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Abstract: Deception Island is an active volcano with a submerged caldera open to the sea called
Port Foster. Several post-caldera-collapsed volcanic events, as well as hydrodynamics, have changed
its inner coastline, shaping new volcanic deposits. A hydrodynamic model is presented to predict
accretion and erosion trends in this bay, which could have an impact on the mobility of researchers
and tourists. New historical orthophotos and spatio-temporal differences between digital elevation
and bathymetric models were used for validation purposes. The model reveals that the south-facing
coast is more susceptible to erosion, while the east- or west-facing coast experiences sedimentation.
A visual study for the periods 1970–2003 and 2003–2020 in Port Foster obtained similar annual
erosion/accretion lineal rates (0.3–2 m/year) in the areas not affected by the last eruptive period, as
well as increases of 0.023 km2/year and 0.028 km2/year of the inner bay and coastal sedimentation
rates of 0.007 km2/year and 0.002 km2/year, respectively. Only part of the significant total volume
loss is received within the bay, including its own erosion, and accumulates on the bay bottom. This is
largely because the volume input is composed of snow, and it is also due to the transfer of material
outside to balance the figures.

Keywords: hydrodynamic model; coastal changes; DELFT3D; erosion and sedimentation rates

1. Introduction

Antarctica is a crucial laboratory for understanding the Earth’s climate, bionetworks,
and the broader implications for planetary science. The research conducted there has
far-reaching consequences for global environmental policies, our understanding of life in
extreme conditions, and the advancement of scientific knowledge and technology [1]. To
these interesting fields of knowledge, Deception Island, a horseshoe-shaped active volcano
in the Bransfield Strait with an inner bay named Port Foster (Figure 1), provides a rich
setting for volcanological studies [2–5]. Additional points of interest are the special plant
and animal life in this volcanic context with a harsh Antarctic climate [6–8], as well as the
rich human history and its growth in popularity as a tourist destination, as well [9].
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Since the early nineteenth century, its large natural harbour has been a focus of human
activity in the South Shetland Islands (Figure 1). The island was visited by a succession
of sealing and whaling vessels, culminating in the establishment of a Norwegian whaling
station in Whalers Bay from 1911 to 1931 [9]. Four scientific stations were established
from 1944, but two were destroyed during the last 1967–1970 volcanic eruptions (Chilean
station in Pendulum Cave and British station in Whalers Bay, Figure 1b). The two current
active scientific bases are the Argentinian base “Decepción” installed in 1948 and the
Spanish Antarctic “Base Gabriel de Castilla” installed in 1989 (see Figure 1b). Since then,
to protect its landscape and ecosystems from scientific and tourist activity, some areas
have been declared Antarctic Specially Protected Areas (ASPAs) under the Antarctic Treaty
System [10].
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porting some evacuation routes (see Figure 1b) [12]. In these regards, the future coastal 
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Throughout its history, Deception Island has undergone geomorphological transfor-
mations [10,11], often coinciding with volcanic eruptions (in 1842, 1912, 1917, 1967, 1969, 
and 1970) [13–17]. Since those events, annually, the mobility routes have had to be adapted 
to new and unexpected conditions on the Port Foster coastline, of which we have been 
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uninhabited coastline of Deception Island is not considered in most global studies [19,20] 

Figure 1. Deception island: (a) map from the General Bathymetric Chart of the Oceans (GEBCO)
Web Map Service in EPSG 3395; (b) altimetric and bathymetric digital models with hillshade, lakes,
historical and active scientific bases, walks, and evacuation routes from [11], and some changes zones
(red rectangles with the letters a, b, c and d) represented in geodetic and projection system EPSG
32720 (as in all figures in this paper from here on).

The island’s lack of road infrastructure, permanent snow cover, rugged terrain, and
cliffs make Port Foster essential for human mobility and living on the island in the austral
summer season. Mainly, it is useful in the transfers of researchers or tourists on inflatable
boats from ships to land or between different areas, in providing footpaths, and in sup-
porting some evacuation routes (see Figure 1b) [12]. In these regards, the future coastal
geomorphology is important for security reasons, as well.

Throughout its history, Deception Island has undergone geomorphological transfor-
mations [10,11], often coinciding with volcanic eruptions (in 1842, 1912, 1917, 1967, 1969,
and 1970) [13–17]. Since those events, annually, the mobility routes have had to be adapted
to new and unexpected conditions on the Port Foster coastline, of which we have been
visual witnesses. In addition to this, although Antarctica is considered to play an active
part in sea level rise via contributions from glacier ice mass loss and icesheets [18], the
uninhabited coastline of Deception Island is not considered in most global studies [19,20] as
it is deemed irrelevant. Therefore, specific studies have to be developed. When conducting
such studies, it must be considered that during the period of 1951–2011, the western Antarc-
tic Peninsula suffered one of the highest mean temperature increases of about 0.54 ◦C per
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decade [21,22], and the possible implications of this effect are coupled with the volcanic
nature of Deception Island.

This paper presents a Port Foster coastline temporal study starting from the geo-
morphological situation of the island from the last eruption in 1970. It focusses on the
identification and quantification of historical changes in the inland watershed, coastline,
and bay seabed using several resources such as elevation and bathymetric data, new his-
torical orthophotos of our own elaboration [23], satellite images, and geomorphological
information, and we highlight a contrast with the numerical DELFT3D model [24]. This
computational model is widely used to simulate the main physical processes that are
relevant in coastal environments, such as embayments and estuaries [25–28]. It is based on
the hydrostatic flow assumption and solves the short-wave averaged 3D shallow-water
equations. In this study, by considering geomorphological trends of accretion and erosion,
possible short-term implications for human mobility in Port Foster are identified, which
may be considered for the re-evaluation of evacuation and data collection routes or the
design of accessible sampling areas for future research campaigns.

2. Previous Studies

The last volcanic eruption period from 1967 to 1970 brought about substantial alter-
ations to Deception Island’s landscape and shoreline, primarily in the northern region. It
gave rise to new volcanic structures such as scoria cones (depicted in Figure 2a1) and called
CR70 in this paper) and maar-like shape and tuff cones, primarily because of phreatomag-
matic eruptions [13,15,29–31]. A large amount of new unconsolidated pyroclastic material
has been displaced by snow and glacier melting through streams and hydrodynamic trans-
port within Port Foster since then [32,33]. This continuous process has led to visible annual
alterations in the coastline and several cases of sediment dynamics and localised erosion of
the cliffs. These include the creation of openings at Port Forster, such as those at Kroner
Lake (depicted in Figure 2b1,b2) and “Lago Escondido”. The latter event involved the
breach of a wall measuring 2 m in width and 2 m in height, as can be seen in Figure 2c1,c2,
which occurred in 2006. This shoreline first saw an increase of 2 km between 1956 and 1968,
mainly because of a small central islet, and secondly, a reduction of 1.4 km, essentially due
to the inclusion of this islet during the 1969 eruption [32].

Additionally, there is notable and consistent annual sedimentation, visible in the
infilling at the bases of craters formed during the 1970 eruption (CR70), as shown in
Figure 2a2. An earlier study in these craters recorded some sedimentation ratios of up
to 1 m/year in the period of 1992–2006 [34]. A new 2020 satellite image offers a clear
view of this filling of some of them (mainly numbers 1, 4, 5, and 6 in Figure 2a2). Further
descriptions of the remaining craters can be found in [4]. Furthermore, a significant retreat
of more than 200 m has been identified at the front of Black Glacier, as highlighted in
Figure 2d1,d2.

Likewise, because of the prolonged human interest, there have been many bathymetric
surveys of Port Foster, the submerged caldera. The first known dated from 1829 and was
included in the Cooper et al. study [33], where a remarkably constant uplift rate was
observed for an average of 160 years. That paper also noted, with surveys from 1948
and 1993 covering the last eruption period, that the bay had sedimentation rates of up to
5 cm/year. This value is comparable with sedimentary rates in other caldera lakes, such as
Crater Lake (Oregon, USA), although without recent eruptions [35]. Likewise, the Roobol
study proposed that the shallow bay was further silted by laharic debris of up to 4 m from
the Pond Glacier moraines in the last erupted period [36]. Furthermore, the water dynamics
of Port Foster have also received attention in several studies [37–42].
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Figure 2. Some 1968–2003–2020 [23] visual geomorphological changes at Deception Island in four
areas (zones a, b, c, and d linked to red squares in Figure 1b). First row, the early situation, and
below, a later date showing the change. In particular: (a1, a2) shows seven new volcanoes of the
1970 eruption craters with its inferred rim in orange and its infill; (b1, b2) shows coastal erosion near
Kroner Lake and opening to Port Foster using a new 1968 orthophoto in (b1) and an overlap of the
1968 coastline (purple line); (c1, c2) shows coastal erosion near “Lago Escondido” and its opening
to Port Foster with the 1968 coastline (purple line) in (c1) and 2003 coastline (red line) in (c2); and
(d1, d2) shows Black Glacier retreat acceleration with the same coastlines as in column c. All images
have the same projection (EPSG: 32720), scale, and north orientation.

