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“Panta rei.
Tudo flui.

Everything flows.”

Heraclito of Hepesus, 535 BC – 475 BC
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ABSTRACT

This work analyzes the impact of the introduction of freshwater into the ocean
resulting from the melting of ice shelves in the Antarctic Peninsula. The reduction
of ice shelves not only contributes to sea level rise through increased freshwater
inflow into the ocean but also has the potential to alter ocean circulation, sea ice
production at the surface, and the consequent stratification, along with changes in
the characteristics of water masses. In this study, we investigate the effects of basal
melting (melting at the base of the ice shelves) on circulation, water, and sea ice
mass production in the ocean surrounding the Antarctic Peninsula (Bellingshausen
and Weddell Seas). To do this, we used the regional ocean model ROMS (Regional
Ocean Model System) to simulate the dynamic and thermodynamic mechanisms in
this region. Due to model limitations, the thickness and area of the ice shelves remain
unchanged throughout the simulation. Two experiments were conducted: a control
experiment (CTRL) and a sensitivity experiment (SENST). The CTRL experiment
(with the ice shelf melting effect) was able to replicate the main oceanographic
features over the simulation period (2002-2020). In the sensitivity test (SENST),
the salt and heat fluxes representing the freshwater flows from melting were set
to zero. An increase in sea ice production in the coastal region was observed in
the CTRL experiment compared to SENST, due to the extremely cold freshwater
plumes resulting from melting. There was also an increase in the production of dense
bottom waters originating from mixing processes beneath the ice shelves, extremely
cold ISW water from melting, with modified deep circumpolar waters (mCDW) that
enter the ice shelf cavities, as well as super saline and dense waters (HSSW) resulting
from sea ice production. An increase in sea ice concentration was also observed in
the Weddell Gyre region in the CTRL experiment, as well as an intensification of the
gyre. The increased sea ice concentration, affected by katabatic winds (strong and
constant winds from the interior of the continent) and westerly winds, pushes the
ice toward the center of the gyre. Also, the current intensity is affected by changes in
wind stress on the ocean due to changes in sea ice thickness at the surface. Over the
Bellingshausen Sea, the intensification of westerly winds increases the circulation
of mCDW into the ice cavities, contributing to changes in melting and platform
instability. Temporally, changes in wind patterns, sea ice formation and extent, and
basal melting patterns are observed after the year 2011. While no major differences
in transport were found in the studied sections between CTRL and SENST, an
increase in the production of dense bottom and surface water masses, as well as the
stratification process, was observed.

Keywords: Ice shelves. Basal melting. Oceanic numerical modeling. Water masses.
Ice-ocean-atmosphere interactions.
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IMPACTOS DO APORTE DE ÁGUA DOCE NA DINÂMICA
COSTEIRA DA PENINSULA ANTARTICA

RESUMO

Este trabalho analisa o impacto da introdução de água doce no oceano decorrente
do derretimento das plataformas de gelo na Península Antártica. A redução das
plataformas de gelo não só contribuem para o aumento do nível do mar através
do aumento nos fluxos de água doce para o oceano, como também tem potencial
para alterar a circulação oceânica, a produção de gelo marinho na superfície, e a
consequente estratificação, além de alterações nas características fisico-quimicas das
massas de água. Aqui neste estudo verificamos os efeitos do derretimento basal (pro-
cesso de derretimento na base das plataformas) na circulação, na produção de massas
de água e de gelo marinho sobre o oceano que circunda a Península Antártica (mares
de Bellingshausen e de Weddell). Para isso, utilizou-se o modelo regional oceânico
ROMS (Regional Ocean Model System) para simular os mecanismos dinâmicos e
termodinâmicos dessa região. Devido a limitações do modelo, a espessura e área das
plataformas permanece inalterado durante toda a simulação. Foram realizados dois
experimentos: um experimento controle (CTRL) e um experimento de sensibilidade
(SENST). O experimento CTRL (com o efeito do derretimento) conseguiu reprodu-
zir as principais feições oceanográficas ao longo do período da simulação (2002-2020).
No teste de sensibilidade (SENST), os fluxos de sal e calor que representam os fluxos
de água doce do derretimento, foram zerados. Foi observado o aumento na produção
de gelo marinho na região costeira no experimento CTRL em relação ao SENST,
devido às plumas da água doce extremamente frias resultante do derretimento sobre
essas regiões. Também observou-se um aumento na produção das águas densas de
fundo que se originam dos processos de mistura sob as plataformas, da água extre-
mamente fria ISW, oriunda do derretimento, com as águas circumpolares profundas
modificadas (mCDW), que adentram as cavidades das plataformas, assim como as
águas super salinas e densas (HSSW) resultantes do processo de produção de gelo
marinho. Observou-se também um aumento na concentração de gelo marinho no ex-
perimento CTRL, na região do giro de Weddell, assim como uma intensificação do
giro. O aumento na concentração de gelo marinho, afetados pelos ventos catabáticos
(ventos fortes e constantes oriundos do interior do continente) e de oeste, conduzem
o gelo para o centro do giro, a intensidade da corrente é afetado pela variação no
estresse do vento sobre o oceano, devido as alterações na espessura de gelo marinho
na superfície. Sobre o mar de Bellingshausen, a intensificação dos ventos de oeste
aumentam a circulação da mCDW para dentro das cavidades de gelo, contribuindo
para as alterações no derretimento e instabilidade das plataformas. Temporalmente,
nota-se uma mudança sobre os padrões de vento, de formação e extensão do gelo
marinho e do derretimento basal, após o ano de 2011. Não foram encontrados gran-
des diferenças no transporte nas seções estudadas entre CTRL e SENST, porém, foi
possível observar o aumento na produção das massas de água densas de fundo, e de
superfície, assim como o processo de estratificação.

Palavras-chave: Plataformas de gelo. Derretimento basal. Modelagem numérica oceâ-
nica. Massas de água. Interações gelo-oceano-atmosfera.
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1 INTRODUCTION

Freshwater fluxes have a significant role in the ocean structure, impacting strati-
fication, circulation, heat, and formation of water masses, as well as contributing
to sea-level rise. In recent decades, the increased enhancement of freshwater in the
Southern Ocean (SO) led to complex changes in its structure and dynamics (SWART
et al., 2018; BLUNDEN; BOYER, 2021). Increasing melting, precipitation, and river
flow in SO, has diminished the salinity of the ocean near Antarctica, and enhanced
the buoyancy of surface waters (SHI et al., 2020). In consequence, this process can
lead to a stable layer of less dense water, inducing stratification. Hence, the vertical
mixing of water masses and the exchange of heat and nutrients in the water col-
umn can be affected (HENLEY et al., 2020; SCHULTZ et al., 2020). The less dense
water can evolve into water masses with a different characteristic than surrounding
waters, affecting the ocean’s overall water mass structure and composition. Also,
it can inhibit sinking and disrupt deep water formation. Due to the stratification,
the fresher surface water can act as an insulating layer, reducing the exchange of
heat between the ocean and the atmosphere (Integorvernamental Panel on Climate
Change (IPCC), 2022). Consequently, the circulation patterns in these regions can
be altered, affecting large-scale ocean currents (HASKINS et al., 2020) and result-
ing in regional variations in sea surface temperature, which can impact global heat
transport patterns.

At high latitudes, there is a complex structure of processes that contribute to the
introduction of freshwater into the ocean. The export and transport of freshwa-
ter, in all states (solid, liquid, and gaseous), are driven by and affect oceanic and
atmospheric circulation on a large scale, which, in turn, is strongly influenced by
global climate change (RYE et al., 2020; DOUVILLE; JOHN, 2021). High latitudes
are also suffering from more frequent and intense heatwaves (FERON et al., 2021).
Such changes in the hydrological cycle in high-latitude areas can lead to a critical
imbalance in the storage of water over the continent and the consequent increase in
the introduction of freshwater into the ocean.

