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This study investigates seawater temperature patterns on Livingston and Deception

Islands in Antarctica, where LIVMAR and DECMAR oceanographic stations are

located, respectively. The research spans the period from 2015 to 2024, focusing

on seasonal variations, long-term trends, and differences between the two stations.

Seawater temperature data were analysed over a ten-year period, allowing for the

examination of seasonal cycles, temperature extremes, and anomalies. Particular

attention was paid to identifying influences from local geophysical features such as

volcanic activity and glacial melt. Over these ten years, minimum temperatures have

decreased, with DECMAR notably failing to record temperatures below the freezing

point during the last two winters. The analysis reveals pronounced seasonality in

both locations, with higher temperature peaks during the austral summer. DECMAR

consistently registers higher maximum temperatures compared to LIVMAR,

attributed to the volcanic activity of Deception Island. This volcanic influence

introduces thermal anomalies, delays in minimum temperature occurrence, and

greater variability in summer signals due to increased subsurface water flow within

the volcanic plumbing system. During the austral winters, the stations exhibit

distinct patterns. LIVMAR shows earlier and more variable temperature drops,

while DECMAR demonstrates shorter but more stable freezing periods. These

differences may result from freshwater input from the Johnson Glacier, which

modifies local freezing conditions at Livingston Island, combined with the

geothermal influence of Deception Island. The study identifies an overall upward

trend in seawater and air temperatures, aligning with global and regional climate

change patterns. The reduction in the frequency of extreme low temperature

events that occurred between 2020 and 2022 during the volcano-tectonic event in

the Bransfield Strait due to the eruption of the Orca volcano highlights the

environmental changes affecting the South Shetland Islands region. This work

underscores the importance of local geophysical processes, such as volcanic

activity and glacier melt, in the regional thermal dynamics. While the similarities

between LIVMAR and DECMAR reflect overarching climatic drivers, the observed

differences illustrate the complexity introduced by local factors.
KEYWORDS

seawater temperature, time series, seasonal variation analysis, South Shetland Islands,
Antarctica, Orca seamount volcano
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1 Introduction

The Southern Ocean has undergone significant changes in

recent decades, resulting in major impacts on global climate. It

has absorbed a large amount of climate change-related heat, which

has been taken from the atmosphere and stored in its subsurface

water masses (Frölicher et al., 2015; Auger et al., 2021;

Intergovernmental Panel on Climate Change (IPCC), 2022). The

western Antarctic Peninsula is a warming spot in Antarctica (Jones

et al., 2016; Vorrath et al., 2020), experiencing a rise in atmospheric

temperature of 0.54°C during the 20th century (Vaughan et al.,

2003; Turner et al., 2005; Steig et al., 2009) and a minor cooling

trend from 2000 to 2010 (Turner et al., 2020; Carrasco et al., 2021).

Additionally, between the 1990s and the 2000s, subsurface

temperatures in various water bodies around the western

Antarctic peninsula experienced an increase of up to 1°C (Cook

et al., 2016).

The Bransfield Strait is a semi-enclosed region located in the

Atlantic sector of the Southern Ocean, at the boundary of the

Weddell Sea and Drake Passage, separating the South Shetland

Islands from the Antarctic Peninsula (Huneke et al., 2016). At the

shelf slope, hydrographic data-based estimates of relative

geostrophic circulation indicated the presence of the Bransfield

Current (BC), a strong baroclinic current flowing northeastward

along the South Shetland Islands (SSI) slope (Sangrà et al., 2017;

Veny et al., 2022). Sangrà et al. (2011, 2017) propose that the BC

surrounds the northeastern tip of the SSI and recirculates

southwestwards along the northern flank of the SSI, within the

Drake Passage, this model is based on in situ hydrographic

observations and laboratory experiments, suggesting that the BC

behaves as a buoyant gravity current. In addition, Veny et al. (2022)

state that the BC is a circulation pattern present throughout the year

in the Bransfield Strait.

Water masses in the strait are primarily influenced by

freshwater runoff from the islands and two distinct water sources:

water from the Bellingshausen Sea (Transitional Bellingshausen

Water, TBW), which flows into the strait from the west and is

pushed against the SSI, and modified water from the Weddell Sea

(Transitional Weddell Water, TWW), which enters from the east

and moves along the Antarctic Peninsula forming the Antarctic

Coastal Current (CC) (Tokarczyk, 1987; Garcıá et al., 1994; Sangrà

et al., 2017; Pérez et al., 2019; Seliverstova et al., 2023; Veny et al.,

2022). The less dense and warmer water (TBW) flows over the

denser and colder water (TWW) driven by the buoyancy-induced

pressure gradient and constrained by the Coriolis force (Sangrà

et al., 2011, 2017; Veny et al., 2022). The Peninsular Front (PF)

forms when TBW and TWW encounter, also there is an

anticyclonic eddy system (AE) between the BC and the PF, and a

modified warmer Circumpolar Deep Water (CDW) tongue beneath

the Bransfield Front (Sangrà et al., 2011, 2017).

Coastal surface waters in Antarctic regions, which interact with

the atmosphere and are altered by meteoric water (mostly from

glacial melt), are generally much colder than the upper circumpolar

deep water (Klinck, 1998; Barnes et al., 2006). This source of

meteoric water provides up to 5% of the near-surface ocean
Frontiers in Marine Science 02
during the austral summer. Seasonality is meaningful, with

freezing-point temperatures during the winter beginning to rise as

solar forcing increases, reaching the warmest waters during the

summer and lower salinities (Lenn et al., 2003; Clarke et al., 2008;

Meredith et al., 2008).