3. Data Input and Pre-Processing

Antarctica is a region devoid of government jurisdiction, and the mapping of Decep-
tion Island is typically undertaken by interested nations or commissioned by scientific
organisations such as the Scientific Committee on Antarctic Research (SCAR). Over the
years, various cartographic representations of the island have been created, using different
scales, geodetic systems, and projections. This multiplicity of cartographic sources has
made it challenging to accurately assess the island’s significant temporal changes in both
its terrestrial and underwater features [32,33].

3.1. Satellite Images, Coastlines, and Other Geospatial Information

The Spanish Army Geographical Service (SGE), now the Army Geographical Centre
(CGE), developed a topographic map of the island on the scale of 1:25,000 with 10 m
contour/bathymetric levels and linked that to a geological and geomorphological map [43].
An initial version was produced in 1984 from a 1968 flight, which was improved with
topographic field work and some 1986 aerial photogrammetric frames in 1994 [44], and
finally, a new updated version was released in digital format, based on a Quickbird satellite
image (QB) and a digital elevation model from previous data for the orthorectification
process, in 2006 [45]. Although a georeferenced error in this new map was detected and
fixed, the lack of enough ground control points (GCPs) on the outer coast and in high
elevations means some positioning errors remain in the east of the island. This discrepancy
has been verified with almost 100 control points from subdecimetre differential GPS relative
to a geodetic network called REGID (in Spanish, REd Geodesica Isla Decepción) [2,46].

A QB image was taken on 21 January 2003, with a spatial resolution of about 0.6 m
in the panchromatic type, and this was orthorectified with an unknown digital elevation
model. With the new Reference Elevation Model of Antarctica (REMA) [47], a 2 m resolution
Digital Elevation Model (DEM), and 52 GCPs, a new orthorectification of this 2003 QB image
was produced. It was processed using ENVI 5.0 software with the rational polynomial
coefficient following the same method applied to a new Kompsat-3 satellite image (K3),
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acquired on 9 February 2020, with a 0.7 m panchromatic resolution [23]. In addition, a
new orthophoto from a 1968 photogrammetric flight [23], several partial clouded Sentinel
2 images (eight from 2016 and one free of cloud but with full snow cover in 2022) from
the European Spatial Agency (ESA), and some Google Earth images (seven images from
1985) were analysed. Sentinel 2 and Google Earth images were used to identify the most
important sedimentary plumes from alluvial fans and evaluate hydrological discharge (see
Table 1). The weather conditions of the area make it difficult to take images without clouds,
and for this reason, the imagery repository is not extensive.

Table 1. Orthophotos, satellite images, coastlines, and cartographic information.

Denomination Digital Source Description/
Spatial Resolution or Scale Acquisition Date

1968 orthophoto Own from [23] Orthophoto from
SHNA flight/0.8 m January 1968

2003 New QB 1 Own from [11] QuickBird Satellite
image/0.6 m 20 January 2003

2020 K3 1 Own from [23] KOMPSAT-3 2 Satellite
image/0.7 m

19 February 2020

Sentinel images ESA Sentinel 2 Satellite
Images/10 m

30 March 2017
23 February 2019
30 December 2019
8 February 2020

27 December 2020
13 January 2021
6 January 2021

2 February 2021
29 March 2022 (snow cover)

Google Earth images Google Earth Satellite images/
several resolutions

31 December 1985
1 January 1999

15 January 2002
3 November 2003

20 October 2005 (snow cover)
7 January 2010

29 December 2013

Sediment plumes Own from all satellite images Visual delineation of
sediment plumes 2002–2022

Level contours SIMAC from CGE map Line/1:25,000 1970 and 2003

Melt streams SIMAC from CGE map Line/1:25,000 1970 and 2003

1968 coastline Own from [23] Line/1:25,000 January 1968

1970 coastline SIMAC from [48] Line/1:25,000 August 1970

2003 coastline SIMAC from new QB Line/1:25,000 20 January 2003

2020 coastline Own from [23] Line/1:25,000 9 February 2020

Geomorphological map SIMAC from [43] Group layers/
1:25,000 2002

1 Generation of a new True-Ortho with REMA. 2 Includes material ©KARI 2020, Distribution (SI Imaging Services,
Republic of Korea), all rights reserved.

The vector information base of this study was primarily drawn from the SIMAC
database, a scientific geodatabase created in 2006 [11], as well as new digitisation of other
sources. The aim was to garner new information on the changes to the inner coast of the
island (data identified as coastlines) mostly from the 1968 [23], 1970, 2003, and 2020 [23]
orthophotos and satellite images. Delineation of the coastline for the mentioned years was
performed to accurately represent the alterations in the contour of Port Foster, extending to
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regions where substantial morphodynamical changes to the coast were observed. In areas
with low cliffs that exhibit a short beach during low tide, the delineation was adjusted
to align with the cliff, as it constitutes the primary eroded feature (notably, the southern
part of the island, running along the coast between the Spanish and Argentinean bases, as
depicted in Figure 1b). Another aspect of spatial data acquisition was the digitisation of
sedimentary plumes, a result of visual analysis of the image catalogue.

All cartographic information analysed in this study can be found in Table 1; planimetric
errors were linked to scale or spatial resolution.

3.2. Digital Elevation Models

Regarding DEMs, although SIMAC includes a 1956 triangulated irregular network
(TIN), in a DEM derived from 50 m contour lines of the 1959 British Directorate of Over-
seas Surveys (DOS) map [49], the transform projection and coastline showed important
differences from those of the DEM derived from a 10 m level contour TIN of 1968–1986
CGE cartography. The Torrecillas et al. study [32] contrasted both DEMs without clear
conclusions except in the area affected by the last volcanic process. The new orthophotos
from the flights of 1956 and 1968 needed DEM computation, and so they provided a new
source of altimetric information for this study [23]. The most recent DEMs are all from
satellite acquisition, highlighting the aforementioned REMA [47]. REMA was produced
from several individual stereoscopic DEMs attained from pairs of submetre-resolution
satellite images acquired from 2009 to 2021; those were vertically registered to satellite
altimetry measurements, with submetre absolute uncertainties and relative uncertainties
of decimetres. The REMA height in water areas, such as Port Foster, is around 20 m, a
value like the mean undulation geoid in [50], showing that no geoid correction has been
applied in this area, so a mean value of 20 m was subtracted. Although 61 ESA Sentinel 1
scenes were processed between 2014 and 2022 using the DinSAR methodology to obtain
DEMs [51], that approach was not successful.

All the DEM input data used in this study were transformed into WGS84 UTM 20S
(EPSG 32720) and can be consulted in Table 2.

Table 2. Digital elevation models (DEMs) used with denomination, digital source, file format and its
spatial resolution, acquisition date, and altimetric error (σz).

Denomination Digital Source Format Used/
Spatial Resolution (m) Acquisition Date σz

(m)

DOS DEM SIMAC from [49] ESRI Grid/20 1956 30

1956 DEM Own from [23] Tiff file/2.7 1956 4 (20 m in snow areas)

1968 DEM Own from [23] Tiff file/2.7 1968 4 (20 m in snow areas)

SIMAC DEM SIMAC from CGE map ESRI Grid/2 1968–1986 3

REMA REMA [47]
Two Tiff files

(45_04_2_2_2m_v2.0 and
45_05_2_1_2m_v2.0)/2

2009–2021 1 1

1 Ellipsoidal height.

3.3. Digital Bathymetry Models

The inner bay of Deception Island is a collapse caldera with a flat bottom and steep
walls, and thus its bathymetry is an important aspect of research on the island. In fact,
this bay can almost be considered a lake, with important reception of tephra after eruptive
processes [52,53]. In addition to this, the presence of submerged volcanoes such as the
Stanley Patch volcano, the largest volcanic cone located in the southern sector of the bay [54],
and the narrow entrance to Port Foster (Neptune’s Bellows, see Figure 1b) require precise
bathymetry for navigation purposes.

The oldest digital bathymetry model (DBM) of this study was initiated and compiled
by Spanish public institutions such as SGE/CGE, the Instituto Hidrográfico de la Marina
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(IHM), and the Instituto Español de Oceanografia (IEO) between 1988 and 1991 with an
orthometric height from a local tide gauge reference and submetre differential GPS [43].
It was included in the CGE maps with 10 m bathymetric contours, the same as the level
contours according to the printed scale of the map that was digitised in SIMAC. New
Spanish bathymetry data from IHM were recorded in two different campaigns in 2012 [37]
and 2016, compiled in an xyz file with an altimetric error of 0.5 m and 5 m for planimetry
following the metadata information.

