a combination of pre-existing heritage legislation and
specific policy instruments aligned with its principles. The core legal framework is pro-
vided by the Ley 16/1985 de Patrimonio Histérico Espanol [3], complemented by extensive
regional legislation and, crucially, by the National Plan for the Protection of Underwater
Cultural Heritage, which implements the Convention after Spain’s ratification in 2005.
The Green Paper was prepared in 2009 to guide Spanish implementation of UNESCO’s
Convention management principles [4].

Since ratification, Spain has achieved significant advances, including the institutional
consolidation of research and conservation through the Museo Nacional de Arqueologia
Subacudtica (ARQUA), the development of comprehensive inventories, and its leadership
in UNESCO’s Register of Best Practices, where it holds the highest number of recognized
initiatives. Notable projects conducted in accordance with the Convention’s Annex include
the excavation of the Deltebre I wreck (Tarragona) [5,6], the Bou Ferrer Roman shipwreck
(Villajoyosa) [7-9], and the study of Cala Cativa I and Cap del Vol (Girona) [5,10,11], as
well as the Nuestra Sefiora de las Mercedes project [12-14]; all of them constitute relevant
examples within Spain’s application of the Convention, focusing on balancing the degree
of intervention at the heritage site with the value of the historical and archaeological
information obtained, public dissemination, and long-term conservation. In addition, the
Illes Formigues II project [15] has been formally designated in 2025 by UNESCO as an
example of best practice under the framework of the 2001 Convention [16].

Despite the significant progress achieved in Spain in the implementation of the 2001
UNESCO Convention, several structural challenges continue to constrain the effective
documentation and management of Underwater Cultural Heritage. One of the main
difficulties is the unequal distribution of technical and financial resources among regions,
which leads to heterogeneous levels of survey coverage, site monitoring, and research
continuity. In addition, the increasing exposure of submerged archaeological sites to
natural and anthropogenic pressures—such as coastal development, illegal recoveries,
anchoring, and climate change-driven seabed dynamics—poses a persistent threat to the
UCH preservation.

At the operational level, underwater archaeological fieldwork in Spain shows that
although a common archaeological methodology is followed—prioritising minimal impact
approaches—each investigation requires adaptation depending on site-specific condi-
tions, including sediment characteristics, preservation state, and environmental factors.
Consequently, while the Convention provides clear overarching principles, its practical
application often requires methodological flexibility to address the variability of under-
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water contexts. Within this framework, these operational constraints, together with the
methodological challenges described above, highlight the need for reliable and adaptable
non-destructive survey strategies capable of improving site detection and interpretation.

In response to these limitations, marine geophysical methods gain increasing relevance.
Their integration with archaeological fieldwork has become a widely adopted approach
for the detection and initial characterization of underwater archaeological sites, enabling
their broad classification and preliminary spatial assessment [17,18]. However, progressing
from general survey outputs to detailed, site-specific interpretation continues to present
methodological limitations, as the resolution and interpretative potential of combined
datasets remain uneven across different environmental and archaeological contexts [19,20].

Multibeam echo sounder (MBES) and side-scan sonar (SSS) are widely used geo-
physical tools for the detection and morphological characterization of seabed features,
providing high-resolution acoustic imagery of exposed or partially exposed archaeolog-
ical remains [17,18]. Photogrammetry has also become an established technique for the
generation of high-resolution digital elevation models (DEMs), enabling detailed three-
dimensional documentation of visible structures and supporting precise spatial analyses
of archaeological features [21]. However, recent comparative studies highlight that its
application is strongly constrained by environmental conditions such as water turbidity
and light penetration, which limit its effectiveness in non-ideal underwater contexts [22].
Within this set of non-destructive testing (NDT) approaches, these surface-oriented acoustic
and optical methods are therefore primarily effective for exposed remains, as their sensing
capabilities are limited to the seafloor interface.

However, addressing buried archaeological deposits requires analytical approaches
capable of extending beyond surface detection. In this sense, Sub-Bottom Profiler (SBP)
extends the analytical capacity of marine geophysical surveys by allowing acoustic pene-
tration into sedimentary layers and the identification of subsurface stratigraphic anoma-
lies [19,20]. It enables the non-contact detection and positioning of buried archaeological
deposits beneath the seabed. This subsurface capability enhances the detection potential of
surface-based methodologies and provides a more complete understanding of underwater
archaeological contexts, improving the interpretative capacity of geophysical survey data.
It also represents a complementary tool for enhancing regional survey coverage and sup-
porting more systematic and efficient documentation of archaeological sites, particularly in
areas where traditional visual or diver-based methods are constrained, while remaining
aligned with non-destructive survey principles.

2. Geographical Setting

In this paper we present the geophysical survey work developed in four different
underwater contexts, as part of four research projects, in four regions of Spain (Figure 1):
Algeciras (Cadiz), Cartagena (Murcia), Palma de Mallorca (Balearic Islands), and the River
Tagus (Guadalajara, Castilla-La Mancha).