For long-term series, the acquisition of any environmental or

oceanographic variables in Antarctica is complex. This is especially

true in the austral winter, when widespread sea ice and reduced

daylight hinder operations (Venables et al., 2023). Therefore,

conducting observations throughout the year is of significant

scientific importance. Longer records of near-shore temperatures

in these regions show a marked seasonal cycle with a pattern where

there is a marked variation in temperature between summer

maxima and winter minima (Barnes et al., 2006).

Sea ice forms during the winter, but its presence and persistence

can vary according to changes in air temperature and the strength

and direction of the wind (Venables et al., 2023). One of the

conditions for the generation of the sea ice is water temperature;

freezing point of surface water in these polar waters is considered to

be around -1.9°C (Jacobs et al., 1992; Hofmann et al., 1996; Hunt

et al., 2003; Joughin and Padman, 2003; Damini et al., 2022). The

freezing point of water is a function of salinity, thus the input of

glacial ice melt will act to influence further sea ice production

(Meredith et al., 2008). In addition, it is pressure-dependent,

freezing point decreases with increasing pressure (Foldvik and

Kvinge, 1974). Mahoney et al. (2011) conducted a study in

McMurdo (Antarctica) where they also mention that the freezing

point of the surface of the ocean is a function of salinity and for their

study it varies between -1.8°C and -1.9°C for salinities between 33.7

and 34.8 psu. Hunt et al. (2003) obtained seawater temperature

records for 2020 at Cape Armitage site and for two consecutive

years at McMurdo station; both sites belong to McMurdo Sound.

Maximum temperatures reached values of -0.3°C (Cape Armitage)

and -0.4°C (McMurdo station); and the lowest temperatures at

around -1.8°C. Cárdenas et al. (2018) recorded a water temperature

ranging between -1.7° and 3.0°C from January 2016 to February

2017 around Doumer Island (Western Antarctic Peninsula).

This article aims to present a detailed analysis of seawater

temperature dynamics around Deception Island, an active

volcanic system, and Livingston Island, a non-volcanic landmass,

both located within the South Shetland Archipelago, Antarctica.

Based on a decade-long dataset, the study examines temporal

variations in seawater temperature and investigates the influence

of volcanic activity, geodynamic processes, and climatic factors. The

findings provide valuable insights into the local and regional drivers

of thermal variability in Antarctic waters.
2 Study area

The study focuses on the Bransfield Strait where Deception and

Livingston Islands are located, the stations are based in these islands

due to the presence of the two Spanish Antarctic Research Stations

Juan Carlos I in Livingston Island and Gabriel de Castilla in

Deception Island and, of course, because of its exceptional
frontiersin.org
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geodynamic characteristics. The South Shetland archipelago is

located in the Bransfield Strait, about 100 km away from the

Antarctic Peninsula. This region is considered a very

tectodynamically complex area due to the interaction of several

tectonic plates; two main tectonic plates: The South American plate

and Antarctic plate; and three microplates: Scotia, Phoenix and

South Shetland (Henriet et al., 1992; Lawver et al., 1996; Baraldo,

1999; González-Casado et al., 2000; Bohoyo et al., 2002; Ramıŕez,

2007). The central Bransfield Basin has a tectonic configuration

associated with active subduction and an expansive back-arc center

forming a NE-SW-axis spreading rift (Figure 1A) (Barker, 1982;

Grad et al., 1992; Barker and Austin, 1998; Martı ́ et al., 2013).

Besides, it is characterised by the presence of active volcanism with

emerging volcanoes (Deception, Penguin and Bridgeman; Smellie

et al., 1990); and numerous submarine volcanic edifices which can

be seen in Figure 1B (Orca, Three Sisters etc; Barker and Austin,

1998; Almendros et al., 2020; Dählmann et al., 2001).

Deception Island is a horseshoe-shaped active volcano located

in the southern limit of the Bransfield Basin (Figure 1D); it has a

central flooded caldera, Port Foster, which opens onto Bransfield

Strait through a shallow and narrow sill called Neptune Bellows
Frontiers in Marine Science 03
(Smith et al., 2003). This volcanic island has registered three

eruptive periods over the last two centuries: 1818-1828, 1906–

1912 and 1967-1970 (Smellie, 2001) and this volcanic activity has

been monitored by geophysical and geodetic techniques (Rosado

et al., 2019; Jiménez-Morales et al., 2022). At the surface, the main

indicators of current volcanic activity are the existence of fumarolic

areas and thermal springs (Berrocoso et al., 2018). Despite this,

about 57% of the island’s land surface is currently covered by ice

(Smith, 2005). As an active volcano area, it possesses special

physico-chemical properties where waters present water

temperature, turbidity and volcanic related chemistry (Elderfield,

1972; Barnes and Conlan, 2007; Caselli et al., 2007; Martıń, 2021) as

well as its geodynamic activity (Jiménez Morales et al., 2017; Rosado

et al., 2019). Flexas et al. (2017) describes that a strong seasonal

influence governs the hydrodynamic circulation inside Port Foster.

During summer, due to the atmospheric warming of the sea surface

a thermocline is generated leading to a two-layer laminar structure.