From the Marine Geosciences Data system (MGDS), seven subsets were downloaded
with the descriptor “Sea depth (uncorrected, calc. sw sound vel. 1500 m/s) metres”.
These subsets are from the Laurence M. Gould expedition (LMG prefix) between 2000 and
2009, and the points located in Port Foster were selected and combined into one GIS file
(see Figure A1). Anomalous depth measurements produced by false return were identified
using GIS tools (spatial outlier detection) and removed. Also, the 2006 itinerary around
Walers Bay was not considered due to a flashing anomalous value in the temporal track.
The final set had 17,256 points (11,289 only in 2000), and a mean grid was calculated using
50 m cells, the same resolution as that used in [55], with some of these files in the same
zone. The grid date was set with 2005 as the mean year (MGDS mean dataset), and the
mean standard deviation was 1.87 m with σ = 2.2 m. These values were not corrected
for tidal effects, of which the maximum amplitude was 2.025 m [38,39], like the mean
standard deviation. A similar value of 2 m was assumed for overlapping outer beams as
that in [55]. In terms of positioning error, a positional uncertainty of 5 m can be considered,
since it is very likely that, like the previous data, it was acquired with the use of a GPS
differential. The navigation paths through the narrow Neptune’s Bellows suggest that this
value is correct.

All input bathymetric data were transformed into EPSG 32720 and can be consulted in
Table 3.

Table 3. Digital bathymetry models (DBMs) used with denomination, digital source, file format and
its spatial resolution, acquisition date, and altimetric error (σz).

Denomination Digital Source
Format Used/Spatial

Resolution or Distance
between Points

Acquisition
Date

σz
(m)

SIMAC DBM Adapted from
CGE/IHM/IEO [43] ESRI Grid/2 m 1988–1991 4

Bathymetry LMG0010 MGDS [56] Ten Dat files/points in
line each <120 m 2000 5

Bathymetry LMG0102 MGDS [57] One Dat file/points in
line each <120 m 2001 5

Bathymetry LMG0704 MGDS [58] Two Dat files/points in
line each <120 m 2007 5

Bathymetry LMG0712 MGDS [59] One Dat file/points in
line each <120 m 2007 5

Bathymetry LMG0903 MGDS [60] Four Dat files/points in
line each <120 m 2009 5

MGDS mean DBM Interpolated from
earlier MGDS Esri Grid/50 m 2005 1 5

IHM DBM IHM [37] Esri Grid/10 m 2012 (central bay)
2016 (some coastal zones) 0.5

External South
Shetlands DBM

British Antarctic Survey
[61] A Ascii file/100 m 1991–2017 unknown

1 Considered as mean time.
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4. Methodology

The methodology employed in this study is described in Figure 3. It encompassed
three primary processes: the establishment of a coastal numerical model, two GIS studies
dedicated to finding and quantifying historical geomorphological changes (DEM and DBM
alterations) and tracking coastline evolution for model evaluation.
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4.1. Numerical Model

The model used in this study was DELFT3D, developed by WL|Delft Hydraulics,
237. It was implemented with a 2D (depth-averaged) configuration. This model solves
the shallow water equations with Boussinesq and hydrostatic approximations [24]. The
system consists of horizontal momentum equations, the continuity equation, the transport
equation, and a turbulence closure model. The formulation used in the FLOW module
makes it ideal for predicting flow in shallow seas, coastal areas, estuaries, lagoons, rivers,
and lakes. It aims to model flow phenomena where the horizontal length and time scales are
significantly larger than the vertical scales. The user can choose to solve the hydrodynamic
equations on a Cartesian rectangular, orthogonal curvilinear (boundary fit), or spherical
grid [24]. The continuity equation assumes incompressible flow and is defined as

∂u
∂x

+
∂v
∂y

= Q (1)

where u and v are the components of the velocities in the x and y directions, respectively,
and Q indicates the mass transport per unit area.

Furthermore, the momentum equations are described by

Du
Dt

=
1
ρ0

Px + Fx + Mx + fv (2)

and
Dv
Dt

=
1
ρ0

Py + Fy+My + fu (3)

where t is the time, ρ0 is the reference density of the water, f is the Coriolis parameter, Px
and Py represent the pressure gradients in the x and y directions, respectively (including
barotropic and baroclinic terms), Fx and Fy are the horizontal Reynolds tensor in both
directions, and, finally, Mx and My represent the contributions due to external sources, such
as the wind action on the free surface or the wave action on the water column.

The model also incorporates morphodynamical evolution equations, which calculate
the total transport as the sum of bed and suspended load transports. These transport rates
are obtained using the depth-integrated advection–diffusion equation [62] for different
sediment fractions [62], which can be cohesive or non-cohesive and are defined based on
their densities and sizes. The calculation of bed shear stress uses the roughness predictor
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of [28]. The level of the bed is updated during each time step of the flow calculation,
considering the exchange with suspended sediment transport and the gradient of bed
load transport.

As field-measured data on actual river flows resulting from snow melt were not
available, river flows based on the lengths of the different main waterways and the numbers
of tributaries (no. o f tributaries) for each of these watercourses from their source to the
discharge point were utilised. Since there is no known single experimental formula to
estimate the flow derived from snowmelt, we developed our own formula to categorise
the rivers according to the criteria described (lengths of the main rivers and tributaries),
allowing us to estimate their flow Qmeasured in litres per second (l/s) and place possible
values in the range of 10–100 l/s. The formula used to determine the flow rate in the rivers
was as follows:

Qmeasured = 0.01 l/s ∗ Entity +
(0.01 l/s ∗ no. o f tributaries)

2
(4)

In this formula, the Entity is a value between 1 and 5, depending on the total length of
the main rivers up to the discharge point. To calculate the flow resulting from snowmelt
( Qthaw), the following formula was used, using the parameter Qmeasured from Equation (4)
and the basin area of each stream:

Qthaw = Qmeasured · 1000
basin area (ha)

(5)

4.2. Coastline Evolution

Digitising changes in the inner coastline from last eruption period involved the analysis
of orthophotos of 1968, 2003, and 2020 and the inclusion of a partial 1970 coastline from [48]
within a GIS environment [63]. The methodology used (Figure 4) was also implemented
through two different approaches: (i) assessment of area changes, and (ii) linear ratios.
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In the first step, conducted in QGIS v 3.28 software [63], the linear coastline shapefiles
were converted into polygons to delineate the intersection areas between the current
shoreline (2020) and the preceding shorelines (1968, 1970, and 2003). These polygons
helped with the identification of regions where erosion or sedimentation had taken place
within the inner bay over time, allowing for a comparison with the results derived from the
DELFT 3D model. The sediment plumes observed in the orthophotos were an important
aid in accurately delineating the coastlines (see Table 1). A sediment plume refers to the
visible cloud of suspended sediment particles in the water, carried by currents and tides.
This approach often focused the analysis on slope alterations and retreats in specific areas
of the island, such as the Spanish and Argentinian bases. This ensured that the visual
comparison of shoreline changes, as derived from the generated shapefiles, corresponded
with the transformations occurring within the inner bay of Deception Island.

In addition, DSAS v5 software was used to evaluate dynamic rates derived by com-
paring coastlines from 1970, 2003, and 2020 in a second step. This software is an ArcGIS
extension [64] and a powerful tool specifically designed for the analysis and monitoring of
coastlines using geospatial data [65,66]. Specifically, this application was used in this study
to visualise and assess changes in the position over time and identify vulnerable areas.
Coastline retreat/accretion ratios were obtained at specific locations, excluding areas that
showed minimal changes in their position after the first step. For the calculation of these,
DSAS uses cross-shore profiles, and the ratios were obtained by dividing the maximum
calculated value of the coastline displacement within each of the analysed profiles by
the time (in years) between the evaluated coastlines. As the 2003 coastline served as the
baseline in the numerical model and given that this year was sufficiently distant from the
1970 eruption, we analysed two distinct time periods: (i) 1970–2003, capturing the impact
of the introduction of new volcanological material, and (ii) 2003–2020, representing the
ongoing trends in the bay.

4.3. DEM and DBM Temporal Changes

The DEM and DBM datasets in the ESRI GRID format were the input data in this
section of our work. The temporal change methodology was carried out with GIS tools in
the ArcGIS Pro environment [64]. Both datasets underwent the same procedures for change
evaluation, except that the determination of the inner watershed was executed only for the
DEM dataset. The GIS methodology is shown in Figure 4 and consists of four subprocesses:
(i) calculation of altimetric differences with a study case in CR70, (ii) calculation of altimetric
differences by range slope, (iii) calculation of volumetric differences, and (iv) a space time
pattern study. In a previous step, the delimitation of the DEM study was defined using the
determination of the inner watershed limit. Altimetric differences were used to identify
areas of gain and loss in the temporal range. Slope classification was intended to assess
the influence of positional error on these differences. Volumetric difference calculations
allowed for the isolation of positional errors from elevations, elucidating the overall trend
within the inner basin. This trend was spatially delineated via the statistical analysis of
temporal studies. These studies helped us to understand the surface dynamics and their
potential influence on, as well as material contribution to, the bay.