2.1. Algeciras (Cddiz): The “Herakles” Project

Located on the northern shore of the Strait of Gibraltar, Algeciras (Figure 1(1)) boasts
a wide bay that has served as an anchorage, refuge, water source and trading post at this
crossroads of nautical routes since ancient times [23]. This unique geographical setting
provides a privileged environment for analysing seafaring in the area, which prompted
the “Herakles” project!, led by the University of Cadiz and developed between 2020 and
2023. The research objectives of the Herakles project aimed to identify nautical activity
in Algeciras Bay from a diachronic perspective, as well as to identify anthropogenic and
natural threats to the conservation of the UCH and to highlight the significance of some

https://doi.org/10.3390 /jmse14100943
139



J. Mar. Sci. Eng. 2026, 14, 943

of the documented archaeological sites [24]. Furthermore, it provided the framework
for the development of a non-invasive methodology in line with UNESCO’s principles,
adaptable to the study of archaeological sites of diverse natures, situated across a range of
environmental contexts and shaped by varying research questions, resource constraints,
and operational challenges [25].

2]

0 100 200 300 km

Figure 1. Location of the case studies in Spain. (1) Algeciras (Cadiz); (2) Cartagena (Murcia);
(3) Palma de Mallorca (Balearic Islands); (4) River Tagus (Guadalajara, Castilla-La Mancha). Source:
Authors’” own elaboration.

2.2. Cartagena (Murcia): The “Aladroque” Project

The second case study focused on the harbour area of Cartagena and its surroundings
(Figure 1(2)), an area notable for the abundance and diversity of archaeological material
recorded over more than three decades [26-33]. The High-Level Isolated Low-Pressure
System (known in Spain as DANA) that affected the Region of Murcia in September 2019
caused a series of significant consequences on land. One of the most direct consequences
was the rise in water levels in the dry riverbeds, with many of them overflowing and
causing large quantities of sediment and rubbish to be washed out to sea. In view of the
need to assess the scale of the environmental impact caused by this meteorological event on
the marine environment and to evaluate its potential effect on underwater cultural heritage,
the ‘Aladroque’ project? was undertaken. To address the research question concerning the
impact of the 2019 flood on the submerged natural and cultural heritage of the area, the
objectives were to assess the rate of sedimentation associated with such an event and to
monitor burial processes resulting from the flooding of riverbeds at known archaeological
sites [34].

2.3. Palma de Mallorca (Balearic Islands): The “ARQUEOMALLORNAUTA” Project

The island of Palma de Mallorca, in the Balearic Islands (Figure 1(3)), provided the
third setting for this methodological study. The archipelago preserves a rich corpus of
underwater archaeological remains associated with its maritime and commercial history,
which extends back to antiquity [35,36]. A further example is the Ses Fontanelles shipwreck,
discovered in 2019 off the south-west coast of the island in shallow sandy seabed conditions.
The “ARQUEOMALLORNAUTA” project’ aimed to document and excavate this Late
Roman shipwreck [37,38]. The methodological approach to geophysical surveying as
a preliminary activity was adopted in order to gather as much information about the
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site as possible before proceeding with the excavation and to identify anomalies in the
surrounding area for subsequent archaeological interpretation.

2.4. Driebes (Guadalajara): The “Caraca” Project

Finally, the fourth case study provided an opportunity to implement this methodology
within a fluvial context for the first time. Conceived as a pilot project, the survey was
undertaken in the waters of the River Tagus in the vicinity of the archaeological site of
Caraca, located on the Cerro de la Virgen de la Muela (Driebes, Guadalajara) (Figure 1(4)).
This terrestrial archaeological site has been under investigation since 2016 through an inter-
disciplinary research project that has enabled the assessment of its archaeological potential,
the identification of its general characteristics, chronology, and phases of occupation, as
well as its relationship with the Roman road linking Complutum and Carthago Nova [39].
However, the relationship between the settlement and the River Tagus, particularly regard-
ing its function as a navigable corridor, defensive frontier, and water resource remains a
developing line of enquiry within current research. As part of this research framework,
the integration of the National Museum of Underwater Archaeology and the University
of Cadiz into the project* for the geophysical survey was aimed at delineating the river’s
ancient course, identifying potential crossing points such as fords or bridges, structures
associated with its navigational use, evidence of military conflicts, and other movable
artefacts linked to human activity along the river [40].