In the upper layer, circulation is anticlockwise, while in the deeper

layer, it is clockwise (Flexas et al., 2017). As autumn arrives, this

configuration transitions into a single homogeneous water column,

with temperatures near freezing (around -1.85°C) by the end of
FIGURE 1

(A) Antarctic region, simplified bathymetric map and tectonic setting of the region. Morphological features: SSB (South Shetland Block), SST (South
Shetland Trench), BB (Bransfield Basin), HFZ (Hero Fracture Zone), SFZ (Shackleton Fracture Zone). (B) South Shetland Archipelago including: King
George, Nelson, Robert, Greenwich, Livingston, Deception, Snow, Low and Smith islands. Submarine volcanoes; Humpback, Three Sisters and Orca.
(C) Livingston Island, tide gauge at LIVMAR station at Johnsons Cove (red triangle) and JCI atmospheric station (green dot). (D) Deception Island, tide
gauge at DECMAR station at Colatinas Point (red triangle) and GdC atmospheric station (green dot). Maps have been made with Quantarctica
package for QGIS from the Norwegian Polar Institute. https://npolar.no/quantarctica/#toggle-id-6.
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winter (Lenn et al., 2003). According to Vidal et al. (2012) salinity

values in Port Foster were around 33.6-33.7 psu.

Livingston Island is the second largest island of the South

Shetland Islands (Figures 1B, C); it has a surface area of 974 km2.

The island is covered with glaciers and ice caps, with approximately

90% of its surface permanently covered by ice, and only the west

side and some coastal areas are snow-free in the summer (Calleja

et al., 2019; Sugiyama et al., 2019; Recondo et al., 2022). In one of

these ice-free areas, called the Hurd Peninsula (Sugiyama et al.,

2019), the JCI base is located. Johnson Cove Bay, according to Vidal

et al. (2011), has salinity values around 33.5 psu.

Moreover, it is worth noting that the Bransfield Strait region

experienced intense seismic activity centred around the Orca

submarine volcano, which began in August 2020 and lasted for

approximately one year (Rosado et al., 2023; Poli et al., 2021). This

seismic sequence comprised more than 80.000 earthquakes,

primarily located to the northeast of the Orca volcano, with

depths reaching up to 10 km (Rosado et al., 2023; Cesca et al.,

2022). According to Poli et al. (2021), this seismic swarm is one of

the largest ever recorded along a spreading ridge, with an inferred

volcanic origin. The seismic activity was characterised by two

significant energy release phases. The first occurred in November

2020 and included the highest number of events exceeding

magnitude 4, along with an initial largest earthquake of 5.9 Mw

near Orca (Rosado et al., 2023). The second peak took place in

January 2021, featuring the biggest earthquake of the swarm,

reaching 6.9 Mw and located further east (Rosado et al., 2023).

This seismic episode was accompanied by a displacement of up to

~11 cm towards the northwest on King George Island, suggesting
Frontiers in Marine Science 04
magma intrusion as the primary mechanism driving this complex

activity (Cesca et al., 2022).
3 Data

3.1 Oceanographic stations

During the 2007/2008 survey, the Astronomy and Geodesy

Laboratory of the University of Cádiz (LAGC) began recording tide

levels at Deception Island. However, at Livingston Island, data

collection did not begin until the 2009/2010 survey. The

establishment of a definite system for recording the time series on

both islands required several years of testing. At first rigid cables

were used for tying the instruments, and due to the harsh weather

conditions during the austral winter and the formation of the ice

sheet hindered the data acquisition. Lei et al. (2018) show similar

problems with the sensor anchoring cable and massive sea ice.

Likewise, Pytharouli et al. (2018), find jumps in their records and

mention that they could be due to changes in the datum or

instrument failures. Finally, after several attempts, flexible

mooring ropes were used, allowing for relatively continuous long-

term records on both islands since 2015.

Data from two stations located on Deception Island (DECMAR

in Figure 2D, 62°59’19.02”S 60°37’18.45”W) and Livingston Island

(LIVMAR in Figure 2C, 62°39’38.70”S 60°22’11.62”W) are used.

The location of LIVMAR station is at Johnsons Cove, at the base of

the tide glacier Johnsons, and DECMAR station is at Colatinas

Point near Neptune Bellows.
FIGURE 2

(A) Temperature records at the LIVMAR station with the two sensors at anchor from December of 2018 to February 2020 (blue corresponds to
Sensor 1 and grey to Sensor 2). The Y-axes are not equal, otherwise it would not be seen that both records are equal. (B) Temperature records at
the DECMAR station with the two sensors at anchor from December of 2018 to February 2020 (red corresponds to Sensor 1 and grey to Sensor 2).
In both cases, the plots for sensors 2 have been shifted to display the similitude of both data sets.
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Both stations have two pressure and temperature AQUAlogger

520PT sensors, moored at a depth of 10 m. Due to the unavailability

of remote data, each station has two instruments that record

simultaneously in order to have duplicate data in case of failure of

one instrument, Figure 2 shows that the two series are identical. For

better visualisation in Figures 2A, B, the axes of Sensor 1 (left) and

Sensor 2 (right) have been displaced, as otherwise the series would

overlap. They do not have the same values between stations, as

DECMAR reaches higher temperatures.

These sensors record temperatures with an accuracy of ± 0.05 °C

and resolutions of 0.007°C. They were programmed to record 3 data

with a time sampling of 20 minutes and a burst of 5 seconds. This is

the shortest possible sampling interval that allows battery operation

for a full year (Figure 2), as battery replacement can only be

performed during the austral summer. The sensors that are

anchored each year have been previously calibrated by the

company supplying the equipment to ensure the reliability of the

records. Continuous data has been available since 2015 for

both islands.
3.2 Atmospheric stations

The Spanish Meteorological Agency (AEMET) has two

meteorological stations located next to LIVMAR station (JCI in

Figure 1C, 62°39’47”S 60°23’16”W) and next to DECMAR station

(GdC in Figure 1D, 62°58’37.16’’S 60°40’3.63’’ W). AEMET started

meteorological data acquisition in 1988 supporting the Spanish

bases with weather forecastings. The stations are equipped with

HMP155 Vaisala sensors that measure air temperature at 10-
Frontiers in Marine Science 05
minute intervals, with an accuracy of ±0.35°C. The sensors are

positioned 12 metres above sea level (a.s.l.).