The freshwater flowing into the Southern Ocean originates from the melting of sea
ice, the ice sheet, ice shelves and glaciers (which also contribute to iceberg introduc-
tions), and precipitation. Due to global warming, there has been an observed increase
in freshwater input to the region, affecting not only the ocean but also atmospheric
dynamics, influencing wind patterns, air temperature, and humidity (BOISVERT et
al., 2020; HOLLAND et al., 2020; ROBINSON et al., 2020). For an understanding of
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the processes in the region, the variables that need to be measured include: i) atmo-
spheric circulation (winds, storms, evaporation, precipitation, moisture fluxes); ii)
horizontal and vertical ocean circulation, including exchange between high and low
latitudes and circulation beneath the sea ice through the annual cycle; iii) extent,
thickness, and distribution of sea ice; and iv) the contribution of glacial ice (melting
from ice shelves and iceberg production).

Changes in freshwater input due to increased precipitation in high latitudes as the
atmosphere warms (MARSHALL et al., 2017) or increased glacial melting (BIN-
TANJA et al., 2013; SILVANO et al., 2018) would also alter buoyancy and water
mass formation in the Antarctic Ocean, with implications for circulation. The South-
ern Annular Mode (SAM) and the El Niño-Southern Oscilation (ENSO) can affect
the distribution of sea ice, with the response signal depending on the timescale con-
sidered (FERREIRA et al., 2015; STAMMERJOHN et al., 2008). Also called Antarc-
tic Oscillation (AAO), SAM is a phenomenon related to the north-south movement
of the westerly winds around Antarctica. The positive and negative phases of ENSO
and SAM result in different effects on the winds and consequently sea ice and weather
over the AP (STAMMERJOHN et al., 2008). In positive SAM events, the belt of
strong winds is contracted towards the Antarctic continent, resulting in increased
wind strength near the shelf, this causes higher CDW upwelling around AP and
West Antarctica. The immediate response to increased westerly winds is the inten-
sification of northward transport of cold water by Ekman and the expansion of sea
ice (PURICH et al., 2016).

Projections from the Coupled Model Intercomparison Project Phase 6 (CMIP6)
indicate that the hydrologic cycle is intensifying (DOUVILLE et al., 2021). The
projections show an increased global precipitation of 1-3% per Kelvin of global sur-
face warming (SILER et al., 2019). Significant changes in the latitudinal distribution
of Precipitation (P) and Evaporation (E) are expected, resulting in a difference of
P-E increasing over the tropics and high latitudes and diminishing in the subtrop-
ics, which is more significant over the higher emission scenarios (DOUVILLE et al.,
2021). The intensified moisture transport, the increased precipitation and evapora-
tion over the land and global ocean, and the consequent increased runoff, partly
driven by glacier melting, characterize a more intense water cycle due to global
warming.

The input of freshwater and ice flows into the ocean directly impacts sea level and,
in conjunction with sea ice melting, plays a crucial role in maintaining thermoha-
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line circulation (MA; WU, 2011). Ice/snow/water balance changes directly affect
global climate processes: alterations in radiative balance response, ocean stratifi-
cation stability, thermohaline circulation, and the carbon and methane source-sink
state (Integorvernamental Panel on Climate Change (IPCC), 2007; Integorverna-
mental Panel on Climate Change (IPCC), 2019). In summary, the processes involv-
ing the intrusion of freshwater into the Southern Ocean include the calving of large
ice shelves from the continent, glacier dynamics and calving fronts, which give rise
to icebergs, and the interaction between the ocean and ice shelves, contributing
through basal melting. Critical atmospheric processes include katabatic and cir-
cumpolar winds, which are of high magnitude and affect the circumpolar currents,
water, and air temperature. Evaporation/sublimation and precipitation processes
must also be considered, as they influence the formation and ablation of ice masses.
Another significant phenomenon occurring over the ocean in the Antarctic region
is the formation of polynyas. Polynyas are areas of open water within the sea ice
pack, on which they have a significant effect on both the ocean and atmosphere, as
the enhanced exchange of energy and moisture occurs in these areas. These open-
ings allow the nutrient exchange (productivity "windows") and significant regions of
overturning (mass exchange between different depths in the water column, and con-
nection with the atmosphere). In these regions, the atmospheric processes and heat
exchange between the ocean and the atmosphere occur, affecting the water balance
through evaporation and sublimation. Satellite data is crucial for understanding
this phenomenon, as it mainly occurs in winter, along with data from instruments
attached to marine animals and drifters (SHEPHERD et al., 2018a).

The Antarctic region has, on average, shown positive trends in sea ice extent be-
tween 1978 (the beginning of the satellite era) and 2014. However, after this pe-
riod, the ice coverage exhibited unpredictable interannual variability (COMISO et
al., 2017; TURNER; COMISO, 2017; PARKINSON, 2019) and is now experiencing
record lows over the satellite era (RAPHAEL; HANDCOCK, 2022; PURICH; DOD-
DRIDGE, 2023). The balance between ice loss and gain in the region is uneven: the
extent has increased over the Ross and Weddell Seas, offset by the decrease in the
Bellingshausen Sea. This ice accumulation and loss process along the Antarctic coast
is partly explained by variations in wind, driven by stratospheric ozone depletion
and increased greenhouse gas concentrations (SIGMOND; FYFE, 2010; SWART et
al., 2018).

The increase in the concentration of freshwater over the ocean’s surface layers, orig-
inating from the melting of Antarctic ice shelves and variations in precipitation, can
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explain the increase in sea ice (HAUMANN et al., 2016). These processes reduce the
water’s surface density (freshwater is less dense than saltwater), reducing convection
and increasing water mass stratification. Changes in stratification are indicated by
various studies, showing, in particular, a decrease in surface salinity in the Ross Sea
(HAUMANN et al., 2016; PAULING et al., 2016; PAULING et al., 2017). And, the
circumpolar intensification of vertical salinity and temperature gradients near the
surface due to the intensification of the vertical gradients due to sea ice melt (lead-
ing to fresh/warm surface areas) (STEIN et al., 2020). The transport of freshwater
northward occurs as sea ice forms in relatively cold regions near the continent and
releases freshwater further after transport by winds and ocean currents, resulting in
significant changes in salinity distribution in the Antarctic Ocean (HAUMANN et
al., 2016).

The Antarctic sea ice zone is characterized by the presence of Circumpolar Deep
Waters (CDW) beneath the intermediate layer, which is warmer compared to surface
waters (LECOMTE et al., 2017). Increased stability due to decreased surface salinity
results in reduced vertical heat flux toward the surface layer. This ultimately favors
ice production and inhibits its melting (BRONSELAER et al., 2018). The intense
upward oceanic heat flux to the ice in the Antarctic Ocean is indeed a central element
in sea ice development, and minor variations in its magnitude have a significant
impact on ice thickness and extent, including the formation of polynyas (RINTOUL,
2018). The heat content near the surface of the Southern Ocean is critical for limiting
the seasonal development of sea ice (MARTINSON, 1990), and its warming can,
therefore, influence global climate by affecting Earth’s albedo. Furthermore, ocean
warming accelerates the melting of Antarctic ice shelves (SCHMIDTKO et al., 2014;
ADUSUMILLI et al., 2020), threatening the stability of ice sheets on the continent
(PAOLO et al., 2015), with global implications for sea-level rise (HELLMER et al.,
2012). Although local-scale wind and wave forcings appear to be factors driving
the observed sea ice trends, the relationship between changes in ice movement and
breakage and sea surface temperature is not clear.