3. Materials and Methods

A Sub-Bottom Profiler is a marine geophysical instrument used to investigate sedi-
ments and geological layers beneath the seabed. It emits low-frequency acoustic pulses that
penetrate the sea floor, recording reflected signals to produce detailed images of subsurface
structures, which can then be analysed archaeologically to determine whether or not they
are anomalous [41]. In marine geophysics, a Sub-Bottom Profiler is used to map and analyse
sediment layers and buried geological features beneath the seabed. It supports maritime
construction planning, cable and pipeline routing, environmental assessments and archae-
ological research by providing high-resolution images of structures buried beneath the
sediment, as well as those on the seabed [42].

The resources available to conduct this work include a Sub-Bottom Profiler (SBP)
model SES-2000 standard, manufactured by INNOMAR Technologie®. Its parametric
nature allows a high resolution in the detection of strata and sediment layers, and the
signal penetrates, on average, to a depth twice the distance between the sensor and the
seabed. The equipment also includes an SMC IMU-108 Motion Reference Unit (MRU)® to
correct and refine the spatial location of the signal and a Leica G518 GNSS Mobile RTK
GNSS Antenna, which ensures positioning of data readings with a millimeter error margin’
(Figure 2).

The Sub-Bottom Profiler is particularly well-suited to meeting UNESCQO'’s standards
for Underwater Cultural Heritage management because it enables detailed, non-invasive
mapping of buried archaeological deposits. By revealing sedimentary layers and subsurface
structures without physically disturbing them, it allows researchers to assess site stratigra-
phy, monitor stability, and plan interventions responsibly. This capacity for precise, in situ
evaluation supports informed decision-making, ensures the integrity of fragile contexts,
and aligns with the principle of minimising intervention while maximising knowledge
acquisition [17-20].

Accurate transect planning (Figure 3) is essential for reliable data interpretation,
requiring the definition of survey grids and the density of the recording. This planning
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takes place prior to the survey, taking into account the research-specific objectives, the

nature of the archaeological site, environmental conditions and available resources.

Figure 2. Equipment used on board the vessel for fieldwork. (A) Vessel-mounted acoustic profiling
system, including transceiver, GNSS receiver, and data acquisition unit; (B) Example of returned
acoustic signal displayed in real time; (C) Submerged transducer emitting acoustic pulses towards
the seabed. Source: Authors” own elaboration.
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Figure 3. Examples of transects surveyed in each case study. (A) “El Saladillo” harbour area;
(B) Anomaly at the Cartagena 1 shipwreck; (C) The Ses Fonanelles shipwreck and its surrounding area;
(D) The Tagus meander facing the ancient city of Caraca. Source: 3A-C Authors’ own elaboration;
3D from [40].
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Taken together, the technical characteristics of the SBP system and the operational
parameters outlined above define the methodological framework within which its ap-
plication must be understood. Beyond its instrumental configuration, the effectiveness
of SBP is contingent upon survey design, environmental conditions, and the specific re-
search questions guiding data acquisition. The discussion now moves from this technical
basis to its implementation across the selected case studies, where its performance, adapt-
ability, and interpretative potential are assessed in relation to distinct archaeological and
geomorphological contexts.

Sub-Bottom profiler techniques were applied within framework of the ‘Herakles’
Project, with the survey focusing on a sector of the harbour area known as “El Saladillo’
(Figure 3A). Intensive port development and dredging works have significantly altered this
area over time [43], presenting a particular challenge, as the surface layers of the seabed
yielded no archaeological information. The constraints inherent in the surface-oriented
acoustic and optical techniques discussed in the previous section rendered them of little
applicability, given that any archaeological remains, if present, would most likely be located
beneath the seabed. In this context, the Sub-Bottom profiler emerged as the most suit-
able technique for addressing the central research question, namely whether undisturbed
deposits survived at greater depths and what forms of archaeological evidence might be
identified within them. In this regard, the main objective was to examine the general
stratigraphic sequence of the area in order to assess the extent to which anthropogenic
interventions have influenced natural sedimentation processes and the preservation of
underwater cultural heritage (UCH). As noted previously, the Herakles project provided
the initial framework for the development of the methodology. Given that ‘El Saladillo’
constitutes a port setting characterised by relatively stable environmental conditions, an ad-
ditional line of enquiry concerned the extent to which SBP could reliably fulfil the project’s
research objectives.

A two-day survey was conducted across the central sector of ‘El Saladillo’ (Figure 3A),
comprising approximately ten transects of roughly 200 m each, oriented along an east—
west axis and its reciprocal direction. While vessel vibrations occasionally complicated
data acquisition, the muddy seabed allowed signal penetration exceeding 10 m, revealing
detailed identification of stratigraphic layers, paleolandscape features, and ancient harbour
deposits. As the results proved satisfactory and yielded relatively clear acoustic returns,
the survey was subsequently extended to include several transects exceeding 300 m in
length, oriented along a north-east to south-west alignment and its reverse.