The air temperature series has been downloaded from AEMET

OpenData from 2015 to 2025. Since raw data are often missing or of

poor quality due to technical issues or adverse weather conditions

(e.g., snow, ice, wind), the dataset is filtered to minimise errors

(Recondo et al., 2022). In addition, in order to have the data at the

same interval as the water temperature data, they were averaged

every 20 min (Figure 3).
4 Methodology and results

The series are obtained on an annual basis, with the initial step

involving the merging of the data. Once continuous data are

established, both descriptive and analytical analyses are performed.

Furthermore, monthly temperature averages are calculated to offer a

more detailed foundation for the analysis, thereby facilitating the

identification of seasonal trends and patterns.

Moreover, the temperature series were analysed using the

procedure fol lowed by an STL (Seasonal and Trend

decomposition procedure based on LOESS) decomposition. The

STL method is an iterative technique that decomposes time series

data into three components: trend, seasonality, and residuals. It

allows for flexibility in specifying the amount of variation in the

trend and seasonal components and produces robust estimates that

are not distorted by transient outliers (Cleveland et al., 1990;

Sanchez-Vazquez et al., 2012). The core of STL is the use of

LOESS smoothing, a local polynomial regression technique, to

estimate these components iteratively. The STL procedure
FIGURE 3

(A) Air temperature at Livingston Island sampled every 20 min from December 2014 to December 2022 (JCI, blue). (B) Air temperature at Deception
Island sampled every 20 min from December 2014 to December 2022 (GdC, red). The gaps in the record are due to missing or anomalous data.
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comprises two iterative stages: internal and external. First, the

seasonal component is estimated by grouping data points based

on their seasonal indices (e.g., months or weeks) and applying

LOESS smoothing to capture periodic variations. This seasonal

component is subtracted from the original data to isolate a

preliminary trend-cycle component, which is further smoothed

over a larger window to estimate the trend. Finally, the residuals

are calculated by removing the trend and seasonal components

from the original data. These steps are repeated iteratively, refining

each component until convergence is achieved. To carry out this

decomposition of the series, it was adapted the R program

developed by Hafen (2016) based on the description of the

methodology of Cleveland et al. (1990).

In addition, the Root Mean Squared Error (RMSE) and

Pearson’s correlation coefficient (r) between the DECMAR/

LIVMAR and GdC/JCI series were calculated in order to see

their similarity.
4.1 Temperature time series

The temperature series for both islands since 2011 are shown

below (Figure 4), in this and the following figures, blue represents

LIVMAR station (Figure 4A) and red DECMAR station

(Figure 4B); gaps in the series represent the lack of data. Before

starting the comparison between islands, it should be noted that

during the austral winter of 2012, at DECMAR station recorded

anomalous temperatures, reaching peaks of up to 10°C (Figure 4B).

The detection was favoured, as it started during the austral winter

when Puerto Foster was covered by sea ice, thereby reducing heat

exchange at the water-atmosphere interface (Berrocoso et al., 2018).
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According to this study, these anomalies result from the periodic

advection of water previously heated in the island’s interior by the

injection of submarine magma, which aligns with the higher

volcanic activity recorded. Given the presence of sea ice within

the bay during the winter of 2018, which inhibited heat loss through

water-atmosphere exchange, Berrocoso et al. (2018) confirmed that

water masses passing through the Fumarole Bay area warmed

significantly and exhibited notable peaks when exiting the bay,

coinciding with low tide. This is consistent with the circulation

patterns described by Flexas et al. (2017). However, in other winters,

such favourable conditions were not observed, and no volcanic

activity of comparable magnitude was recorded.

Except for 2012 austral winter at DECMAR, the rest of the years

show a clear seasonal variation, reaching the minimums during the

austral winter and the maximums in the austral summer. However,

the two islands differ in magnitude. Deception reaches higher

temperatures during summers (around 4°C) than Livingston (2°C).

During winters, temperatures are similar, but have a longer duration

in Livingston, this could be due to local behaviour as Deception

Island is a volcano.

The analysis now focuses on December 2014 to February 2025 as

this is the time period for which continuous data from both stations

are available (LIVMAR Figure 5A and DECMAR Figure 5B). The

highest recorded temperatures at LIVMAR occurred during January

2023 (2.59°C). Regarding DECMAR, the highest temperature is 3.69°

C, observed in January 2017 and January 2025. The lowest

temperatures recorded were for DECMAR -1.94°C in August 2017

and for LIVMAR -1.97°C in August 2020.