The Arctic and Antarctic regions have shown the most rapid warming rates in recent
decades (about one degree Celsius per decade in the Arctic) (BANERJEE et al.,
2020). There are contrasting scenarios in Antarctica, where East Antarctica mainly
presented cooling trends, while West Antarctica presented warming and high loss of
water to the ocean (MEREDITH et al., 2019). Eighty-seven percent of glaciers in
the Antarctic Peninsula (AP) have retreated since records began in the 1950s decade
(COOK, 2005), with ice loss accelerating in AP glaciers since the 2000s (WOUTERS
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et al., 2015). The AP has increased its contribution of meltwater into the ocean
during the last few decades (ADUSUMILLI et al., 2018). With the increasing tem-
perature and consequent increase of meltwater being introduced into the ocean, the
oceanic structure in these areas has changed in recent decades (ABERNATHEY et
al., 2016).

The ice shelves are the floating part of the ice sheets. They represent the connection
between the ocean and the continent. They work as a support or buttress to slow
down the ice sheet movement in the sea’s direction, potentially contributing to sea
level rise (KONRAD et al., 2018). The increased instability of ice shelves, guided
by the increased basal melting, can contribute to the consequent loss of mass of
the ice sheet ((ADUSUMILLI et al., 2020; SMITH et al., 2020), Figure 1.1). West
Antarctica is where the major losses are happening, dominated by ice discharge,
with the rates of mass loss increasing from 37 ± 19 Gt yr−1 between 1992 and 1996
to 131 ± 21 Gt yr −1 in 2012-2016, for the years 2017 to 2020 slowly slighted to
94 ± 25 Gt yr−1 (OTOSAKA et al., 2023). The AP presented a negative mass bal-
ance of −20 ± 15 Gt yr−1 in the last 25 years, with an increase of 15 Gt yr−1 since
2000 (SHEPHERD et al., 2018b), associated with the ice shelf collapse (COOK;
VAUGHAN, 2010; ADUSUMILLI et al., 2018). However, between 2012 and 2016
the AP experienced an average reduction to 6 ± 13 Gt yr−1, caused in part by the
extreme snowfall in 2016 (WANG et al., 2021; CHUTER et al., 2022), with an in-
creasing back between 2017 and 2020 to 21 ± 12 Gt yr−1 (OTOSAKA et al., 2023).
As a consequence, the West Antarctica and AP are experiencing major changes
and instabilities since the start of observations, and are the most sensitive to global
warming effects.

Basal melting refers to the melting of ice that occurs beneath floating ice shelves,
at the interface between the ocean and the continent. The basal melting with the
horizontal motion of ice shelves (including divergence and convergence), causes vari-
ations in the thickness of the ice shelf, driven by variations in the rate of basal melt-
ing. Indirectly, the basal melting modulates the mass loss of the grounded ice sheet
and contributes to the freshwater runoff, which influences climate processes in the
Southern Ocean (ADUSUMILLI et al., 2020; GWYTHER et al., 2015; GWYTHER
et al., 2020; SCHODLOK et al., 2016). Additionally, this process can be externally
forced, for example, by climate change, interannual and multidecadal climate modes,
the annual cycle, or tides. Studies have shown that a thick Deep Circumpolar Water
(CDW) layer can increase the rates of basal melting of floating ice shelves (BIN-
TANJA et al., 2013; COOK et al., 2016; WOUTERS et al., 2015; HOLLAND et
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Figure 1.1 - Mass changes, basal melt, and thermal forcing around Antarctica.

A. Mass loss from Antarctica from 2003 to 2019. The graph under the map represents the
mass changes at the grounding line. B. Basal melt rates of Antarctic ice shelves averaged
over 2010 - 2018. Units presented by meters of ice equivalent per year, assuming the ice
density of 917 kg m−3. Thermal forcing is defined as the temperature above seawater’s
in situ freezing point, mapped for depths shallower than 1,500 m. The seafloor thermal
forcing is shown for water depths less than 200 m, and for water depths >200 m, the
maximum thermal forcing between 200 m and 800 m is shown.

SOURCE: Smith et al. (2020) and Adusumilli et al. (2020).

al., 2010), demonstrating a direct link between the ocean and the cryosphere. Sea
ice extent is also declining in the West region of the Antarctic Peninsula (PARKIN-
SON; CAVALIERI, 2012; PARKINSON, 2019; SMITH et al., 2020). Although there
are several theories about the causes of these changes, the result is a change in the
freshwater balance of the region.

Numerical modeling is highly valuable in aiding the understanding of natural phe-
nomena, such as the impact of climate change, particularly in high latitudes. This
tool allows for the analysis of the effects of each component, whether oceanic or
atmospheric. Parise et al. (2015) conducted sensitivity tests to assess the impact of
variations in sea ice coverage on the Southern Ocean and its influence on regional
climate, particularly the formation of cyclones in high latitudes and its effects on
precipitation in South America. Through these simulations, the authors were able
to evaluate the duration of sea ice persistence and the impact of maximum sea ice
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coverage on the atmosphere.

The AP, situated between the Bellinghshausen Sea (to the West) and the Weddell
Sea (to the East), is a prolonged (more than 1000 km) and narrow (approximately
100 km) mountain chain that composes the northern lands of Antarctica (BENT-
LEY, 2013). Divided by the Drake Passage to the south of South America, which
connects the Pacific to the Atlantic Oceans, this area is dominated by contrasted
climate regimes. The Bellingshausen Sea presents warmer waters and higher glacial
and sea-ice melting rates, typically with a cold oceanic climate. At the same time, on
the Weddell Sea, the semi-closed geography sustains much colder conditions, char-
acteristically under a cold polar-continental regime. The AP is considered a climate
hotspot, where we can verify more pronounced climate change effects (RIGNOT,
2004; MEREDITH; KING, 2005; KERR et al., 2018; KERR et al., 2018).

On the west side of AP, the Bellinghshausen Sea has experienced diminishing sea
ice and rapid warming of the atmosphere and ocean (SHOKR; YE, 2023). Conse-
quently, the ice shelves, in the majority, have experienced collapses and retractions
of ice shelves, and accelerations and thinning of ice sheets (ANDREASEN et al.,
2023). Oceanographically, the region is guided by the Antarctic Circumpolar Current
(ACC) flowing from west to east. A very weak Antarctic Coastal Current (AACC)
flows in the opposite direction (MOFFAT; MEREDITH, 2018). The topography
along the shelf conducts the warm CDW, which flows onto the shelf, conducting
a warm circulation in the shallower waters near the coast. At the bottom, signals
of the Antarctic Bottom Water (AABW) can be found outside the shelf (ORSI et
al., 1999). This region does not present signals of AABW production. It is widely
influenced by the waters produced from the Weddell Sea (MORRISON et al., 2023).

At the east of AP, the Weddell Sea is most influenced by the continental cold and
dry weather. The general circulation is characterized by the elongated cyclonic gyre,
named Weddell Gyre (WG), which is limited by the AP at the West, by the Scotia
Ridge at the North, extending until 20 to 30°E. Over this region, intense exchange
occurs between the surface and bottom waters, mainly due to polynya processes.
Over this region, the formation of the Weddell Sea Bottom Water (WSBW) and the
Weddell Sea Deep Water (WSDW) occurs. These two water masses will be the basis
for AABW formation, which impacts the main deep water properties, influencing
thermohaline and global ocean circulation (CARMACK; FOSTER, 1975). Along
the southern WG, the Filchner and Ronne ice are giant floating ice shelves where
there is intense mixing and influence over water masses shelves production and
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modifications. Along the East AP (West Weddell Sea), the Larsen Ice shelves also
contribute to the formation of water masses through melting processes, and they are
the most impacted by retreat and collapses during the last decades (SHEPHERD
et al., 2003).