Following this successful survey with SBP in Algeciras, it was agreed to use it in
Cartagena, where the main objective of the “Aladroque” project was to assess the DANA-
type climate event of 2019 impact on the UCH. From a methodological perspective, SBP
was selected on the basis that its acoustic signal penetrates below the sediment-water
interface, thereby offering greater analytical potential than alternative techniques restricted
to the detection of seabed surface features [17,18]. In addition, the team had access to the
results of a geophysical survey carried out by the Aurora Trust and the National Museum
of Underwater Archaeology in 2007 and 2008, involving multibeam echo sounder (MBES),
side-scan sonar (SSS) and Sub-Bottom Profiler (SBP) [27]. The results of the first two
methods were used to identify sites of archaeological interest where the assessment was
to be performed. Comparing the stratigraphic profiles obtained using SBP in 2007 with
those recorded by the ‘Aladroque’ project offered a unique opportunity to assess the rate of
sedimentation following the DANA.

The two-week survey covered several areas of the port of Cartagena, including the
mouth of the Benipila Rambla and Algameca Chica down to a depth of around —50 m,
characterised by a detrital and rocky seabed rich in archaeological material. To evaluate
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burial and exposure processes affecting underwater cultural heritage (UCH), several ar-
chaeological sites were selected as pilot cases; however, only one is included in this study,
as it proved most suitable for the purposes of methodological comparison. The Cartagena
I shipwreck was documented in 2008 at a depth of 63 m near the entrance to the port of
Cartagena. Using previous side-scan sonar (SSS) and multibeam echosounder (MBES)
imagery, the “Aladroque’ team was able to determine its orientation and approximate
dimensions (16 x 7 m). This information was highly valuable for the accurate planning of
the transect over the shipwreck anomaly (Figure 3B). Five transects, each approximately
20 m in length, were surveyed along the shipwreck’s presumed longitudinal axis, oriented
at an angle of approximately 60° and its reciprocal bearing of 240°. Eight transects were
then surveyed perpendicular to the first set, following bearings of 150° and 330°.

The effectiveness of SBP in documenting burial mound-type archaeological sites, as
demonstrated in Cartagena, led to its application in the survey of the Ses Fontanelles
shipwreck. The objectives were to obtain stratigraphic images of the tumulus that formed
the shipwreck in order to visualise its structure and characterise its sedimentary layers.
The surrounding area was surveyed to gain a better understanding of the stratigraphy and
sediment dynamics of the zone and to identify the location of any anomalies potentially
associated with the archaeological site.

Given that the mound was located at shallow depth and in close proximity to the
coast, it was readily accessible through a diver-based methodological approach. Moreover,
as it was buried, surface documentation using alternative techniques such as multibeam
echosounder or photogrammetry was of limited relevance. As the primary objective was to
understand the internal stratigraphy of the tumulus, SBP constituted the most appropriate
analytical tool.

The survey was conducted over a one-week period in two phases: initially, data
acquisition focused on the shipwreck itself, followed by coverage of the surrounding area
(Figure 3C). A total of 57 transects were acquired over the wreck site, of which 33 were
oriented parallel to the coastline and 24 perpendicular to it. In the adjacent area, 10 transects
of approximately 550 m in length were undertaken, all aligned parallel to the coastline.
The seabed, predominantly sandy with a substantial muddy component, allowed signal
penetration to several metres, reaching —5.5 m in some profiles.

Once the reliability of the SBP had been established for surveys in both harbour and
shipwreck archaeological maritime contexts, it was resolved to test the methodology in
a riverine environment, as part of the Caraca project archaeological activity. Preliminary
documentation undertaken prior to the geophysical survey yielded evidence that the River
Tagus, in its course through the Caraca area, had undergone anthropogenic modification,
notably through the construction of the Estremera Canal. This appeared to present a
situation comparable to that of ‘El Saladillo’, insofar as such human-induced alteration
suggested the absence of archaeological material within the upper sedimentary layers,
at least in primary depositional context. This consideration led to the selection of SBP
over alternative geophysical methods oriented towards the detection of anomalies on the
riverbed surface.

The aim of the geophysical study was to assess the applicability of subsurface profil-
ing techniques in riverine environments, where hydrodynamic processes and sediment
composition differ significantly from those observed in coastal and marine environments.
Furthermore, the purpose was to determine the presence of a palaeochannel and to identify
early river fording points (ancient crossing points) or submerged structures associated with
the river’s navigational use in antiquity.

A total of eleven longitudinal transects following the river channel and fourteen
transverse profiles were acquired (Figure 3D), covering an overall distance of 4806 km
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and ensuring full coverage of the meander. Particular attention was paid to the area
adjacent to the ancient settlement, as well as to several structures identified during previous
diving surveys undertaken by the project’s underwater archaeologists. The riverbed
was predominantly composed of silts and muds, which provided favourable acoustic
penetration conditions. However, dense riparian vegetation along both margins locally
affected signal quality. The average water depth was approximately 7 m, and optimal
results in terms of penetration and resolution were obtained using a frequency range of
12-15 kHz, at a mean navigation speed of 2-3 knots [40].