Calculating the altimetric differences by range slope required the altimetric differences
as input data. Ascertaining these differences required an arithmetic operation, the main
input data were the most current altimetric reading, from which the oldest reading was
subtracted. The three slope ranges were divided to adapt them to the island’s morphology
in land and water with breaks at 2◦ and 9◦. This clearly grouped the most interesting study
areas and potential erosion/accretion zones (e.g., beaches, abrupt relief, cliff, or caldera
rims). The zonal statistics were derived using a polygon layer derived from this range
of slopes.

We used some discrete altimetric levels, of −150, −100, 0, 100, 200, 300, and 400 m,
for the evaluation of volumetric differences. These datasets did not have a specific capture
date. For SIMAC DEM, 1986 was used as the collected date, corresponding with the DEM
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information for most of the surface. REMA was assigned 2015 as the middle year, and
for the same reason, 2014 was assigned for IHM DBM (see Tables 2 and 3). In addition to
this, the DEMs retained their original spatial resolution (2 or 2.7 m), while in the case of
DBM, two new resampled raster files with a new resolution were used (IHM DBM 50 m
and SIMAC DBM 50 m). Annual ratios per unit of 3D area were computed to obtained
comparable values.

The space–time analyses highlighted the trends with statistical significance over time.
Three were conducted, one with DEM and two in the DBM dataset:

• The DEM space–time analysis started in 1956 (including the last volcanic event) and
used a 1-year time step to cover DOS DEM (1956) and its own 1956 DEM. We used a
50 m resampled DEM and a cubic technique to decrease the planimetric and altimetric
errors. The space–time cube aggregated 73,073 points into 46,368 fishnet grid locations
covering 64 years.

• The DBM dataset included two data structures, for which we aggregated points into
space–time bins: (i) only MGDS data (19 November 2000 to 29 March 2009) in a
1-month study, with 17,256 points aggregated into 1560 fishnet grid locations and
200 m of spatial resolution used to increase the numbers of points so that there were
several points in the same cell, and (ii) using the original resolution of the SIMAC
DBM, IHM DBM, and External South Shetlands DBM in a unique point layer and
including the MGDS mean layer in the same format (see Table 3). This last study
used a 1-year study, 200 m of spatial resolution, and 10,032,219 points aggregated into
2601 fishnet grid locations over 28 years.

A last point to note concerns the error margins in these calculations. Altimetric
differences were influenced by positional and altimetric errors and the propagation of both
into the arithmetic operation. The superficial and volumetric error was simplified to the
error associated with the determination of the 1 hm3 box.

5. Results
5.1. Numerical Model
5.1.1. Model Setup

The model domain was defined as a computational curvilinear grid (Figure 5), with a
total of 731 × 731 cells and a maximum resolution of 15 × 10 m2 within Deception Island.
The initial conditions of the simulation were the values obtained with field measurements
during surveys carried out in 2012 (for more details, see [38]), avoiding cold starts; the
inner bay bathymetry in the model that from the SIMAC DBM (Table 3); and the closest
coastline, temporally speaking, the 2003 coastline (Table 1). The year 2003 was sufficiently
distant from the 1970 eruption to reflect the ongoing trends in the bay. Meanwhile, the
outer open-sea bathymetry, representing the areas beyond the coastline, was covered by
the External South Shetlands DBM (Table 3).

River discharges were modelled to occur during three months of the year (January,
February, and March), and we simulated the actual situation of snowmelt on the island,
which is frozen during the rest of the year. The mobilisation of all sediments deposited
during these three months within the inner bay leads to erosion or sedimentation of the
inner coast. The number of tributaries varied between each river (considering tributaries
with a minimum appreciable length), and the lowest assigned flow was 10 l/s while the
maximum was 95 l/s. Table A1 in Appendix B shows the modelled characteristics for each
discharge in terms of river flow.

The boundary conditions (tidal boundary in Figure 5) of the free surface are given by
the nine principal astronomical components (semi-diurnal and diurnal constituents) [67]
as M2, K1, O1, S2, P1, Q1, K2, N2, and MF, obtained from data observed during field
surveys [38,39,68]. More information about the meanings of these parameters can be found
in [69]. Wind and atmospheric pressure conditions with a 1 h interval were obtained at a
meteorological station during the same tide level survey [39,68], and those were introduced
with a constant value for the entire grid.
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Like previous studies [24,70–73], the morphodynamic module was found to be sensi-
tive to the mean diameter of the sediment. According to data provided by field surveys in
the area [34], a single sediment was defined, which was a silt due to its prevalence across
85% of the island. In agreement with an earlier work [74], the suspended bed load and
suspended sediment transport factors were defined as 1 and 0.5, respectively. Considering
the numerical constraints of the model (Courant number), the time step was defined as 0.1
min. In addition, a spatially uniform time-varying wind field was defined throughout the
spatial domain with hourly data from the Spanish Meteorology Agency (AEMET).

5.1.2. Model Calibration

The model was calibrated for the water level variable and for the harmonic components
of the velocity (M2 and K1), both amplitude and phase. The water level data were obtained
from the field survey conducted in 2012 (COLA Station in Figure 5), and the data for the
harmonic velocity components were compared with the results of previous studies [39,68].
The full month of January 2012 was selected as the calibration date because it was a month
where there was no lack of data and there were average meteorological conditions. The
results are shown in Figure 6, where it can be observed that the agreement is excellent for
the water level, obtaining values of R2 ≈ 0.98 and skill coefficient ≈ 0.97.
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In the case of velocities, the results shown in Table 4 were obtained. The phases values
are correctly represented with a correlation coefficient (R2) of 0.9; however, the amplitudes
are not correctly represented, varying by one order of magnitude from those obtained in
previous studies [68]. Therefore, it was decided that we would evaluate different values of
Chèzy (45, 65, 100) to perform a sensitivity study. Figure 7 shows how when changing the
Chèzy coefficient, the values do not vary by more than 30% in the peaks, and in the rest, they
follow a trend with a maximum variation of 3%. When the values of the amplitudes of the
M2 and K1 components were calculated, the values were close to each other, varying by 4%.
Therefore, we surmised that the results obtained with the numerical model were correct,
and although it was not possible to give a final value of the sedimentation rate, it was
possible to define sedimentation patterns by determining the accretion and erosion zones.

Table 4. Amplitude (u) and phase (φ) results of the measured and computed current data of the
harmonic components M2 and K1.

u (m/s) φ (◦)

Measured Computed Measured Computed

M2 0.13 0.013 33 34
K1 0.09 0.009 173 180
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Once the model was calibrated, a full year (January 2012 to January 2013) was sim-
ulated with the same forcings described in the earlier section. The results are shown in
Figure 8, which includes six zones studied in detail throughout this paper. This image
illustrates that erosion along this coastline is particularly notable in areas with a southern
orientation, such as zones 1, 2, 3, and 5. Sedimentary action tends to be concentrated along
coasts oriented to the west (east shoreline, zone 4), northeast (south shoreline, zone 6), and
east (west shoreline, up zone 2). The bathymetry and coastline used at the beginning of
the simulation are based on data from 2003. This means that regardless of the specific date
chosen for the simulation, the initial conditions for the bathymetry and coastline remained
consistent and reflected the characteristics observed in 2003. That date was 33 years after



Remote Sens. 2024, 16, 512 14 of 31

the last eruption of the island, and as we understood it, there was no further input of mate-
rial in the intervening period, so we expected no material other than that which already
existed from the eruption.
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5.2. Coastline Evolution

In line with the methodology described in Section 4.2, Figure 9 illustrates differences
over two distinct time intervals (1970–2003 and 2003–2020) using the initial year of the
numerical model as a breakpoint. The figure depicts accretion and erosion using polygon
areas (green for gain and yellow for loss) and annual regression lines from DSAS v5
software (negative regression in red and positive in blue).



Remote Sens. 2024, 16, 512 15 of 31Remote Sens. 2024, 16, x FOR PEER REVIEW 16 of 32 
 

 

 
Figure 9. Overlapping annual shoreline regression of gain–loss areas in two different time periods: 
(a) 1970–2003 with new QB as the background and some enlarged in areas in Figure 10 (red rectan-
gles with letters a, b, c, and d); and (b) 2003–2020 with K3 as the background [23]. Both figures are 
in EPSG: 32720 and have the same scale and north orientation. 