The temperatures recorded during the austral summers

(Figure 6A) exhibit a similar pattern on both islands. However,

temperatures are consistently higher at DECMAR (1.1°C
FIGURE 4

(A) Water temperature series at LIVMAR station (blue). (B) Water temperature series at DECMAR station (red), where temperature anomalies are due
to volcanic activity. Gaps in the graphs are due to missing data caused by equipment power failures.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1566852
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Luengo-S et al. 10.3389/fmars.2025.1566852
approximately more than LIVMAR), which could be due to the

volcanic character of the island. For both islands, the first two

summers (2014/2015 and 2015/2016) recorded the lowest

temperatures, while the summers of 2016/2017, 2019/2020, and

2022/2023 saw the highest temperatures.
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Focusing now on the lows (Figure 6B), minimum temperatures

are first reached in LIVMAR station in June or July, instead in

DECMAR station occurs in July or August; the rise in temperature

is usually on similar dates. Based on the salinities recorded during

an austral summer on both islands (Vidal et al., 2012), it could be
FIGURE 6

(A) Maximum water temperature records at LIVMAR (blue) and DECMAR (red) stations during austral summers between December 2014 to February
2023. (B) Water temperature records below -1.8°C at LIVMAR (blue) and DECMAR (red) stations during austral winters between December 2014 to
February 2023. The black dashed line indicates a temperature of -1.8°C, the freezing point.
FIGURE 5

(A) Water temperature records for the period December 2014 to February 2025 at stations LIVMAR (blue). (B) Water temperature records for the
period December 2014 to February 2025 at DECMAR station (red).
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established that in the bays where the oceanographic stations are

located the freezing point is around -1.8°C. During the austral

winters of 2015 and 2017, both islands experienced the longest

period with temperatures near to the freezing point (Figure 6). On

both islands the duration of low water temperatures during the

austral winter is variable. As can be seen in Figure 6, during the

austral winters of 2021, 2022 and 2023 in Deception Island there

were no occurrences of temperatures below -1.8°C. However,

during the winter of 2024 temperatures below -1.8°C appears

again at DECMAR. Periods of temperatures below -1.8°C,

although shorter in DECMAR, are more continuous than in

LIVMAR, where temperatures below -1.8°C start earlier

but oscillate.
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For a more comprehensive analysis of the summer seasons, they

have been plotted overlapping in Figure 7 (DECMAR red and LIVMAR

blue), where beginning and end of the austral summer are indicated by

vertical dashed lines. DECMAR station shows more oscillations in

maximum temperatures than LIVMAR, reaching oscillations of up to

1.44°C by January 2020 (Figure 7F). Despite these differences in the

magnitude of the temperature oscillations between stations, they behave

in a similar way, since when the temperature rises or falls in one of the

stations it occurs in the other, although with a different amplitude. This

can be clearly seen in Figure 7B, for example, that when the temperature

drops in February 2016 it also drops at DECMAR; and in Figure 7F

when it rises at DECMAR in December 2019 it also rises at LIVMAR,

although to a lesser extent.
FIGURE 7

Graphs of austral summers from 2014 to 2025 are presented (from A-K). The red lines represent the DECMAR station, while the blue lines
correspond to the LIVMAR station. The dashed vertical lines mark the start and end of the austral winter (December 21 and March 20, respectively).
November and April are also included to show the temperature trends before and after summer.
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Also, maximum temperatures have decreased over the years,

and DECMAR oscillations have decreased, but this could be due to

volcanic activity. It could be suggested that the summer season is

brought forward each year with the exception of summer 2016/

2017. Pre-summer temperatures increase earlier at LIVMAR than

at DECMAR.

To provide a clearer understanding of the austral winter,

Figure 8 presents an overlay of water temperatures for both

stations (DECMAR in red and LIVMAR in blue) from November

to October each year. These months were chosen to encompass the

winter season as well as an additional month at the start and end,

offering a more comprehensive view. In this figure, grey shadow

zone indicates temperatures below -1.8°C and vertical dashed lines

austral winter.
Frontiers in Marine Science 09
From 2015 to 2017 (Figures 8A–C), winter temperatures were

more stable and consistently lower, with the onset of cooler

temperatures occurring slightly later each year. From 2018

onwards, temperatures became more variable, with greater

fluctuations throughout the winter months. The winters of 2019

(Figure 8E) and 2020 (Figure 8F) exhibited somewhat more stability

in parts of the season. However, in 2021 (Figure 8G) and 2022

(Figure 8H), temperatures declined only marginally, failing to reach

the minimums observed in DECMAR.

The most notable difference between the two stations is that

DECMAR consistently exhibits higher temperatures than LIVMAR

and reaches its minimum temperatures later. These graphs also

confirm that at LIVMAR low temperatures appear later and later

each year, starting in early July in 2016 (Figure 8B) and in mid-
FIGURE 8

Graphs of austral winters from 2015 to 2024 are presented (from A-J). The red lines represent the DECMAR station, while the blue lines correspond
to the LIVMAR station. The shaded grey area highlights temperatures below -1.8°C. The dashed vertical lines mark the start and end of the austral
winter (June 22 and September 23, respectively). May and October are also included to show the temperature trends before and after winter.
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August in 2022 (Figure 8H). DECMAR is more unstable due to its

volcanic nature, however, LIVMAR also presents oscillations.

During the winter of 2024 it seems that both islands start to

recover their usual behaviour reaching temperatures below -1.8°C

again at DECMAR and more continuously at LIVMAR.

If the number of records of temperatures below -1.8°C were

classified into days, Figure 9 would be obtained. This figure shows a

general decrease in the number of such records over the years for

both stations, although this trend is not continuous. The two islands

show similar patterns, with the exception of 2020, during which the

number of records decreases at LIVMAR but increases at

DECMAR. In 2021 and 2022, LIVMAR records its lowest values,

while DECMAR does not record any temperatures below this

threshold. As it was said previously, during winter of 2024 it

seems to be recovering to normal.