In recent years, the West and North AP have shown accelerated warming (SANTINI
et al., 2018; SMITH et al., 2020). This region has experienced dramatic reductions
in the extent (COOK; VAUGHAN, 2010; ETOURNEAU et al., 2019) and thickness
(PAOLO et al., 2015) of ice shelves in recent decades. In the northeast part of AP
(connection to the Weddell Sea through the Coastal Current), the collapse of the
Prince Gustav and Larsen A ice shelves in 1995 was followed by the rapid collapse
of most Larsen B ice shelves in 2002. On the west side of AP (Bellingshausen Sea),
the Müller, Jones, and Wordie ice shelves collapsed or retreated substantially. The
Wilkins ice shelf lost a significant part of its area during major breakup events in
2008 and 2009 (COOK; VAUGHAN, 2010). Most of the remaining ice shelves on the
AP have experienced changes in the height of their surfaces as measured by satellite
altimeters (PRITCHARD et al., 2012; PAOLO et al., 2015; ADUSUMILLI et al.,
2018; ADUSUMILLI et al., 2020). The ice shelf melting and freshwater increase
into the ocean can also trigger shifts in local and global circulation, water and air
temperature, and consequently the climate system.

1.1 Motivation

Ice shelves and glaciers play an important role in the hydrological cycle, representing
the interface and a significant contributor of freshwater to the ocean. There has been
an observed increase in instability and a decrease in the area of ice shelves in the
last decades. Consequently, this process provides freshwater to the ocean through
basal melting or the release, and subsequent melting, of icebergs. Changes in the
freshwater balance in the Southern Ocean can have profound impacts on ocean
circulation, but there are still many questions surrounding the quantification of the
variation in freshwater flux and content.

The Southern Ocean Observing System(SOOS) Statement 2023, developed at Ho-
bart, Australia, at the end of the first SOOS Symposium during August 2023, high-
lights the importance of studies at SO, in front of the climate change impacts, which
are impacting significantly the dynamics over this region. The Southern Ocean Ob-
serving System (SOOS), is a coordinated body of researchers whose main focus is
to enhance and ensure data acquisition and sharing, to provide the network to de-
velop a mainframe about the SO understanding. The establishment of a broader
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view of the different processes that occur at SO can give support to policies and
regulations, thereafter improving the prediction of future states. As part of the
Antarctic Modeling Observation System (ATMOS) and INStabilities & Thresholds
in ANTarctica (INSTANT/SCAR) projects, the aim is to contribute to the ad-
vancement of regional ocean modeling studies and contribute to the comprehension
of the role of the freshwater from ice shelf melting around the AP. The ATMOS
project is part of the Thematic Line "Climate Change and the Southern Ocean" -
CNPq/MCTIC/CAPES FNDCT 21/2018 and is structured around in-situ data ac-
quisition and collection, as well as coupled regional modeling, with the objective of
studying the processes of Ocean-Wave-Atmosphere-Ice Interaction. The INStabili-
ties & Thresholds in ANTarctica (INSTANT) Scientific Research Programme (SRP)
is an initiative from the Scientific Committee for Antarctic Research (SCAR), whose
main aim is to comprehend the contributions to sea level rise, encompassing different
science topics related to this, such as geosciences, biology, and physical sciences.

The understanding of the rate of freshening in southern high latitudes is still de-
veloping, which gives uncertainty and deals with modeling strategies of ice-ocean
interaction. Freshwater fluxes strongly contribute to the ocean dynamics and char-
acteristics in the Antarctic marginal seas. The sea ice formation is closely related to
freshwater fluxes, shaping the ocean’s potential to melt ice shelves, contributing to
the dense water masses production, which, in turn, conducts the deep overturning
circulation. On a minor scale, the very cold fresh water from the ice shelf basal melt-
ing flowing over the surface contributes to the increase of local sea ice production.
It is like a cycle where everything is interconnected.

Investigations about these dynamics, from regional numerical modeling, can po-
tentially help to improve climate and earth system models (which still have high
uncertainties in polar areas) and increase confidence in projecting potential impacts
due to climate change. This work is unprecedented in focusing on ice shelf meltwater
sensitivity experiments around the AP, which region presents complex and opposing
dynamics on both sides: Weddell and Bellingshausen Seas.

1.2 Objective

This thesis aims to understand the impact of increased freshwater input into the
oceanic system from the basal melting of floating ice shelves near the AP. This
includes studying this process’s temporal and spatial variations and its overall sig-
nificance in the freshwater balance in the region near the Antarctic Peninsula.

9



1.2.1 Specific objectives

The specific objectives that guide this study are:

1) To simulate the ice shelf basal melting effects on sea ice formation over the
continental shelf region.

2) To estimate the contribution of freshwater to the stratification of oceanic water
masses and its influence on their formation.

3) To assess how the contribution of freshwater discharge along the AP affects the
coastal currents of the Bellingshausen and Weddell Seas.

1.3 Dissertation structure

This dissertation is organized into chapters (Figure 1.2). The first chapter briefly in-
troduces this study’s topic, with the thesis’s motivation and aims. The second chap-
ter presents the theoretical background concerning the numerical model used in this
thesis. The third chapter presents theoretical background related to the study area
and topic, through the review article published in the Annals of Brazilian Academy
of Science (LIMA et al., 2022), entitled ”Glacial meltwater input to the ocean around
the Antarctic Peninsula: forcings and consequences”. Chapter 4 presents the arti-
cle entitled ”The role of ice shelf basal melting on water mass structure and ocean
dynamics around the Antarctic Peninsula” to be submitted to The cryosphere Jour-
nal — this chapter describes the model results and basal melting effects evaluated
through sensitivity experiments. Finally, Chapter 5 discusses the overall results and
conclusions of the dissertation.
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Figure 1.2 - Flowchart of dissertation structure.

Chart of processes of the thesis structure.
SOURCE: Author.
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2 CHALLENGES TOWARDS NUMERICAL MODELING AT HIGH
LATITUDES

2.1 Introduction

The numerical representation of natural environmental processes is challenging due
to their inherent complexity and randomness. However, searching for patterns and
understanding how they occur not only aids in comprehension but also in how they
are related. Numerical modeling serves to replicate and understand how natural
processes occur and how they are interconnected. In addition to enabling the re-
production and deduction of natural processes based on the laws of physics, these
processes are complex to observe due to the difficulty of access directly. Further-
more, they offer the possibility of generating projections (scenarios) based on spe-
cific conditions (MCGUFFIE; HENDERSON-SELLERS, 2001). This tool has a wide
number of applications at high latitudes; examples of applications at SO, are the
numerical replication of paleoclimatic scenarios (GASSON; KEISLING, 2020), fu-
ture projections (TEWARI et al., 2022), weather predictions (POWERS, 2007), and
even study cases of specific events and processes (KUSAHARA et al., 2018), and
also eco/biological (HENSCHKE et al., 2023; DUVIVIER et al., 2023) and biogeo-
chemical studies (KUSTKA et al., 2015; MACK et al., 2019), and sensitivity tests
testing the impact of a specific variable over the system (DINNIMAN et al., 2012).