The profiles analysed using DSAS v5 software were superimposed, with color-coding 
showing the intensity of the annual coastline evolution ratio in corresponding areas. It 
should be noted that the opening or addition of crater lakes was not represented in this 
calculation. While in the first period, the erosion values in the northern and western re-
gions were 6–9 m/year, with a slight retreat in the southern coast with 0.3–2 m/year, the 
second offered a reduction in the intensity. In particular, notable erosion was clear in the 
northern and northwestern parts of the island (with the same value of 0.3–2 m/year), as 
well as in the south, where the Spanish and Argentinean bases are located. The significant 
retreat experienced by the Negro Glacier was noteworthy, which increased its annual re-
treat to 14 m in the 2003–2020 interval compared to the 7 m/year it experienced between 
1970 and 2003, representing a 100% increase in its annual retreat. Regarding sedimenta-
tion, areas located at the ends of the Black Glacier saw a coastline advance of approxi-
mately 150–200 m in the south and 50–100 m in the north. This progress was halted in the 
second period analysed. Other areas that were less prominent in terms of coastline ad-
vance during the first interval experienced inverse changes in the second period, even 
showing a retreat in their values like sedimentary areas in the southwest of Port Foster 
(west of zone 6) and to the northwest of the bay (north of zone 4) up to the aforementioned 
value of 0.3–2 m/year. 

Figure 10 presents some zoomed-in images of the most notable gains/losses observed 
when we performed a visual analysis of the coastlines following the denomination in 
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with letters a, b, c, and d); and (b) 2003–2020 with K3 as the background [23]. Both figures are in
EPSG: 32720 and have the same scale and north orientation.

During the first period (1970–2003), reflecting the impact of new volcanological mate-
rial, there was a water area increase of 0.77 km2 primarily due to erosion and the inclusion
of Kroner Lake (Figure 8, zone 3), while decreasing by 0.23 km2 due to sedimentation
along the shoreline. In the next period (2003–2020), considered the prevailing trend, the
interior water area of the bay expanded by 0.48 km2, encompassing the opening of “Lago
Escondido” (zone 1) and glacier retreat (zone 4). Also, it decreased by 0.05 km2 due to
sediment movement. The annual ratios for bay area increase were near-consistent, at
0.023 km2/year and 0.028 km2/year in the two periods, while land area decreased from
0.007 km2/year in the first period to 0.002 km2/year in the second.

The profiles analysed using DSAS v5 software were superimposed, with color-coding
showing the intensity of the annual coastline evolution ratio in corresponding areas. It
should be noted that the opening or addition of crater lakes was not represented in this
calculation. While in the first period, the erosion values in the northern and western regions
were 6–9 m/year, with a slight retreat in the southern coast with 0.3–2 m/year, the second
offered a reduction in the intensity. In particular, notable erosion was clear in the northern
and northwestern parts of the island (with the same value of 0.3–2 m/year), as well as in
the south, where the Spanish and Argentinean bases are located. The significant retreat
experienced by the Negro Glacier was noteworthy, which increased its annual retreat to
14 m in the 2003–2020 interval compared to the 7 m/year it experienced between 1970
and 2003, representing a 100% increase in its annual retreat. Regarding sedimentation,
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areas located at the ends of the Black Glacier saw a coastline advance of approximately
150–200 m in the south and 50–100 m in the north. This progress was halted in the second
period analysed. Other areas that were less prominent in terms of coastline advance during
the first interval experienced inverse changes in the second period, even showing a retreat
in their values like sedimentary areas in the southwest of Port Foster (west of zone 6) and to
the northwest of the bay (north of zone 4) up to the aforementioned value of 0.3–2 m/year.

Figure 10 presents some zoomed-in images of the most notable gains/losses observed
when we performed a visual analysis of the coastlines following the denomination in
Figure 9a. These show the main changes that occurred in the western part of the island,
specifically at the Black Glacier due to retreat (Figure 10a1–a3, zone a in Figure 9a), and its
southern region (Figure 10b1–b3, zone b in Figure 9a). Additionally, they show the erosion
of the slope in front of the Spanish base (Figure 10c1–c3, zone c in Figure 9a) and part of
the erosion in the northern area of Port Foster (Figure 10d1–d3, zone d in Figure 9a). Zone
d presents great sedimentation action produced by water and ash slides during the last
eruption period in the observed inlet, too.
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Figure 10. Some 1968 (purple line), 2003 (light green line), and 2020 (blue line) [23] visual coastline
changes at Deception Island. Zones a, b, c, and d are linked to the red squares in Figure 9: (a1–a3)
shows the Black Glacier retreat; (b1–b3) shows the sedimentation to the south of the Black Glacier;
(c1–c3) shows erosion of the existing slope in front of the Spanish base; and column (d1–d3) shows
erosion in Pendulum Cove. All figures are displayed with the same scale and north orientation in
EPSG 32720.

In regard to the precision of these values, we quantified the error in the linear values
and introduced a need to have 2 pixels to identify an object. Using a 1 m resolution, which
encompassed all the orthophotos, the average error for each linear measurement (two
points) was set at 2.8 m. The error in linear ratios corresponded to the linear error derived
from the definition of their profile line divided by the square root of the years of the studied
period. When establishing the margin of error in surface determination, we simplified the
former approach to the error in 1 ha of its bounding box coordinates, following the law of
variation transmission [75]. Accordingly, the surface error was assessed at 28 m2/ha. All



Remote Sens. 2024, 16, 512 17 of 31

the provided figures are given in decimal units above the unit of error in this section and in
later sections.

5.3. DEM Evolution
5.3.1. Inner Watershed

Following the GIS methodology of Figure 4, after the determination of the new inner
watershed from REMA, temporal altimetric variations were calculated and are depicted in
Figure 11, spanning the six decades from 1956. The upper panels illustrate the evolution
over successive time intervals, whereas the lower ones delineate these temporal segments
from the two newly studied older DEMs (1956 DEM and 1968 DEM) to the most recent one
(REMA). Note the prevalence of green areas in Figure 11a,b, particularly around the sites of
the most recent volcanic eruptions (Figure 11a, zones 1 and 2), which is contrasted by the
loss of red in zone 2, signifying floods of molten water released from the glacier due to the
opening of subglacial vents and the partial melting of the ice cover [15,36]. In particular,
the areas covered by ice (inside the white line) exhibit the most significant and dynamic
differences. These aspects are particularly pronounced in Figure 11c,e. Snowy areas are
complicated surfaces to position altimetrically in the photogrammetric process, as can be
read in a note written on the printed GCE map [44]. To the lack of control points is added
the thawing periods making possible the high figures found.
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Figure 11. Temporal differences in DEMs over REMA hillshade and permanent snow (white line):
(a) 1956–1968 with the studies zones, (b) 1968-SIMAC, (c) SIMAC-REMA, (d) 1956-REMA, and
(e) 1968-REMA. All images have the same projection (EPSG: 32720), scale, and north orientation.

The error of these differences was established via the quadratic composition of their
sum [75], evaluating each surface at 4 m based on rounding its worst positional error value
(2.7 m) to about 5.6 m, while excluding values ± 5 m in the representation.

The findings of our temporal trend study are shown in Figure 12a, with only three
uptrend zones, one related to the last events of the 1969 eruption [30] (red rectangle 1 of
this figure) and two representing gain zones (rectangles 2 and 3). Rectangle 2 is on the
shoreline and was commented on in the previous section, and rectangle 3 corresponds to
two lakes so that area was not taken into consideration. The global trend statistic is −0.097



Remote Sens. 2024, 16, 512 18 of 31

with a trend p-value of 0.922. There is no statistically significant increase or decrease in the
other zones over time.
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Figure 12. (a) Altimetric trend for 1956–2020 (mainly red square with numbers 1, 2 and 3) and inner
watersheds; (b) slope ranges from SIMAC DEM; (c) satellite plume areas (own source) and some
geomorphological elements from [43]; and (d) altimetric differences in GNSS points for SIMAC-REMA
over REMA hillshade. All images have the same projection (EPSG: 32720) and north orientation.
(a–c) share the same scale.

These differences were classified additionally using slope ranges suitable for defining
the different geomorphology of Port Foster and for controlling the influence of the positional
error. The results of our statistical evaluation are presented as boxplots in Figure 13 using
a row for each temporal difference and showing values for all the studied area (All), flat
zones (≤2◦), medium slopes (>2◦ and ≤9◦), and steep slopes (>9◦), as defined in Figure 12b.
General mean negative values (column “All”) are present in all differences studies except
for 1956–1968. Flat areas exhibit the smallest standard deviation values (light grey box), as
expected, compared to the largest for steep terrain. The difference between 1956 and 1968
was calculated using the new DEMs, which were generated using the same control points.
These DEMs showed similar positional errors, with a stable standard deviation in row a,
despite including variations corresponding to the 1968 eruption. The rest of the results
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reflected the increase in slope and height variation due to this positional error. It should
also be noted that the largest temporal differences in relation to REMA showed material
gains in flat areas, while losses occurred in steep areas.
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the DBMs in rows (f–h). Maximum and minimum values are represented as dashed black lines,
standard deviation as a box (light grey for DEM and light blue for DBM), mean values as an orange
line, and median values as a red line.