Figure 10 shows the monthly means for both islands from

January 2015 to December 2024. Monthly averages have been made

for each station to see the behaviour over the years, a minimum of

90% of the total data was required for a 20-minute sampling

frequency to compute the monthly average.

In both graphs (LIVMAR and DECMAR, Figures 10A, B), the

red line represents the monthly mean, and a trend of increasing

winter temperatures has been observed in recent years. During

summer, maximum temperatures in DECMAR are consistently

higher than in LIVMAR, reaffirming the influence of volcanic

activity on Deception Island.

In the early years of the record (2015–2017), winter

temperatures reached lower values; however, in more recent

years, there has been a decline in the occurrence of extremely

cold temperatures. In DECMAR, winter temperatures barely

reach the -1.9°C threshold in recent years, indicating a

reduction in the duration of periods with temperatures near

seawater freezing levels.

In LIVMAR, the standard deviation narrows in winter,

particularly in August, suggesting lower variability and greater

thermal stability. In contrast, DECMAR exhibits a wider and
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relatively consistent standard deviation throughout the year,

except between March and May, when it decreases. This indicates

that temperatures in DECMAR are more variable, likely due to the

influence of volcanic and oceanographic processes. Notably, the

months exhibiting the most pronounced temperature differences

are from October to December in LIVMAR, and from July to

December in DECMAR.

Moreover, DECMAR has shown a more pronounced increase in

summer temperatures in recent years (2021–2024). In LIVMAR,

variations are more stable, with a lower amplitude of fluctuation,

reinforcing the idea that DECMAR’s thermal dynamics are more

strongly influenced by geothermal factors.

Subsequently, the monthly averages for both stations are

presented together (Figure 11). As observed with the 20-minute

interval temperature data, the behaviour of temperatures at both

stations in the monthly means is remarkably similar, likely

reflecting regional climatic patterns. At the LIVMAR station,

temperatures decrease earlier than at DECMAR as the winter

season sets in, and also reach lower values. These differences

fluctuate over the years, with the most significant disparity

occurring in 2022. For minimum temperatures, the graph clearly

shows that winters are getting shorter and temperatures are

gradually increasing in the winters of 2021, 2022 and 2023, with a

recovery in 2024. Maximum temperatures tend to occur at the

DECMAR station, but these too exhibit variability, which may be

influenced by local factors, particularly the volcanic characteristics

of Deception Island. Furthermore, it is again that temperatures are

rising in both stations.

After the winter period, temperatures begin to rise earlier at

LIVMAR. Although DECMAR recorded the highest values in the

previous analysis of the 20-minute interval temperatures, when

assessing the monthly averages, the temperatures between the two

island stations become more comparable. While DECMAR

consistently reaches the highest maxima, over the years, the

station with the highest monthly average during spring and

summer shifts between the two islands.
FIGURE 9

Evolution over the years of the number of data in which the temperature record temperatures equal to or below -1.8°C for each station. LIVMAR
station is blue and the DECMAR station is red. From 2021 to 2023 there is no data under -1.8°C at DECMAR station.
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4.2 Statistical description of the series

The STL decomposition has been applied to the temperature

time series of the DECMAR and LIVMAR stations (Figure 12). The

results, displayed from top to bottom, include: the raw temperature

series (Figure 12A), the trend (Figure 12B), the seasonality

(Figure 12C), and the residuals (Figure 12D).
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As illustrated in Figure 12B, the trends of both series exhibit

similar behaviours, with notable exceptions in the maximum peaks

of DECMAR during the summers of 2017 and 2020, and abrupt

changes in the minimum temperatures of LIVMAR during the

winter of 2022. Additionally, throughout 2022, a noticeable rise in

the DECMAR trend is observed in comparison to that of LIVMAR.

Additionally, temperature variations in DECMAR and LIVMAR
FIGURE 11

Monthly mean temperatures superimposed of LIVMAR (blue) and DECMAR (red) stations.
FIGURE 10

(A) Monthly averages of water temperatures from January 2015 to December 2024 at LIVMAR station. The blue shaded area corresponds to the
standard deviation. (B) Monthly averages of water temperatures from January 2015 to December 2024 at DECMAR station. The black dashed line
indicates a temperature of -1.8°C, the freezing point. The blue shaded area corresponds to the standard deviation and red line to the mean of
all years.
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were analysed in specific time intervals to evaluate the impact of the

geodynamic of the Bransfield rift over the seawater series (see

Table 1). Three distinct phases can be observed: the first (2015-

2017) is characterised by strong fluctuations, with a trend increase

followed by a decrease between 2016 and 2017. The second phase

(2018-2022) shows a constant upward trend, reaching its peak

between 2021 and 2022. Finally, the third phase (2023-2025)

exhibits a downward trend, eventually stabilising at levels similar

to those of 2018.

Through the application of the STL, it is once again evident that

the seasonality of both islands is pronounced, with slight variations
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between them (Figure 12C). The seasonality recorded at DECMAR

shows a specific pattern during the months of December and

January with large temperature oscillations during which the

maximum annual temperatures are reached. However, in

LIVMAR, despite reaching its maximums also in this period, it

does not show oscillations of such magnitude.

The remainder of both series (Figure 12D) reveal significant

differences. On one hand, LIVMAR has a constant noise

throughout the series with some small exceptions during the

summers. On the other hand, DECMAR has a similar behaviour

to LIVMAR during the winters, while in the summers there is more

noise as a consequence of the large oscillations described

in Figure 12C.

In terms of similarity, the DECMAR and LIVMAR series

exhibited an RMSE of 0.4°C and an r-value of 0.95, indicating a

strong correlation. Similarly, the GdC and JCI meteorological series

yielded an RMSE of 1.69°C and an r-value of 0.88, also

demonstrating a high degree of similarity.