In all cases, the decision was taken to utilise equipment with a single pulse per fre-
quency, thereby mitigating noise in the signal caused by airborne particles and wave motion
in the case of marine environments, or by currents in the case of the river environment. It is
also noteworthy that a range of solutions were formulated in response to the circumstances
and resources available to each vessel (Figure 2A-C), with the aim of mitigating the impact
of engine vibrations on the Sub-Bottom profiler’s acoustic signal (Figure 2B). Without going
into detail—as this is a matter that depends on each individual case—it should be noted
that, to reduce noise in the acoustic signal, it is important to position the transducer as far
away as possible from the boat’s engine, in conjunction with the dynamics of waves and
current, must be taken into account.

4. Results: The Development of a Method

Across the four case studies, this research has explored the capabilities and constraints
of the Sub-Bottom profiler for surveying and documenting the UCH. All the data collected
was processed using the SES2000 software, the operating license for which was purchased
from INNOMAR and is owned by the Laboratory of Archaeology and Prehistory at the
University of Cadiz. The processing time is relatively short, especially when compared to
other methods such as multibeam echosounder, although it depends on the quality of the
data collected. In other words, if data are collected with the highest possible precision—
through appropriate adjustment of parameters according to depth, the boat’s speed and
the desired level of detail—the resulting acoustic signals are of superior quality, thereby
reducing post-processing time. Line length and acquisition duration are also determining
factors, as is the overall strategy employed for the organisation and management of the
recorded data.

Multiple types of anomalies were detected in each survey and subsequently verified
using complementary approaches, including historical records, magnetic data, test excava-
tions, and visual inspections. This process has enabled the development of a consolidated
catalogue of anomalies for use in future SBP applications. Analysis of the results obtained
in each of the SBP surveys enables the anomalies detected to be classified and some general
observations to be made about the use of the equipment, which will be useful for future
research in similar environments.

Within the El Saladillo research area, our survey has successfully delineated a pa-
leochannel originating from the Last Glacial Maximum (see Figure 4A). This previously
undocumented geomorphological feature appears to have resisted sediment infill over
extended periods, thereby preserving its depth and likely explaining its persistent function
as a maritime anchorage throughout history. The geophysical surveys further allowed
the identification of the basal layers of Isla Verde, currently swallowed up by the modern
harbour, but which was once one of the main landmarks on the maritime landscape in the
ancient Algeciras Bay. Among the notable breakthroughs, our analyses revealed multiple
anchoring zones characterised by muddy sediments, alongside numerous reefs and haz-
ardous rocky outcrops situated proximal to the paleosurface. By integrating stratigraphic
data derived from our SBP surveys with eighteenth-century bathymetric information ob-

https://doi.org/10.3390 /jmse14100943
145



J. Mar. Sci. Eng. 2026, 14, 943

tained from historical cartography, it was possible to discriminate between sectors where
harbour sediments had been removed by anthropogenic or natural processes and those that
have remained largely preserved. This approach has significantly facilitated the acquisition
of novel insights into historical nautical practices, providing a robust framework for future
underwater archaeological research in the Algeciras Bay [23,24].

Figure 4. Examples of types of anomalies recorded. (A) Paleochannel with continental sedimentation;
(B) Shipwreck; (C) Pipeline; (D) Buried object (in this case an amphora); (E) Natural anomaly
corresponding to the bottom of a paleochannel. Source: Authors” own elaboration.

In the port of Cartagena, application of Sub-Bottom profiler techniques has generated
stratigraphic profiles with remarkable resolution, which have made it possible to document
in detail the effects of the 2019 DANA flood on Underwater Cultural Heritage. This dataset
provides a crucial foundation for improving both monitoring and conservation strategies.
By observing the differences between the results of different surveys the “Aladroque” team
detected new anomalies and enabled assessment of burial or exposure changes, as well
as sediment redistribution caused by flooding, including displacement of large objects
and debris. Located anomalies were subsequently documented either through diver-led
research, in the case of those located at accessible depths, or by means of a Remotely
Operated Vehicle (ROV) for those situated in deeper waters, with their archaeological
potential evaluated and a monitoring protocol established.