At high latitudes, we deal with a complex set of processes: the presence of sea ice,
frequent high-speed winds, low temperatures, and a significant variation in radiation
fluxes throughout the year. Consequently, these areas are also crucial concerning
the ventilation of the thermohaline circulation and the formation of deep waters
(CAI et al., 2023). Understanding the processes that occur in these regions plays
a fundamental role in comprehending the global climate, the nutrient cycle in the
oceans, and the response of the climate system to global changes. Moreover, high
latitudes play an essential role in climate regulation and the Earth’s balance, making
them an area of great interest for scientific research and modeling studies. Accurate
numerical representation of these processes is paramount since in-situ data collection
and remote sensing are limited. Based on this premise, numerical modeling becomes
an essential tool for the study and understanding of the hydrodynamic processes
occurring beneath the platforms.

In regions with complex and hard access, numerical modeling can be a crucial tool
to corroborate hypotheses and improve the knowledge about the complexities of
the study focus. Antarctica and the surrounding ocean are vital to the Earth’s cli-
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mate balance. Although this region faces some challenges in acquiring in situ data,
remote sensing techniques also have limitations in collecting precise surface and sub-
surface data, especially during the winter. The use of computational tools, such as
numerical modeling, helps to replicate processes to enhance understanding of their
potential impacts and changes. That being said, the numerical representation of
climate processes and the refinement of these are extremely useful tools for identi-
fying changes and generating forecasts. In the case presented in this dissertation,
it is about verifying how the Southern Ocean has been behaving in recent decades.
Consequently, evaluate the impacts of changes in the water balance caused by the
input of freshwater due to the melting of the ice shelf base.

Here, we will briefly describe some challenges related to modeling at high lati-
tudes, followed by an emphasis on the model description and configurations used
in this dissertation. The oceanic simulations in this study employed the Regional
Ocean Modeling System (ROMS) (HAIDVOGEL et al., 2008; SHCHEPETKIN;
MCWILLIAMS, 2005). ROMS is a numerical model based on a free-surface repre-
sentation, hydrostatic assumption, and terrain-following coordinate system, and is
based on primitive equations of Navier-Stokes. The version used here is adapted from
version 3.9, based on the Rutgers/UCLA Regional Ocean Model System, with sea-
ice (BUDGELL, 2005) and ice shelf (DINNIMAN et al., 2007) code implemented.
The code is available in github.

2.2 Southern Ocean modeling efforts

Freshwater fluxes around the Antarctic marginal seas are closely linked to sea ice
formation, exerting a strong influence on ocean conditions, leading to the melting
of ice shelves, and consequently, affecting the dense water masses that contribute to
the deep overturning circulation. Reproducing these processes through modeling is
a challenge, due to the complex processes and dynamics related to them.

When we model high-latitude regions, the stereographic projection is the best choice
to avoid the distortions related to the transformation of the three-dimensional sur-
face into a bi-dimensional plane surface (HAZIOT; MARYNETS, 2018). The stere-
ographic minimizes distortions, preserves angles, and maintains consistent cell sizes,
which are essential for accurately representing ice shelves and sea ice formation near
the South Pole. Projections like Mercator are more suitable for equatorial regions
and large areas, while Lambert projections are suitable for mid-latitude regions and
smaller areas. Besides, this cartographic projection is widely used to reproduce the
main processes in the Southern Ocean.
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The vertical and horizontal resolution guides the precision in representing properly
the processes that occur under shelves, but also the oceanographic conditions in the
open ocean. Since the fact that the low stratification in coastal areas, and the higher
Coriolis parameter, the Rossby deformation (which characterizes the spatial scale
of eddies) around many ice shelves is small, compared with global patterns. These
circulation patterns formed by eddies with smaller scales (4 to 8 km) influence the
warmer mCDW flows under the ice shelves (ST-LAURENT et al., 2013; GILLE et
al., 2016; DINNIMAN et al., 2016). The heat transport at the Antarctic continental
shelf break is strongly influenced by eddies. In models where the eddies are well
represented ("eddy-resolving"), the results present lower biases concerning the ocean
temperature and stratification, mainly along the Bellingshausen ice shelves (warm
mode (mode 2) ice shelf cavities) (MACK et al., 2019; BILGEN; KIRTMAN, 2020).
However, increased high resolution requires more computational space and time
processing.

There are many models that simulate the ice shelf/ocean interaction based on a
three-dimensional primitive equation. Idealized and realistic models have been de-
veloped in recent years focused on improvements in the representation of ice-shelf dy-
namics. Efforts like the ISOMIP (Ice Shelf - Ocean Model Intercomparison Project),
which is a Climate and Cryosphere (CliC) target activity of the World Climate Re-
search Programme (WCRP), helped to improve the sub-ice shelf cavities dynamics.
The comparison between different models with their particularities, idealized and
realistic simulations, under the ISOMIP objective, such as the grid configurations
and numerical components, gives us an overview and a comprehensive evaluation
and validation of current sub-ice shelf cavity ocean models. Some of the models
considered in ISOMIP, and ISOMIP+ (2nd Ice Shelf–Ocean Model Intercompari-
son Project), are the MITgcm (LOSCH, 2008), NEMO (Nucleus for European Mod-
elling of the Ocean, (MATHIOT et al., 2017)), FVCOM - Finite Volume Community
Ocean Model(ZHOU; HATTERMANN, 2020), COCO - CCSR Ocean Component
Model,(KUSAHARA; HASUMI, 2013), MOM6 - Modular Ocean Model 6 (STERN
et al., 2019), BRIOS - Bremerhaven Regional Ice Ocean Simulations (HELLMER,
2004), FESOM - Finite Element Sea-ice Ocean Model (TIMMERMANN et al.,
2012), MetROMS (NAUGHTEN et al., 2018), ROMS (DINNIMAN et al., 2007).

The Whole Antarctic Ocean Model - WAOM (RICHTER et al., 2022), based on
ROMS, is a high-resolution (approximately 2 km) circumpolar model that includes
an ice shelf configuration and tidal effects but does not incorporate a sea-ice model.
MetROMS (NAUGHTEN et al., 2018), based on ROMS version 3.6, features ice-
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shelf thermodynamics and is coupled with the sea-ice model CICE version 5.1.2
(Community Ice CodE) using MCT 2.9 (LIPSCOMB et al., 2010). ROMS offers two
sea-ice configurations: a simpler and more robust one (BUDGELL, 2005) integrated
into the ROMS code and a more complex and detailed model, which is coupled
with CICE under the COAWST framework. ROMS-Budgell is specifically designed
for regional ocean simulations, focusing on ocean-ice interactions, and employs an
EVP rheology for sea ice dynamics based on the thermodynamics model by Mellor
e Kantha (1989), featuring a single ice and snow layer. In contrast, ROMS-CICE
combines the ROMS model with the CICE sea-ice model and exchanges information
between them through the MCT coupling. CICE employs dynamic-thermodynamic
modeling with multiple ice thickness layers and energy-conserving thermodynamics.

2.3 Hydrodynamical ocean model structure

The Regional Ocean Model System (ROMS) is a tridimensional numerical model of
high resolution, written in F90/F95. Several coupled models use it for biogeochem-
ical, air-sea interactions, sediment, and sea ice applications. Composed by a set
of several physical and numerical algorithms that integrate the primitive Reynolds
equations, discretized by finite difference methods, solving the Navier-Stokes equa-
tions. This model assumes Boussinesq approximations (constant pressure), except
in the contribution to the buoyant force in the motion and hydrostatic equation,
where it assumes the vertical pressure gradient equals the buoyant force (SHCHEP-
ETKIN; MCWILLIAMS, 2005; HAIDVOGEL et al., 2008). Vertical coordinates are
expressed in sigma coordinates (Figure 2.1) and horizontal coordinates are expressed
in Cartesian coordinates in an Arakawa-C type grid. This brings great computational
ease when it is used to model areas with uneven reliefs.