To assess long-term trends, linear regressions were applied to

determine the temperature increase across different seasons over the

10-year period. The results indicate a rise of 0.42°C in DECMAR,

0.28°C in LIVMAR, 1.18°C in JCI, and 0.77°C in GdC.
TABLE 1 Slope (°C/year) and total temperature change (°C) for
each period.

Period
(years)

Slope (°C/year)
Change in temper-

ature (°C)

DECMAR LIVMAR DECMAR LIVMAR

2015-2017 0.15 0.13 0.61 0.51

2018-2022 0.11 0.10 0.70 0.60

2023-2025 -0.10 -0.20 -0.10 -0.2
FIGURE 12

STL decomposition to DECMAR (red) and LIVMAR (blue) stations. (A) Raw series of seawater temperatures. (B) Trend of the series. (C) Seasonal
component of the records. (D) Remainder of the series.
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5 Discussion

The data collected from 2011 to 2025 at the LIVMAR

(Livingston Island) and DECMAR (Deception Island) stations

provide a detailed insight into the variations in water

temperatures across both islands. The observed differences

between the stations highlight the impact of local factors, such as

volcanic activity on Deception Island, and its influence on regional

behaviour. During 2012, Deception Island exhibited notable

thermal anomalies attributable to the advection of water heated

by submarine magma, consistent with increased volcanic activity

(Berrocoso et al., 2018). This phenomenon demonstrates how local

geophysical processes can significantly affect the surrounding

seawater temperatures.

Analysis of the 2014–2025 period reveals a pronounced

seasonality, with temperature peaks during the austral summer

and troughs in the winter, aligned with findings from other

studies (Clarke et al., 2008; Lenn et al., 2003; Meredith et al.,

2008). Maximum temperatures were consistently recorded in the

austral summers, with DECMAR exhibiting higher peaks (up to

3.69°C) compared to LIVMAR (2.59°C), this disparity can be

linked to the volcanic activity on Deception Island, which adds

heat to the surrounding seawater (Berrocoso et al., 2018;

Moreno-Vacas and Almendros, 2021). In addition, in 2016 a

sudden increase in temperature is observed in both stations

(Figure 7C) due to the strong tectonic activity located between

Livingston and Deception Islands (Almendros et al., 2018;

Moreno-Vacas and Almendros, 2021), reaches its peak at the

beginning of 2017 and decreases throughout that same year.

Also, during the austral summer 2019/2020 (Figure 7F), an

increase in Deception Island water temperatures is seen, and

also a small rise in Livingston Island, this could be related to

regional changes due to volcanic activity recorded at the Orca
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submarine volcano in August 2020 (Almendros et al., 2020;

Cesca et al., 2022; Rosado et al., 2023).

As it is mentioned in the Introduction section, this region is

characterised by a complex ocean circulation (see Figures 13A, B;

Sangrà et al., 2011, 2017; Veny et al., 2022). Authors such as

Johnson, (1998), Juteau (2005) and Kolbusz et al. (2024) mention

that in oceanic ridges and subduction zones, due to geothermal

heating, seawater can warm up, allowing it to rise and be replaced

by cooler, denser water. Furthermore, Rodrigo et al. (2018) show

that there is a hydrothermal anomaly in the vicinity of the Orca

volcano of ~0.08°C, confirming a flow of hydrothermal activity

from the crater floor of the seamount. Furthermore, they suggest

that there is a hydrothermal influence outside the volcano,

perhaps related to subsidiary structures of the Orca seamount,

or due to the dispersion of hydrothermal plumes from other

volcanic structures of the Bransfield Fault and/or active

volcanoes in the region (e.g. Deception Island). This could

explain why the water temperature of the BC is warmer than the

other surrounding water masses.

Considering the circulation around the SSI and the above-

mentioned literature on rift and subduction zone waters, it is

suggested that the BC has warmer water as the water, as it passes

through the entire fracture zone and submarine volcanoes, increases

its temperature, and even more so at a time of volcano-tectonic

activity. Moreover, focusing on this seismic/geodetic event of the

Orca volcano and its impact on the Bransfield region would confirm

the rise in sea water temperatures during the winters at the

DECMAR and LIVMAR stations between 2021 and 2022, until

the volcano-tectonic system decreases its activity. Figure 6 shows

that LIVMAR recovers in 2023, but DECMAR does not return to

near-freezing temperatures until 2024.

Returning to the description of the waters surrounding the

islands, also, the reason for the higher noise in the remainder
FIGURE 13

(A) Bathymetric map of the Bransfield Strait and circulation pattern as described in Sangrà et al., 2011, 2017 and Veny et al., 2022. The bathymetry
used is from the International Bathymetric Chart of the Southern Ocean (IBSCO). Green dots are locations of the seismic swarm of 2015 (adapted
from Almendros et al., 2018). The white star is the location of Orca volcano and the blue dots are the locations of the earthquakes higher than 4 Mw
from USGS catalogue during this period of geodynamic activity. Red triangles are the locations of the oceanographic stations DECMAR and LIVMAR.
(B) Sketch profile of the main components of the currents in the Bransfield Strait adapted from Sangrà et al., 2011 and Veny et al., 2022. The
acronyms are: TBW (Transitional Bellingshausen Water, red), BC (Bransfield Current), CC (Antarctic Coastal Current), AE (Anticyclonic Eddy), PF (Polar
Front), TWW (Transitional Weddel Water, green), SSI (South Shetland Islands) and CDW tongue (Circumpolar Deep Water).
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DECMAR signal during the summer could be due to the increased

flow of water through the plumbing system of the volcano, which

causes an increase in volcanic activity due to differences in the

temperature of the ground and water (Caselli et al., 2007; Jiménez

Morales et al., 2017). Furthermore, authors such as Anderson et al.