The volumetric values, temporal evolution, and annual ratios for 3D areas of the
digital models are shown in Table 5. The volume was calculated by moving the reference
plane 100 m upward in each DEM. Table 5 includes the difference with respect to the same
plane defined in the previous temporal model (“Dif. Vol.” column) and a temporal and
spatial ratio value based on the provided 3D area. Except for the period that includes the
most recent eruption (1968 DEM and SIMAC DEM) with a gain of 0.19 km3, the remaining
DEMs show losses. The negative ratios in the last three DEMs were reduced from −0.50 to
−0.23 hm3, and higher loss values were detected at elevations exceeding 300 m, associated
with snow and, therefore, representing volume losses not related to the terrain itself. Ice
melt activity is significant on the island and generates extensive sediment plumes, as
delineated in Figure 12c from satellite images. The volumetric error for each 1 hm3 was
estimated at 0.03 hm3, and for annual ratios, this error was divided by the square root of
the years of the study period, following [75].
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Table 5. Volumetric study. The 3D area and volume land/water (km3) columns reference each dataset
individually. The differences volume between DEMs/DBMs (km3) and ratio (hm3/year) shows the
values between the DEM/DBM in the row and the following temporal DEM/DBM.

Type Dataset Plane (m) Reference Area 3D
(km2)

Vol. Land/
Water
(km3)

Dif. Vol.
(km3)

Ratio
(hm3/Year)

DEM

REMA
(2009–2021)

0 ABOVE 48.06 5.94 −0.32 −0.23

100 ABOVE 23.93 2.77 −0.23 −0.33

200 ABOVE 12.33 1.15 −0.13 −0.37

300 ABOVE 5.27 0.37 −0.06 −0.36

400 ABOVE 1.48 0.07 −0.02 −0.50

SIMAC DEM
(1968–1986)

0 ABOVE 48.02 6.26 −0.03 −0.03

100 ABOVE 24.31 3.00 −0.10 −0.23

200 ABOVE 13.25 1.28 −0.09 −0.40

300 ABOVE 5.71 0.42 −0.06 −0.60

400 ABOVE 1.75 0.09 −0.03 −0.89

1968 DEM

0 ABOVE 47.42 6.28 0.19 0.36

100 ABOVE 25.50 3.10 0.13 0.46

200 ABOVE 14.19 1.37 0.09 0.55

300 ABOVE 6.46 0.48 0.06 0.78

400 ABOVE 2.12 0.12 0.03 1.38

1956 DEM

0 ABOVE 47.17 6.10 NA

100 ABOVE 24.33 2.97 NA

200 ABOVE 13.51 1.29 NA

300 ABOVE 6.06 0.43 NA

400 ABOVE 1.84 0.09 NA

DBM

IHM 1 DBM
(2012–2016)

0 BELOW 38.53 3.90 0.09 0.0966

−100 BELOW 22.72 0.83 0.02 0.0004

−150 BELOW 9.32 0.07 −0.02 −0.0010

SIMAC 1 DBM
(1988–1991)

0 BELOW 37.76 3.81 NA

−100 BELOW 20.81 0.81 NA

−150 BELOW 8.60 0.09 NA
1 Resampled to 50 m.

5.3.2. CR70

In 2006, 27 points were measured with subdecimetre differential GPS to define the
dimensional characteristics of the 1970 craters (see Figure 2a1,a2). These new craters were
evaluated in [34] and some infill rates of up to 1.5 m/year were calculated on the floor.
Here, these measurements were compared with REMA using ellipsoidal height (thereby
eliminating the uncertainty in the value of the geoid undulation), and the results are shown
in Figure 12d and Table A2. The floors present increased heights (colours yellow and green),
in coherence with the visual analysis of the 2020 satellite image and REMA hillshade in
the background. In contrast, the inferred rims of the craters have loss, probably due to
the lower planimetric/altimetric precision of REMA DEM compared to GPS or an erosion
effect on the crater wall. The absence of a specific date for DEM values (2009–2021) makes it
impossible to establish an exact rate. However, the altimetric gain was approximately 9 m
in crater number 6 (Figure 2a1), which is fully filled according to the 2020 image. Craters 2
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and 3 gained 6 m and 2 m, respectively, with a notable rise at the floor due to the active
displacement of material uphill from the Mount Goddard alluvial fans. Unfortunately, the
52 GCPs used in the orthophotos could not be used to validate the altimetric changes in the
terrain because they were located on the rooftops of the stations’ buildings or on rocks. The
error in these altimetric differences was assessed based on the error derived from REMA at
1 m, as the GPS derivatives were established at 4 mm [34].

5.4. DBM Evolution

The DBM range differences are shown in Figure 14 and cover more than 50 years. The
error associated with the BDMs was valued at a mean value of 3 m, which, by variance
transmission, provides a threshold of 4.3 m to the difference. This value was disregarded
in the graphic representation and raised to ±5 m to assimilate its study to that shown in
Figure 11 with the DEMs.

Remote Sens. 2024, 16, x FOR PEER REVIEW 22 of 32 
 

 

altimetric changes in the terrain because they were located on the rooftops of the stations’ 
buildings or on rocks. The error in these altimetric differences was assessed based on the 
error derived from REMA at 1 m, as the GPS derivatives were established at 4 mm [34]. 

5.4. DBM Evolution 
The DBM range differences are shown in Figure 14 and cover more than 50 years. 

The error associated with the BDMs was valued at a mean value of 3 m, which, by variance 
transmission, provides a threshold of 4.3 m to the difference. This value was disregarded 
in the graphic representation and raised to ±5 m to assimilate its study to that shown in 
Figure 11 with the DEMs. 

 
Figure 14. Port Foster temporal DBM study: (a) bathymetric differences between SIMAC and MGDS 
mean (1991–2005), (b) MGDS mean and IHM (2005–2012), and (c) SIMAC and IHM (1991–2012) 
including the studied zones 1-7; (d) slope areas in degrees with bathymetry contours of −160 and 
−150 m from SIMAC DBM (dark blue) and IHM DBM (light blue); (e) heat maps of nos. of points in 
50 m cells from all MDGS data; and (f) trend of this MDGS dataset throughout its period (2000–
2009). All images have the same projection (EPSG: 32720), scale, and north orientation. 

As shown in the first line of images in this figure (Figure 14a–c), surprisingly high 
values of altimetric differences were found again. The most extensive area with an in-
crease in height (Figure 14c, new studied zone 7) was the bottom isobath of 150 m, and the 
sea bottom was almost featureless and flat below this depth (see Figure 14d). Losses were 
mainly concentrated in the studied zones 1 and 3, which are closer to the shoreline. 

These differences were classified using slope ranges that were suitable to define the 
different geomorphologies of the bay and to evaluate the influence of positional error (Fig-
ure 14d and Table 5). The altimetric reference seemed better in the case of MDGS and IHM 
bathymetries, with a standard deviation of 3.4 m and a global sedimentation (mean gain 
of 5.8 m and high value of 6.2 m in flat areas). The global study from 1991 to 2012 (Figure 
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Figure 14. Port Foster temporal DBM study: (a) bathymetric differences between SIMAC and MGDS
mean (1991–2005), (b) MGDS mean and IHM (2005–2012), and (c) SIMAC and IHM (1991–2012)
including the studied zones 1–7; (d) slope areas in degrees with bathymetry contours of −160 and
−150 m from SIMAC DBM (dark blue) and IHM DBM (light blue); (e) heat maps of nos. of points in
50 m cells from all MDGS data; and (f) trend of this MDGS dataset throughout its period (2000–2009).
All images have the same projection (EPSG: 32720), scale, and north orientation.

As shown in the first line of images in this figure (Figure 14a–c), surprisingly high
values of altimetric differences were found again. The most extensive area with an increase
in height (Figure 14c, new studied zone 7) was the bottom isobath of 150 m, and the sea
bottom was almost featureless and flat below this depth (see Figure 14d). Losses were
mainly concentrated in the studied zones 1 and 3, which are closer to the shoreline.

These differences were classified using slope ranges that were suitable to define the
different geomorphologies of the bay and to evaluate the influence of positional error
(Figure 14d and Table 5). The altimetric reference seemed better in the case of MDGS and
IHM bathymetries, with a standard deviation of 3.4 m and a global sedimentation (mean
gain of 5.8 m and high value of 6.2 m in flat areas). The global study from 1991 to 2012
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(Figure 14c) had a clear positional error compensating in the ranges shown in Table 5.
In this way, the mean difference in medium and high slopes decreased with increasing
slope, while the standard deviation increased, too. As in the DEM study, high values were
associated with steep terrain (dark brown in Figure 14d).

Volume was determined by shifting the reference plane 50 m downward in each DBM,
and the results are displayed in Table 5. In this case, the volume corresponded to the water,
not the land; therefore, the reference is ‘BELOW’. The overall volume of the bay increased,
and from the bathymetric elevation of 150 m onward, it increased while showing clear
bottom sedimentation. The volumetric error for each 1 hm3 was estimated at 0.03 hm3,
following [75].