The barotropic and baroclinic modes are solved separately ( split-explicit time-step
scheme), preserving the volume conservation and consistency necessary for the trac-
ers (SHCHEPETKIN; MCWILLIAMS, 2005). The dynamical equations, in the form
of flux in horizontal Cartesian coordinates and as a function of sigma coordinates,
are given by Equation 2.1 for the zonal component, Equation 2.2 for the meridional
component, and Equation 2.3 for the vertical component. The continuity equation
is given by Equation 2.4, and scalar transport is described by Equation 2.5.

∂u

∂t
+ v⃗ · ∇u − fv = −∂ϕ

∂x
− ∂

∂z

(
u′w′ − ν

∂u

∂z

)
+ Fu + Du (2.1)
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∂v

∂t
+ v⃗ · ∇v + fu = −∂ϕ

∂y
− ∂

∂z

(
v′w′ − ν

∂v

∂z

)
+ Fv + Dv (2.2)

∂ϕ

∂z
= −ρg

ρo

(2.3)

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
= 0. (2.4)

∂C

∂t
+ v⃗ · ∇C = − ∂

∂z

(
C ′w′ − νθ

∂C

∂z

)
+ FC + DC . (2.5)

An equation of state is also required:

ρ = ρ(T, S, P ) (2.6)

Where: C(x, y, z, t) is the scalar quantity(i.e. temperature, salinity), Du, Dv, DC are
optional horizontal diffusive terms, Fu, Fv, FC are forcing/source terms, f(x, y) is
the Coriolis parameter, g is the acceleration of gravity, h(x, y) represents the depth
of sea floor below mean sea level, Hz(x, y, z) is the vertical grid spacing, ν, νθ is
the molecular viscosity and diffusivity, KM and KC are the vertical eddy viscosity
and diffusivity, P represents the total pressure (P ≈ −ρogz), ϕ(x, y, z, t) is the
dynamic pressure (ϕ = (P/ρo)), ρo + ρ(x, y, z, t) is total in situ density, salinity and
temperature are represented by T (x, y, z, t) and S(x, y, z, t), time is t, u, v, w are the
(x, y, z) components of vector velocity v⃗, x and y are the horizontal coordinates, z

is the vertical coordinate, and ζ(x, y, t) is the surface elevation.

The overbar represents the time average, and the prime represents the mean fluc-
tuation. These equations are closed by parameterizing the Reynolds stresses and
turbulent tracer fluxes as:

u′w′ = −KM
∂u

∂z
; v′w′ = −KM

∂v

∂z
; C ′w′ = −KC

∂C

∂z
. (2.7)

The vertical and horizontal boundary conditions structure and the detailed descrip-
tion of the grid computation can be found in the Technical Manual, by Hedström
(2018). This manual also describes all the functions and options of numerical schemes
available on ROMS.
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Figure 2.1 - Sigma configuration with ice shelves.

Vertical section with sigma representation. Light gray area represents the ice shelf struc-
ture, dark gray area represents the bottom of sea floor. Lines represent the sigma layers,
and red line on the mapzoom with bathymetry is the section represented in the figure.

SOURCE: Author.

2.4 Representation of sea-ice

The sea-ice model used in this study is the ROMS-Budgell version (BUDGELL,
2005), which combines the elastic-viscous-plastic (EVP) rheology (HUNKE;
DUKOWICZ, 1997; HUNKE, 2001) with one layer of snow and ice thermodynam-
ics and a molecular sub-layer beneath the ice (Figure 2.2) (MELLOR; KANTHA,
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1989). The EVP approach governs the rheological behavior of sea ice through three
key processes: elasticity, allowing for reversible deformation after the application of
force; viscosity, handling irreversible deformation responsible for sea ice deformation
and movement, leading to changes in its structure; and the plastic module, manag-
ing permanent deformation when the applied stress exceeds a certain limit, resulting
in a non-reversible deformation. This combination of components enables the EVP
model to represent sea ice’s response to various conditions, including its ability
to answer accordingly under different forcing magnitudes: deform elastically under
light loads, flow viscously under moderate loads, and experience plastic deformation
under heavy loads(KIMMRITZ et al., 2015).

The EVP approach is great for simulating sea-ice behavior facilitating the mod-
eling of processes such as ice deformation, fracture formation, and ice movement
in response to external forces. The thermodynamic layers conduct the melting and
freezing processes associated with the sea ice formation. This model can reproduce
the effects of ice drift, melting and freezing of sea ice, interacting with the ocean
fields. Also, this configuration shares the same time and grid steps as the ROMS
model, sharing the same parallel encoding structure. The EVP model is based on
an elastic mechanism, reproducing the variations of sea-ice dynamics of deformation
and rigid breaking. The ice thermodynamics is reproduced in two layers of ice and
one of snow, solving the heat conduction equation. It calculates the sea ice melting
(growing) in the surface, bottom, and sides of the ice floes, as well as the frazil ice1

formation.

1Frazil ice formation: the process of ice formation due to the cooled seawater by the atmosphere
becomes supercooled and freezes. This process also can contribute to the brine effect, a phenomenon
which consists of the main ejection of salt during the freezing process(SCHAEFER, 1950).
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Figure 2.2 - Ice thermodynamics variables diagram: different locations where ice melting
and freezing can occur.

Sea-ice thermodynamics scheme reproduced by the sea-ice module (BUDGELL, 2005).
Where: Wfr - frazil ice formation, Wio - freeze rate at the ice/water interface, Wai - melt
rate on the upper ice/snow surface, Wro - rate of runoff of surface melt water, Wao - freeze
rate at the air/water interface, Wsm - snow melt rate, Ws - snowfall rate.

SOURCE: Hedström (2018).

2.5 Ice shelf computation

ROMS has a module that simulates the processes that occur under the cavities of the
ice shelves (DINNIMAN et al., 2007), which are constant in thickness and extension
over time, but contribute thermodynamically, through changes in the salinity and
temperature of the water that circulates under these areas. Below the shelves, the
most superficial layers do not follow the sea level, but instead conform to the base of
the ice shelves (Figure 2.1). Also, the pressure under these areas takes into account
the thickness of the ice. The atmosphere effects in momentum and buoyancy flux are
set to zero. The friction between the ice and water is computed as a quadratic stress
coefficient in the three first surface layers. The conservation of heat and salt and
the freezing point computations are represented by a parametrization with a viscous
sublayer model. Three equations are employed to represent the conservation of heat
(Equation 2.8), salt (Equation 2.9), and the freezing point of seawater (Equation
2.10) as a function of salinity and pressure. These equations account for the transport
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and exchange of heat and salt between the water and the ice shelf, as well as the
effect of pressure on the freezing point of seawater.

ρi (L − Cpi∆T ) ∂h

∂t
= ρCpwγT (Tb − Tw) (2.8)

where ρi is the average ice density, L is the latent heat of fusion, Cpi is the specific
heat of ice, ∆T is the temperature difference between the interior and the base
freezing temperature at the ice shelf, ρ is the mixing layer density, Cpw is the heat
capacity of seawater at 0◦C, γT is the turbulent exchange coefficient for heat,Tb is
the temperature at the ice shelf base, and Tw is the sea temperature in the first
(uppermost) layer.

ρiSb
∂h

∂t
= ργs (Sb − Sw) (2.9)

where γs is the turbulent exchange coefficient for salt,Sb is the salinity at the ice
shelf base, Sw is the salinity in the first layer, and ρi is the average ice density.

Tb = 0.0939 − 0.057Sb + 7.641 ∗ 10−4h (2.10)

where h is the depth below the mean sea level.