(2021) find that the residue is related to weather variations.

During the austral winters, minimum temperatures show

significant differences between the two stations. At LIVMAR,

temperatures drop earlier and fluctuate more, whereas at

DECMAR, periods below -1.8°C are shorter but more continuous.

In areas close to glaciers, the input of meltwater can contribute to a

lower salinity in surface waters (Ribeiro et al., 2021; Purich and

England (2023)). This lower salinity may lead to increased

stratification of the water column, which in turn may reduce

mixing with warmer water in deeper layers (Ribeiro et al., 2021;

Purich et al., 2018). As a result, surface temperatures in the

immediate vicinity of glaciers may reach lower values (Truffer

and Motyka, 2016).

The mean value of the distribution of monthly means suggests

that although there is not so much difference in January and

February maximum temperatures between the stations,

temperatures fall earlier at LIVMAR and reach their minimums

in August (being lower than at DECMAR). While at DECMAR, the

minimums are reached between August and September, and

temperatures rise later.

Although the general behaviour is a slight rise in water

temperatures, 3 phases of trend behaviour have been identified

over the ten years. The first rising phase (2015-2017) is related to

the volcano-tectonic activity recorded at Bransfield (Almendros

et al., 2018; Moreno-Vacas and Almendros, 2021; see Figure 13A).

The second rise occurred from 2018 to 2023, coinciding with the

volcanic activity at Bransfield due to the Orca volcano process

(Figure 13A). And finally, the third phase, lowering, which shows

the cessation of the eruption of the Orca seamount volcano. Also,

air temperatures have increased over these ten years of study. These

results are consistent with those of Turner et al. (2021), whose study

in the western Antarctic Peninsula shows an increase in air

temperatures as the number of days with maximum temperatures

increases and the number of days with minimum temperatures

decreases. Furthermore, they state that there is a clear relationship

between low air temperatures and the presence of sea ice. Meredith

and King (2005) also state that the evolution of climate is clearly

related to trends in temperature and salinity of Antarctic waters.

After analysing the trend of the seawater series, it has been found

that the Orca volcanic activity in August 2020 has a strong influence

on the total trend of these ten years of study for both stations and

that during the last two years the system recovers values from

2018/2019.

The differences in air temperature trends between stations could

be attributed to missing data in the series, as GdC lacks records for

two warming periods and one cooling period, while JCI is missing

data for one cooling period. Additionally, these discrepancies may

be influenced by factors identified by Recondo et al. (2022) and
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Turner et al. (2021) in their study of multiple Antarctic stations in

recent years, potentially linked to variables such as station altitude.

Recondo et al. (2022) and Oliva et al. (2017) report that atmospheric

temperatures in the South Shetland Islands region oscillated

between warming and cooling phases during the period from

2006 to 2015. These findings align with the observed pattern in

Figure 12B, where seawater temperatures show three phases with

alternating upward and downward trends, although the overall

picture is one of rising temperatures.
6 Conclusions

The DECMAR and LIVMAR station time series show marked

seasonality in water temperature, with peaks in summer and lows in

winter. The two stations differ in that DECMAR experiences higher

maxima due to thermal anomalies typical of an active volcano, and

its minimum temperatures are less stable. In contrast, LIVMAR has

lower maximum temperatures, as well as lower and more stable

winter temperatures, with its records being influenced by the

Johnson Glacier.

Air and seawater temperatures are correlated over the 10 years

of the study, both series have a marked seasonality and show a slight

increase over the years. However, water temperature is influenced

by tectonic and/or volcanic geodynamic activity due to the

subduction process of the Phoenix microplate and the spreading

rift of the Bransfield Basin. This geodynamic activity causes a rise in

the temperature of the surrounding waters, which, carried by the

Bransfield Current (BC) flowing around the South Shetland Islands

(SSI), reaches the DECMAR and LIVMAR stations.

In addition, the 2015 and 2020 volcanic events in the Bransfield

Strait have been identified in the seawater temperature series as

always having a higher impact on Deception Island than on

Livingston Island. Two different geodynamic processes have been

recorded between 2015 and 2025: between 2015/2017 there was a

volcano/tectonic swarm between Livingston and Deception Islands;

and a second geodynamic process in 2020/2024 around the area of

the Orca seamount in the vicinity of King George Island.

In summary, the analysis of water temperature behaviour

highlights both regional climatic influences and the key role of

local factors, such as volcano-tectonic activity and freshwater

inputs, in shaping thermal patterns. While similarities between

the two stations suggest general climatic factors, differences in

magnitude, oscillation, and seasonal dynamics underscore the

complexity introduced by localised processes. The observed

reduction in freezing temperature records, alongside trend

changes in maximum and minimum temperatures, reflect the

environmental changes occurring in the region. These results

highlight the need for continued monitoring to better understand

the interaction between climate change and geological activity in

polar systems. Ultimately, this work contributes to a broader

understanding of polar thermal dynamics, with implications for

both climate and geophysical research.
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M.Á. (2019). Snow albedo seasonality and trend from MODIS sensor and ground data
at johnsons glacier, livingston island, maritime Antarctica. Sensors 19, 3569.
doi: 10.3390/s19163569
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