A particular focus has been the evaluation of burial and erosion dynamics at several
archaeological sites, especially the Cartagena 1 shipwreck, located at —63 m depth and
recognised as one of the best-preserved 2nd-century BC shipwrecks in the Iberian Mediter-
ranean. Through comparison of the 2008, 2021, and 2022 survey data, it was confirmed
that the tumulus has been partially exposed, with between 70 and 80 cm of material now
unearthed. The cargo has become dispersed over an area roughly double its size in 2008,
indicating progressive destabilisation of the site (see Figure 4B). At the same time, other
areas have undergone significant sediment deposition, which has obscured archaeological
elements identified in the 2008 surveys. While this burial process can contribute positively
to preservation, it simultaneously restricts direct access to the material, complicating study
and documentation. Complementary diving inspections of selected anomalies revealed the
presence of anthropogenic debris that is compromising the structural integrity of certain
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artefacts. Large-format plastics—including segments of drip irrigation hoses, nylon ropes,
and crop-covering plastics—have proved particularly damaging. These materials adhere
to exposed heritage objects, resisting water currents and thereby exerting mechanical stress
that fractures artefacts and disperses fragments across the seabed.

The outcomes of the “ARQUEOMALLORNAUTA” Project survey successfully pro-
vided detailed stratigraphic visualisation of the Ses Fontanelles shipwreck and its sur-
rounding area. Among the anomalies deemed significant, those presenting particular
archaeological or stratigraphic relevance were selected for further consideration. These
were subsequently categorised into three levels of intervention priority, based on accessibil-
ity, size, morphology, and depth beneath the seabed.

Following a second round of signal processing and comparative anomaly analysis,
three features were associated with paleochannels, one corresponded to the Ses Fontanelles
shipwreck, five offered critical stratigraphic information, and six were interpreted as a
pipeline (see Figure 4C). To verify these interpretations, eight archaeological test pits were
excavated, though only one yielded archaeological material—a fragment of a pre-Roman
amphora produced in the island of Ibiza—located beneath a layer of shells and coarse
gravel and overlain by dead seagrass. Hyperbolic reflections observed in the acoustic data
coincided with the burial locations of this material (see Figure 4D).

Anomalies of natural origin were identified as a layer of rubble, coarse gravel,
and pebble deposits, interpreted as the seabed of a paleochannel with evidence of
continental sedimentation phases (see Figure 4E), offering valuable insights into the
pre-Holocene palaeolandscape.

Regarding the anomaly corresponding to the Ses Fontanelles shipwreck, documented
across 53 stratigraphic profiles, it was made possible to characterise the distinct layers
composing the protective tumulus, the cargo and the construction elements.

From the survey of the River Tagus, the identification of several possible submerged
structures is particularly noteworthy. The first group appears to comprise a series of walls
located on the right bank of the river, downstream from the Roman site of Caraca, and
aligned at a slight angle to the direction of the current. Among the stone blocks forming
these walls, a fragment of a Roman roof tile bearing finger-impressed decoration was
recovered. Visual and geophysical surveys identified a total of eight rocky outcrops in front
of the ancient city, spaced at irregular intervals, most of which face 25° North.

In addition, it has been possible to document the stratigraphy of the area, as well as
the banks of the river’s palaeochannels. These data contribute to a better understanding of
the river’s evolution, particularly within a context of meanders and former fording points,
which is now significantly altered by the construction of the Estremera Canal and the dams,
which have created a calmer and deeper river than would have existed in earlier periods.

Finally, the location of former river fording points was confirmed in three areas, one of
which appears to run directly in front of the ancient city itself. This finding is of considerable
interest, as it lies directly opposite the Complutum—Carthago Nova road, and may help to
explain why the road was routed from the city towards the river [39,40].

5. Discussion and Conclusions

The evidence gathered from the four case studies substantiates the methodological
reliability of the Sub-Bottom profiler in Underwater Cultural Heritage surveys.

Its application has enabled the acquisition of high-resolution stratigraphic datasets,
refined seabed morphological characterisation, and systematic detection of subsurface
anomalies. Collectively, these outcomes underscore the effectiveness of SBP technology in
supporting accurate, non-invasive assessment of submerged archaeological contexts.
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Methodological differences among the four SBP surveys are primarily related to
acquisition strategy, data comparability, and validation procedures. In Algeciras, the
methodology was oriented towards broad-area coverage and interpretative correlation,
relying on single-phase acquisition and subsequent integration with external datasets. In
Cartagena, the approach was inherently longitudinal, based on strictly comparable survey
configurations across different campaigns to enable diachronic analysis. The Balearic sur-
vey introduced a more iterative workflow, combining acoustic acquisition with successive
processing stages and selective ground-truthing to test the reliability of anomaly detec-
tion. In contrast, the Tagus River required methodological adjustment at the acquisition
stage itself, with survey parameters adapted to shallow, low-energy fluvial conditions
and complemented by direct observational inputs. Collectively, these differences illus-
trate how SBP methodology shifts between extensive mapping, temporal monitoring,
iterative validation, and environment-driven adaptation depending on survey constraints
and objectives.

Based on the results of these four surveys, SBP can be regarded as particularly effective
in contexts where the upper sedimentary layers have been disturbed, such that visual
inspection or surface-oriented acoustic techniques produce limited or negative results. It is
likewise particularly suited to investigations of submerged palaeolandscapes, where the
research questions are oriented towards the reconstruction of stratigraphic sequences and
sedimentary dynamics within a diachronic framework.