2.6 Conclusions and perspectives

Numerical modeling is a powerful technique to help us understand the complex inter-
actions in high-latitude regions and the challenges presented by extreme conditions,
and environmental changes due to climate change. The representation of sea ice dy-
namics, coupled with the integration of high-resolution regional models and Earth
System Models, are crucial to enhancing our understanding of polar climates. And,
they could play an important role in the sustainable management and conservation
of these ecologically significant and remote regions.

The utilization of models like ROMS, adapted to simulate the effects of basal melting
and freshwater inputs to the ocean, provides a powerful tool for addressing specific
questions related to these processes. ROMS can offer valuable insights into the dy-
namics of ice-ocean interactions and their consequences, aiding in the understanding
of the impacts of changing environmental conditions. Here, we focus specifically on
increased freshwater inputs resulting from ice shelf melting and their effects on polar
oceans.
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3 GLACIAL MELTWATER INPUT TO THE OCEAN AROUND THE
ANTARCTIC PENINSULA: FORCINGS AND CONSEQUENCES1

3.1 Introduction

The Southern Ocean (SO) has an important role in Earth’s global climate. It is a
significant sink for heat and CO2 and is the world’s most biologically productive
ocean (LIU; CURRY, 2010). In the last decades, studies indicate that the SO is
changing rapidly, with significant warming of the Antarctic Circumpolar Current
(ACC) (GILLE, 2002; GILLE, 2008; AUGER et al., 2021), freshening (ANTONOV
et al., 2002; BOYER et al., 2005; DURACK; WIJFFELS, 2010; SWART et al.,
2018), decreasing in oxygen (SHEPHERD et al., 2017), and acidification (MCNEIL;
MATEAR, 2008; HENLEY et al., 2020; FIGUEROLA et al., 2021).

The Antarctic Peninsula (AP) is the northernmost region of Antarctica and is lo-
cated at the west side of the Antarctic Continent (Figure 3.1). The AP has in-
creased its contribution of meltwater into the ocean during the last few decades
(ADUSUMILLI et al., 2018). Some of the most significant changes have been de-
tected in that area, with the retreating of nearly 87% of the glaciers, not counting
the countless collapses of ice shelves (COOK et al., 2016). Part of the increased
melting is related to the warmer atmosphere associated with the intensification of
the Southern Annular Mode (SAM) positive phase (DICKENS et al., 2019). This
climate mode influences the strengthening of warmer westerly winds and consequent
surface melting on the AP’s eastern side (WACHTER et al., 2020).

The declining height and extension of AP ice shelves stem from a complex set of
processes on the atmosphere, ocean, glaciers, and sea-ice. Changes in the freshwa-
ter balance resulting from variations in precipitation rate, sea-ice and the ocean-ice
interactions can affect regional and thermohaline circulation strength (LAGO; ENG-
LAND, 2019; PARK; LATIF, 2019). Decreases in the extension of sea-ice further
drive warming through the ice-albedo relationship due to the significant albedo re-
duction as the ice masses break and melt (VIZCAíNO et al., 2010). The increasing
high-latitude precipitation as the atmosphere warms (DURACK, 2015) or increasing
glacial melt (BINTANJA et al., 2015; PELLICHERO et al., 2018) can also modify
buoyancy forcing and water masses formation in the SO, with implications for the

1This chapter is an adapted version of the paper:
LIMA, L. S.; PEZZI, L. P.; MATA, M. M.; SANTINI, M. F.; CARVALHO, J. T.; SUTIL, U.

A.; CABRERA, M. J.; ROSA, E. B.; RODRIGUES, C. C.; VEGA, X. A. Glacial meltwater input
to the ocean around the antarctic peninsula: forcings and consequences. Anais da Academia
Brasileira de Ciencias, Academia Brasileira de Ciencias, v. 94, 2022. ISSN 16782690
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Figure 3.1 - Map of the Antarctic Peninsula.

Map of the Antarctic Peninsula (and model domain) with schematically ocean currents
and water masses of the region. Antarctic Circumpolar Current (ACC); southern branch of
the ACC (sACC); Coastal Current (CC), Antarctic Slope Front (ASF), Circumpolar Deep
Water (CDW); Weddell Sea Bottom Water (WSBW); Weddell Sea Deep Water (WSDW);
High Salinity Shelf Water (HSSW); modified Warm Deep Water (mWDW). Ice-shelves:
1. Abbott; 2. George VI; 3. Wilkins; 4. Larsen-C; 5. Ronne; 6. Filchner. (a) Mean zonal
wind stress from ERA5 dataset (1998-2017). (b) The red tones (blue tones) continuous lines
represent Bellingshausen Sea (Weddell Sea) currents. The dashed lines represent the water
masses. Black dashed line (continuous) represents the position of the Subtropical Front
(STF) in the positive phase (negative phase) of SAM. The black arrows in (c) indicate
the westerly winds and STF migrations in the SAM phases. The bathymetry data is from
ETOPO1 (AMANTE; EAKINS, 2009), for elevation in the Antarctica continent Reference
Elevation Model of Antarctica (REMA) (HOWAT et al., 2019), and basal melt rates from
(ADUSUMILLI et al., 2020).

SOURCE: Lima et al. (2022).

overturning circulation. The glacial freshwater fluxes primarily come from melting
icebergs and ice shelves. The increase of glacial meltwater into the SO alters the
freshwater cycle and contributes to increased sea-ice cover (ZHANG, 2007; BIN-
TANJA et al., 2013).

The input of glacial meltwater into the ocean adds to multiple SO trends perceived in
observations (particularly in sea temperature, salinity, sea-ice extent (SIE), and sea
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surface height (SSH)). Here, we review the freshwater input into the ocean around
the AP. This region has contrasts between each side, on the Bellingshausen Sea
(west) and the Weddell Sea (east) and is considered a climate hotspot (where climate
change are more pronounced and well documented) (RIGNOT, 2004; MEREDITH;
KING, 2005; KERR et al., 2018). This study shows the relevance of each process in
freshwater contribution to the ocean and discusses the perspective about freshwater
processes and their changes over high latitudes, focusing on the AP. Moreover, this
study presents a general overview of techniques to quantify the hydrological cycle
in the AP (Figure 3.2).

The contribution of this review summarizing each climate process related to fresh-
water dynamics in the AP is timely as it presents a contrasting climate states and
ocean dynamics of each coast side. For instance, the Bellingshausen Sea presents
high melt rates consistent with a warmer ocean on the western side. In contrast, the
Weddell Sea presents massive ice shelves collapse associated with surface melting
and intensified atmospheric changes on the eastern side. In this sense, this review
aims to contrast the principal processes that occur in each side of the AP, related to
glacial freshwater and how it contributes to each climate component and its effects,
regionally and globally.

3.2 The antarctic ice sheet mass balance (context)

Ice sheet mass balance results from variations of mass of ice over a stated time
(ROBIN, 1972; HANNA et al., 2013). It is expressed through the negative (loss
or ablation) and positive (gain or accumulation) signals (COGLEY et al., 2011).
When the accumulation and ablation are in balance over a long time, we have the
balanced or “steady state” situation (ROBIN, 1972). It is determined by the surface
mass fluxes (surface mass balance, SMB) and the ice flux across the grounding line
(ice discharge, D). Also, the basal mass balance (BMB) is determined by the balance
between accretion and ablation at the ice shelf base (DEPOORTER et al., 2013).
During condensation, precipitation, and deposition, mass accumulates at the surface.
The mass is lost when meltwater is not retained in the firn by freezing and capillary
forces, leaving the ice sheet as runoff. Also, the wind can act by redistributing the
snow, causing erosion and deposition, and sublimation, either from the surface or
from drifting snow particles (10, 11, 13, in Figure 3.2). Once accumulated, snow
crystals are slowly deformed into ice, changing their structure and densifying. The
firn layer can be between 0 and more than 100 m thickness, depending on the local
climate (LIGTENBERG et al., 2011). The glacier ice movement, from the interior

25



Figure 3.2 - Water cycle over ice-shelves.