Lastly, the space–time trend analysis using MGDS data (Figure 14e displays a heat map
with the number of measurements) exhibited statistical significance only in specific areas,
as illustrated in Figure 14f. These significant areas are found primarily in shallower, flat
seabed, and correlated with sedimentary regions, as can be seen in Figure 14c. Unfortunately,
the second study, which encompassed all bathymetric points, did not produce zones that
displayed statistical significance over time. Evidently, the data’s precision (exceeding 1 m)
and certain height uncertainties influenced the results of this second spatio-temporal analysis.

6. Discussion

Figure 8 shows the coastal variations between the start and end of a simulation year.
Since currents were not precisely calibrated, erosion and sedimentation rates may not have
been very accurate. However, trends of gain and loss patterns could be examined and
corroborated using historical studies. Figure 8 illustrates a pronounced correlation between
shoreline orientation and erosion or sedimentation. Based on this criterion, six study zones
were delineated and included in Figure 8, Figure 11a, and Figure 14c: Zones 1, 2, 3, and
5 exhibit a southern orientation and are associated with loss action, while Zone 4 has a
western orientation and Zone 6 has a northeastern orientation, both linked to gain action.
Also, for DBM studies, a Zone 7 was included in the deepest part of Port Foster.

6.1. Coastline Evolution

The coastline study revealed erosion values greater than those for sedimentation.
In detail, its zonal comparison with the proposed model followed the same trend in
these points:

• Zone 1: There was significant erosion in this zone since the last eruption, especially up
to 2003, when there was significant erosion due to the transport of materials deposited
after the eruption. Also, between 2003 and 2020, there was a notable change, which
was the opening up of “Lago Escondido” (Figure 2c) due to the erosive effect.

• Zone 2: This zone did not experience coastal retreat after 2003, but it occurred prior
to 2003.

• Zone 3: A similar effect as in Zone 2 was observed in Kroner Lake (Figure 2b).
• Between Zone 1 and Zone 2, the model revealed erosive initiation that was also

detected in the historical study.
• Zone 4: Although predominantly sedimentary until 2003, there was a substantial

accumulation of sediment in the southeastern part, following the termination of the
Black Glacier (see Figures 9a and 10b). This was the effect of floods of molten water
released from the glacier due to the opening up of subglacial vents and the partial
melting of the ice cover in the last volcanic period [15,36].

The discrepancies were in the following points:

• Zone 4: Although this zone clearly saw sedimentary action, there was a clear inconsis-
tency with the model. On the one hand, there was the glacier retreat that was clearly
identified in the historical study (Figure 10a), but this was probably not due to the bay
dynamics; instead, it may have been linked to global warming [22,76].

• Zone 5: This zone showed no trend following on from the historical data, despite
being clearly defined as sedimentary in the model. The proximity to the boundary
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conditions of the bay and, therefore, of the model or the need for a longer time to
clearly reflect sedimentation values may have been the cause.

• Zone 6: In the south of Port Foster, where the historical study represented the erosion
produced on the slope in front of the Argentine and Spanish bases (Figure 10c), the
model showed a sedimentary zone. We believe this slope erosion to have resulted
from the impact of the sea ice fragments left by the bay’s melting and accumulating in
this area against the weak volcanic material. In this sense, it was confirmed that the
area had a sedimentary trend due to its current dynamics, but other effects that had
not been considered were active and predominant in the area. Also, the numerical
model presented a limitation in accurately evaluating erosion caused by snowfall on
the slopes, particularly when the surfaces of slopes were elevated compared to the
coastal shoreline. The annual snow melting process can lead to slope erosion as the
melted snow water flows over the slopes and transports sediment, gradually washing
away the exposed surfaces. Since the numerical model may not have incorporated
detailed representations of snowmelt erosion processes, it may not have fully captured
the erosion seen in the field. Snowmelt erosion is influenced by various factors such as
slope gradient, surface characteristics, and snowmelt patterns, which are challenging
to simulate accurately in a numerical model.

It is also interesting to note that the erosion rates in the areas not affected by the
eruption in the first stage studied (southern coastline) were like those found in the second
stage on the eroded cliffs along the whole bay, with values of 0.3–2 m/year. Another
observation was that the erosion detected by the model within various lakes (e.g., Kroner
Lake in Figure 2b1,b2 and inland intrusions (northwest of zone 6) may have been influ-
enced by multiple factors. In addition to the influence of tides and simulated sea-level
variations in the model, these areas had river discharge points where the flow resulting
from snowmelt was transported. This created zones where there was interaction between
sediment deposition and its collection by the tides, which then transported it to other areas
of the bay. As a result, part of the sediment tended to accumulate at the lakes’ exits. These
areas require a more refined modelling approach, and fortunately, we cannot offer decisive
findings regarding them in this study.

Finally, it should be noted that when analysing the evolution of the coastline from
images, the presence of shadows can pose a challenge, even when using high-contrast
images. Shadows can obscure and distort the coastline, making it difficult to accurately
define its boundaries. It is important to consider the impact of shadows when interpreting
and analysing coastline changes, as they can affect the accuracy of the results. Techniques
such as image enhancement and careful manual interpretation were employed to mitigate
the effects of shadows and improve the precision of coastline delineation.

6.2. DEM and DBM Temporal Changes

The contrast between Figure 8 and our DEM analysis left only a few reliable values
along the coast, which revealed some consistencies with the model in terms of sedimen-
tation south of zone 4 and erosion in zones 1 and 2. In the DBM analysis, this showed a
coherence between the most eroded shoreline and the nearest seabed in zones 1, 2, and
3. In addition to this, the sedimentation areas were also similar, with notable infilling
occurring between the 1970 eruption and the year 2003 in the southern part of the Black
Glacier. The most extensive area with an increase in height (Figure 14c, zone 7) was the
bottom isobath of 150 m, where the sea bottom was almost featureless and flat below this
depth (see Figure 14d). This area was studied by Cooper et al. [33] with shallowing rates of
up to 0.3 m/year from 1829. In the data in Table 5 from the bathymetric elevation of 150 m
onwards, it increases, showing clear bottom sedimentation.

According to this table (Table 5), the DEM loss volume is significantly greater than
sedimentation in the bay. By adjusting the reference plane, this study revealed that the
highest loss ratios occurred in the upper areas that were permanently covered in snow.
Consequently, it can be understood that most volumetric loss was due to snow. Furthermore,
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the positive evaluation of the inner watershed in the period of 1956–1968, including part of
the last eruptive process, was 0.19 km3, and the volume of erupted ash totalled between
0.12 km3 [77] and 0.20 km3 [30], with 0.10 km3 more recently [32] given as a possible figure.
In addition to this, the area of the temporal sedimentation plumes drawn in Figure 12c
shows a continuous and high active discharge of tephra according to zones 4 and 6 in
the model. The material loss ratios have been decreasing since the last eruptive process,
although they stay relatively high. The evaluation of the study case in CR70, revealing filling
of most of the area (see Figure 12d) due to the active displacement of material uphill from
the Mount Goddard alluvial fans, provides a sample of this activity and demonstrates the
possibility of high sedimentation rates in certain areas. Volumetric changes in DBM indicate
the loss of material from the steep walls of the caldera, some of which will accumulate on
the sea floor. However, there must be a transfer to the outer part of the bay to balance the
losses and gains.

6.3. Numerical Model

Following the validation of our model, we compared it with other studies on Port
Foster dynamics:

• Flexas et al. [37] found that temperature gradients across Neptune’s Bellows, driven
by the Bransfield current, cause water to accumulate at the northeast entrance of
Port Foster. They proposed that counter-clockwise-propagating internal tides create
shadow areas on the bay’s eastern side, aligning with our model results in Figure 8.

• In a study by Berrocoso et al. [40], they explored the connection between the distri-
bution of water temperature in Port Foster Bay and the island’s seismic and volcanic
activity. They suggested a link between increased seawater temperature and the re-
sumption of volcanic hydrothermal activity. Their water circulation model over tides,
with cold water entering the bay and mixing with warmer water, corresponds to our
erosion patterns in the northern part of the island.

• Figueiredo developed a hydrodynamic model [41,42]. His simulation showed limited
particle exchange between the bay and its surroundings over one month, contradicting
our observations of significant material displacement and sediment accumulation in
the eastern area. The discrepancy may be due to the short simulation period in this
study of only one month, making it difficult to draw significant conclusions.

In summary, these comparisons show that our findings align with some previous
studies but differ from others, suggesting the complexity and variability of Deception
Island’s coastal dynamics. At the close of this discussion, it can be concluded that the
model simulates reality well and can serve as a future tool to chart the depositional trends
of the study area. If this model is maintained over time, the evacuation routes (Figure 1b)
along the inner coast and the accessibility to active scientific bases will not be affected
except for by the recession due to erosion identified on the slopes in front of the two
bases, which could impede access as the altimetric difference between the beach and the
terrain increases.