With regard to its application in shipwreck contexts, this study has applied the method
to two case studies characterised by differences in size, depth, and sedimentary dynamics.
The development of a method applicable to other shipwrecks with similar conditions of
preservation has been facilitated by the aforementioned findings. The proposed method
is intended to distinguish their cargo, constructive structure, ballast, scattered parts or
other surrounding objects, without altering the UCH in any way. In addition, identifying
the dimensions of the shipwreck, its sediment cover, and the dispersion of archaeological
materials can provide valuable information for planning the excavation and understanding
site formation processes.

Experience on the River Tagus indicates that fluvial environments impose constraints
that differ substantially from those encountered in coastal and open marine settings; con-
sequently, methodological adjustments were required with respect to data acquisition
parameters, signal penetration, and criteria for data interpretation. Compared to the ma-
rine surveys, where more stable conditions allowed for consistent signal propagation and
clearer stratigraphic definition, the riverine application demanded greater caution in profile
interpretation due to increased heterogeneity in sediment composition and the presence
of weaker or less continuous acoustic interfaces. Furthermore, reduced water depth and
variable flow conditions influenced both survey design and data quality, limiting the conti-
nuity of acoustic reflectors. In areas where survey density was increased through closely
spaced transects, vessel speed had to be reduced, thereby increasing exposure to wave
action, currents, and drift, which in turn affected data quality and signal stability. Similar
constraints were observed in zones with restricted navigation, particularly along near-bank
sections of the Tagus River and areas with dense aquatic vegetation, where manoeuvrability
limitations further impacted survey consistency.

Although this analysis has focused on surveys in which SBP was used in isolation, this
does not imply that it should not be complemented by other documentation techniques. On
the contrary, the integration of SBP surveys with additional tools such as side-scan sonar
or multibeam echosounder is likely to enhance the interpretative value of the results. As
noted above, in this study SBP was employed as a standalone method in order to address
questions related to buried sediments and to achieve highly specific research objectives
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embedded within broader investigative frameworks, for which complementary techniques
were also applied.

By way of conclusion, several general observations (Table 1) may be outlined regarding
its application in UCH surveys. Nevertheless, it must be emphasised that the site-specific
geomorphological context, the technical configuration of the equipment, and the partic-
ular aims of each research project ultimately shape both methodological choices and the
interpretative scope of the results.

Table 1. Best practice recommendations for sub-bottom profiling in underwater archaeology. Source:
Authors” own elaboration.

Category Aspect Considerations Recommendations
. Substrate. affects 51gpal Higher penetration into
Seabed composition penetration and noise ' . .
. fine-grained sediments
Environmental levels
conditions Wave action reduces the  Avoid acquisition under
Water conditions reliability of the data rough water conditions
and increases noise (waves > 0.3-0.4 m).
Lower speed improves
clarity but increases Maintain low speeds
Navigation speed survey time and (2-2.5 knots; max
Surve disturbance (waves, ~4 knots).
ey vibration, drift).
operations

Signal penetration

Penetration may reach
up to twice the water
column under
theoretical conditions.

Adjust acquisition
parameters to water
depth (optimal
~10-20 m).

Technical setup

Vessel configuration

Motion correction

Frequency settings

Instability and vibration
degrade signal quality

Vessel motion may
generate spurious
hyperbolic reflections
Resolution and
penetration are inversely
related

Use a stable and
manoeuvrable vessel
and minimise engine

vibration.

Incorporate a motion
correction sensor

Calibrate frequency to
site conditions and
survey objectives

Buried anomaly
detection, site

Complement with

monitoring, geotechnical coring and
Research Archaeological and palaeolandscape seabed mapping
applications environmental use reconstruction, sediment methods
dynamics and (e.g., multibeam
anthropogenic impact bathymetry).

assessment

Seabed conditions

Acoustic performance is strongly influenced by substrate composition. Muddy en-
vironments allow deeper and cleaner signal penetration, whereas sandy seabeds tend to
produce greater acoustic noise. Consolidated rocky bottoms generally inhibit penetration,
except in cases of loosely compacted sandy rock formations.

Survey platform requirements

The vessel should be compact enough to ensure manoeuvrability while maintaining
sufficient stability. A rigid gunwale, positioned as vertically as possible relative to the water
surface, is recommended. Particular attention must be given to preventing engine-induced
vibrations from being transmitted to the SBP system, as this directly affects data quality.

Navigation speed

Operational speeds should remain below 4 knots, with optimal results consistently
obtained between 2 and 2.5 knots. Although reduced speeds enhance signal clarity, they
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increase survey duration and exposure to environmental disturbances, including wave
action, vessel vibration, and reduced capacity for course correction.