7. Conclusions

In this study, we developed a numerical hydrodynamic model to evaluate future trends
of the inner coast of Deception Island. Its inner bay is the main area for researchers and
tourists to engage in activities by walking or by boat. The high morphological dynamism
of the island allows for significant changes in the coastline within a few years, so future
modifications could affect evacuation routes due to volcanic hazards or disable certain
walking routes, so the modelling and evaluation of future evolution is important.

Also, this area is complicated in terms of climate, where the long period of ice cover
leaves the summer season only as a geomorphological study window. The cloudy days are
predominant and limit the collection of clean satellite images, as well. As a result, only a
few historical satellite images and aerial frames are available. Cartographic data are another
remarkable problem. The inexistence of continuously updated data in this government-free
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zone makes it necessary to mix various historical sources and find methodologies that
are suitable to adequately compare them with precision. Fortunately, in recent years, the
cartographic projections, geodetic systems, and geoid height models have been better
defined, which supports such comparisons.

The proposed hydrodynamic model includes a FLOW module with the sediment
transport equation. The model has been given water-level boundary conditions correspond-
ing to 10 tidal constituents obtained in previous studies. Excellent agreement was obtained
for the tidal levels. In the absence of real measured data, a sensitivity study of the currents
was conducted to produce an estimate. It was found that by varying the Chèzy coefficient,
the change in currents was not significant (3%), so the currents could be considered valid.
The sediment transport pattern in the interior of the bay can only be induced by currents
and wind, so these forcings seem sufficient to determine the trends of accretion/erosion.

The results obtained from the DELFT3D model for shoreline erosion/accretion changes
during a whole year followed the same trend as those obtained from different bathymetric
surveys during the years 1991–2012. Therefore, the reliability of the results seems high. The
main bathymetric changes in the closer coastal areas and sedimentary plumes from melting
activity were in accordance with the model, as well (Figure 12c).

As general conclusions of this study, we can offer the following:

• Some coastal erosion areas have been detected, consistent with the model dynamics
and bathymetric changes (zones 1 and 2). The erosion of this coastline is minimal on
the border with the south orientation, but walking paths could be affected. The erosion
rates in the areas not affected by the eruption in the first stage studied (southern
coastline) are like those found in the second stage on the eroded cliffs along the whole
bay, with values of 0.3–2 m/year. The same applies for the sedimentary areas in
the two periods studied, to the southwest of Port Foster (west of zone 6) and to the
northwest of the bay (north of zone 4), with a sedimentation rate of 0.3–2 m/year. If
this model is upheld over time, the evacuation routes along the inner coast and the
access to active scientific bases will not be affected.

• A visual study of the coastline for the periods between 1970 and between 2003 and
2003 and 2020 revealed annual rates of the increase in the water area of the inner bay of
0.023 km2/year and 0.028 km2/year, and annual sedimentation rates of 0.007 km2/year
and 0.002 km2/year, respectively. It also revealed a discrepancy in front of scientific
bases, where it identified substantial erosion on the slope facing the beach. This dy-
namic could indeed affect the accessibility of the bases. The evolution of the coastline
demonstrates erosional ratios of up to 2 m/year in slopes/cliff.

• While the overall size of the island has been decreasing over time, this reduction is
much greater than that observed in the bay because it is linked to possible ice loss
in areas above 300 m in elevation. It was challenging to discriminate areas with
accumulated snow because many of them are covered with ash and blend in with
the ground. Also, in less than 15 years, four craters from the last event became near-
invisible, with infill values up to 9 m. A considerable part of the overall loss of surface
material is received within the bay, including its own erosion from the submerged
caldera’s lateral walls, and accumulates at the bay’s bottom. However, there is a
substantial outward transfer of material to balance the figures. These observations
highlight the dynamic nature of the coastline and the impact of various factors on the
erosion and sedimentation processes on the inner coast.

• Finally, though it was not the study’s objective, it is essential to highlight the significant
retreat experienced by the only glacier of the island, which increased in its annual
retreat to 14 m in the 2003–2020 interval compared to the 7 m/year it experienced
between 1970 and 2003, representing a 100% increase in its annual retreat. This loss
aligns with the DEM volumetric loss detected primarily in the high-altitude area and
linked to snow mass loss.

Although the model was focused primarily on other factors such as tidal currents and
morphodynamic processes, it could be improved by including changes in air pressure and
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wind at more points on the island, to introduce both spatial and temporal variation, as well
as by conducting an extensive field survey with different locations of tides and currents, to
calibrate and validate the model more accurately.

Also, this study used historical data with metres of uncertainty and some field
data. While resampling techniques were applied and slope ranges were defined, alti-
metric/bathymetric differences showed high values, and spatial–temporal trends did not
offer statistical significance in all temporal studies. These altimetric differences, along with
the bathymetric modification we found, require the acquisition of new precise DEM, maybe
with unmanned aerial vehicle (UAV) flight, as well as new bathymetry and snowmelt
runoff measurements to improve and validate these results.
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Appendix B

Table A1. Characteristics of river discharges of Deception Island according to the numbering in
Figure 5.

ID Flow (m3/s) Tributary Main River Length (m) Location Entity

1 0.02 0 469.61 Argentine Base 2
2 0.04 2 619.7 Argentine Base 3
3 0.025 1 291.25 Argentine Base 2
4 0.01 0 123 Argentine Base 1
5 0.02 0 640.49 West 2
6 0.045 3 672.63 West 3
7 0.03 0 786.49 West 3
8 0.02 0 607.32 West 2
9 0.085 9 1370.98 West 4
10 0.09 10 1452.21 West 4
11 0.08 8 1279.49 West 4
12 0.02 0 533.19 Argentine Base 2
13 0.02 0 400.21 West 2
14 0.03 2 234.12 Lake 2
15 0.01 0 148.37 Lake 1
16 0.01 0 97.95 Lake 1
17 0.01 0 103.89 Lake 1
18 0.02 0 281.63 Lake 2
19 0.03 2 240.08 Lake 2
20 0.01 0 185.01 Lake 1
21 0.035 3 311.28 Lake 2
22 0.01 0 219.38 Lake 1
23 0.02 0 260.81 Lake 2
24 0.01 0 143.72 Lake 1
25 0.04 2 570.33 Lake 3
26 0.075 5 1392.13 North 5
27 0.075 5 1515.12 North 5
28 0.055 3 997.16 North-East 4
29 0.055 5 775.87 North-East 3
30 0.03 2 391.4 Crater_70 2
31 0.065 3 563.25 Crater_70 5
32 0.01 0 492.86 Crater_70 1
33 0.03 2 327.24 North-West 2
34 0.03 2 855.77 Black glacier 2
35 0.025 1 495.97 Black glacier 2
36 0.01 0 440 West 1
37 0.01 0 350 West 1
38 0.025 3 370 South-West 1
39 0.02 0 997.17 Entry 2
40 0.07 6 1626.25 Entry 4
41 0.055 3 1622.69 Entry 4
42 0.035 3 1247.65 Entry 2
43 0.055 5 577.57 Entry 3
44 0.05 4 714.78 Entry 3
45 0.065 5 973.48 Entry 4
46 0.065 5 1280.05 Entry 4
47 0.01 0 724.61 Spanish Base 1
48 0.08 6 1363.3 Argentine Base 5
49 0.04 2 820.57 Argentine Base 3
50 0.015 1 456.07 Argentine Base 1
51 0.015 1 336.87 Argentine Base 1
52 0.04 2 332.73 Entry 3
53 0.06 4 750.3 Entry 4
54 0.095 9 454.17 Argentine Base 5
55 0.05 4 1316.89 Argentine Base 3
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Table A2. Ellipsoidal height differences between GPS points and REMA in CR70.

No. of Point 2006 h (m) REMA h (m) 2006 h–REMA h (m)

1 52.2 50.1 −2.0
2 61.1 59.6 −1.5
3 57.7 56.4 −1.3
4 43.2 52.1 8.9
5 80.1 86.4 6.3
6 62.9 56.1 −6.8
7 59.8 54.4 −5.4
8 90.3 83.8 −6.5
9 98.1 87.9 −10.2
10 94.1 86.7 −7.5
11 69.8 65.7 −4.1
12 50.4 50.1 −0.3
13 65.4 61.1 −4.3
14 77.5 74.9 −2.6
15 64.5 62.5 −2.0
16 57.3 64.4 7.1
17 81.3 79.8 −1.5
18 93.7 90.4 −3.4
19 98.4 95.5 −2.9
20 34.2 40.3 6.1
21 108.9 105.0 −3.9
22 45.1 46.9 1.9
23 45.1 45.0 −0.1
24 48.9 54.0 5.2
25 48.0 47.2 −0.7
26 46.7 44.6 −2.1
27 46.6 46.3 −0.3
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