Sea state limitations

Data accuracy is highly dependent on environmental conditions. Wave heights exceed-
ing 3040 cm have been observed to significantly compromise signal reliability. Surveys
undertaken in such conditions risk producing distorted or unusable datasets and should
therefore be avoided.

Signal penetration parameters

Under theoretical conditions, penetration depth may reach approximately twice the
water column beneath the transducer. At greater depths, pulse frequency must be increased
to account for longer return times. Empirically, the most reliable results have been achieved
within a depth range of 10-20 m.

Frequency optimisation

Frequency adjustment involves a trade-off between resolution and penetration. Higher
frequencies provide enhanced detail but reduced depth reach, while lower frequencies
increase penetration at the expense of resolution. Optimal configuration requires case-
specific calibration through systematic testing.

Motion correction

The integration of a motion sensor substantially improves interpretative reliability.
Without correction, vessel movement can generate acoustic artefacts in the form of hyper-
bolic reflections that may be erroneously interpreted as archaeological anomalies.

Research applications

SBP methodology is particularly effective for anomaly detection and long-term moni-
toring of known sites. It enables diachronic comparison of datasets to assess sedimentation
dynamics, supports palaeolandscape reconstruction, and assists in evaluating anthro-
pogenic impacts such as dredging. For comprehensive stratigraphic analysis, however, SBP
data should be complemented by geotechnical coring [44].

6. Future Research Directions

Future research applying SBP technology in environmental and archaeological con-
texts distinct from those examined in this study will be essential for validation, refining
and expanding the conclusions presented here. Surveys conducted under different geomor-
phological, sedimentological, or operational conditions may identify alternative technical
configurations better suited to scenarios beyond our empirical experience. Furthermore,
the integrated use of SBP alongside complementary geophysical instruments—such as
multibeam echosounders, magnetometers, or side-scan sonar—has considerable potential
to clarify the specific conditions and research objectives under which SBP deployment
proves most effective. Such multidisciplinary approaches will contribute to a more nuanced
and context-sensitive methodological framework for UCH research.

Notwithstanding, the findings presented herein constitute a substantive contribution
to the methodological development of SBP applications in UCH surveying. The analyt-
ical framework and technical considerations outlined provide an empirically grounded
foundation upon which subsequent investigations may expand. Rather than represent-
ing a definitive model, this study establishes a structured point of departure for further
refinement, comparative testing, and interdisciplinary advancement within the field. The
consolidation of a structured SBP-based methodology has the potential to advance knowl-
edge of UCH while enhancing the international visibility and scientific impact of this
research field.
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The following abbreviations are used in this manuscript:

UCH Underwater Cultural Heritage

UNESCO  United Nations Educational, Scientific and Cultural Organization
MBES Multibeam echo sounder

SSS Side-scan sonar

DEM Digital elevation model

NDT Non-destructive testing

SBP Sub-Bottom Profiler

DANA Depresién Aislada en Niveles Altos/High-Level Isolated Low-Pressure System
ERDF European Regional Development Fund

MRU Motion Reference Unit

GNSS Global Navigation Satellite System

https://doi.org/10.3390 /jmse14100943
151



J. Mar. Sci. Eng. 2026, 14, 943

RTK Real-Time Kinematic
ROV Remotely Operated Vehicle

Notes

1

“Entre las Columnas de Hércules, Arqueologia Subacuatica de un espacio privilegiado. La bahia de Algeciras” (HERAKLES).
This work has been co-funded by the 2014-2020 ERDF Operational Programme and by the Department of Economy, Knowledge,
Business and Universities of the Regional Government of Andalusia. Project reference: FEDER-UCA18-107327.

2 “Aladroque: The impact of DANA-type weather events on the conservation of the underwater environments around the
approaches to the port of Cartagena (Spain)” an initiative of the Cartagena Oceanographic Research Institute (CORI), in
collaboration with the University of Murcia (UM), the University of Cadiz (UCA) and the Navy Diving Centre (CBA).

3 Joint project of the Consell de Mallorca and the universities of Barcelona, the Balearic Islands and Cédiz.

4 Excavation project of the late antique necropolis at Caraca and the Carpetan layers in the same area, as well as a survey of a
sector to the east of Cerro de la Virgen de la Muela (Driebes, Guadalajara). Project authorised by Confederacién Hidrografica del
Tajo, Ministerio de Cultura y Deporte and Direccién General de Patrimonio Cultural y Bellas Artes (JCCM File No.: 23.1889-P1
and AA-008-2023).

5 Innomar Technologie GmbH, Schutower Ringstrafse 4, 18069 Rostock, Germany.

6 SMC Ship Motion Control Ltd., 203 Rue D’Argens, Area 2A, GZR1368 Gzira, Malta.

7 All this equipment is owned by the Laboratory of Archaeology and Prehistory at the University of Caddiz (Spain).
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