Water cycle over ice-shelves. 1. Basal melting – melting under ice shelf; 2. Water that
upwells close to Antarctica is converted to denser bottom water by cooling and brine
released during sea-ice formation; 3. Ice shelf crevasses – points of instability in ice-shelves
where potentially can collapse; 4. Melting ponds – surface melting above ice-shelves; 5.
Ice-velocity – ice movement from the continent into the ocean through ice-shelves; 6.
Ice-shelves disintegration – formation of icebergs; 7. Icebergs – ice portions floating in
the ocean; 8. Sea-ice – ice formatted by the cooling of the ocean as heat lost into the
atmosphere, it causes brine rejection, increasing salinity in the ocean near these regions; 9.
Salt rejection from sea-ice formation due brine rejection;10. Westerly and katabatic winds
– contributing in the evaporation and heat transfer from continent, ocean and atmosphere;
11. Snow and precipitation; 12. Solar radiation; 13. Evaporation and sublimation.

SOURCE: Lima et al. (2022).

ice sheet to the margins, can also influence the ablation, driven by basal sliding
and internal deformation, followed by solid ice discharge when the ice crosses the
grounding line and starts to float on the ocean.

The mass budget concerns physical processes that control the ice mass loss, i.e., the
SMB, representing the difference between accumulation, runoff, and other forms of
ablation, and glacier dynamics (the ice mass fluxes into the ocean). Moreover, the
surface meltwater in ice sheets and the adjacent floating ice shelves can significantly
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impact ice-sheet mass balance due to albedo changes and instability crevasses over
the ice.

Given the difficulty of access and the high cost of expeditions to the Antarctic
continent and the surrounding areas, remote sensing has proved to be fundamental
for investigating these processes. Among the Antarctic region’s balance, we have
the accumulation of snow and ice process (input) and the loss of water by runoff
(liquid form or ice movement) or evaporation (output) (LOEWE, 1967). Runoff is
due to melting, which can occur on the ice sheet surface, ice shelves, and glaciers.
Water distribution can be measured by observing ice and snow dynamics (RIGNOT,
2004; RIGNOT et al., 2008; RIGNOT et al., 2019; MOUGINOT et al., 2012). The
new generation of satellites, such as Surface Water Ocean Topography (SWOT)
(DURAND et al., 2010), promise synoptic observations of water balance aspects,
including snow and ice thickness, which cannot be measured on a large spatial and
temporal scale using conventional methods. Also, there are CryoSat-2, Jason-3, and
Sentinel-4 acquisitions, as well as Jason-CS/Sentinel-6, and ICESat-2 data collection.

3.3 Atmospheric interactions

The last five decades have shown a rapid increase in air temperatures over the AP
(Figure 3.3a), accompanied by increased precipitation (Figure 3.3c), and regionally
opposing trends in sea-ice cover, with a decrease in Bellingshausen side, and increase
in Weddell side (KUMAR et al., 2021). The SO has presented a small but signifi-
cant increase in sea-ice cover associated with near-surface cooling (ARMOUR et al.,
2016). The ocean surrounding AP has presented significant freshening and less dense
trends, with impacts on the water volume (AZANEU et al., 2013; HELLMER et al.,
2011; SCHMIDTKO et al., 2014; BARLETT et al., 2018; DOTTO et al., 2021).
Freshwater input into the ocean from the continent influences SSH, and affects the
formation of water masses and, consequently, global circulation. The melting of ice
shelves and glaciers contributes to a positive signal in freshening along the AP coast.
Due to the nonlinearity in the equation of state for seawater, at cold temperatures
(high latitudes), salinity changes are more efficient at altering the density of the
seawater than changes in temperature (SATHIYAMOORTHY; MOORE, 2002).

The most significant warming trends have been in the western and northern parts of
the AP (Figure 3.3a and Figure 3.4a). Air surface temperature trends show a signif-
icant increase across the AP and, to a lesser extent, to most of the western portion
of the Antarctic continent since the early 1950s. Moreover, only slight changes have
been observed across the rest of the continent (TURNER et al., 2005; CARRASCO,
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Figure 3.3 - Yearly trends over Antarctic Peninsula through results of ERA5 Reanalysis.

Yearly trends over Antarctic Peninsula through results of ERA5 Reanalysis data between
1998 and 2017), variables: (a) Air temperature at 2m (°C); (b) Wind Magnitude at 10m
(m s-1); (c) Total Precipitation (kg m2 s-1); (d) Sea level pressure (Pa). Black dots rep-
resent the areas with significance of 0.05. Created with Climate Data Toolbox for Matlab
(GREENE et al., 2019).

SOURCE: Lima et al. (2022).

2013). The western Antarctic Peninsula (WAP) has shown the highest average in
air temperatures over the past five decades, pronounced during winter (KING et
al., 2003; VAUGHAN et al., 2003; CARRASCO, 2013). The ocean water, in sur-
face and bottom over large parts of the WAP, has warmed and has suffered salinity
changes (Figure 3.4c, freshening the water masses due to increasing melting (MAR-
TINSON et al., 2008; MEREDITH et al., 2018) and has declined in sea-ice extent
and thickness (PARKINSON, 2019)(Figure 3.4d).

The westerly winds that overlie the SO have intensified over recent decades (Fig-
ure 3.3b). This is associated with enhanced warm advection due to changes in SO
atmospheric circulation, resulting in increased air temperature over the AP and in-
fluencing its climate. More frequent positive phases of the SAM and the deepening
of the Amundsen Sea Low (ASL) influence the regional meridional wind field, which
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Figure 3.4 - Yearly trends over Antarctic Peninsula through results of GLORYS Reanal-
ysis.

Yearly trends over Antarctic Peninsula through results of GLORYS Reanalysis data be-
tween 1998 and 2017, variables: (a) mean water temperature in °C for the first 500 meters;
(b) Currents magnitude at the surface (m s-1); (c) mean water salinity for the first 500
meters; (d) Mean sea-ice thickness (m), blue line is monthly mean, and dark line represents
the yearly mean. Black dots represent the areas with a significance of 0.05. Created with
Climate Data Toolbox for Matlab (GREENE et al., 2019).

SOURCE: Lima et al. (2022).

controls the moisture advection and heat into the continent. The main impacts on
AP due to the location and intensity of ASL, are the potential impacts in air tem-
perature, wind, and pressure over the region, which can often lead to anomalies of
opposite signs in sea temperature, sea ice, and precipitation on the coast and shelf
region (RAPHAEL et al., 2016). SAM is characterized by westerly circumpolar cir-
culation variability related to the strong meridional pressure gradient between the
high and mid-latitudes of the Southern Hemisphere (SH), which significantly influ-
ences synoptic-scale activity over the SO (sea level pressure trends presented Figure
3.3d). The positive SAM causes poleward displacement of the cyclone tracks and
reinforces the ASL, promoting surface warming over the AP (MARSHALL, 2003;
PARISE et al., 2015). The SAM can also affect the distribution of sea-ice as a sign
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of the response, depending on the time scale considered (FERREIRA et al., 2015).

The instantaneous response to increasing westerly winds is the intensification of
Ekman’s cold-water transport to the north and the sea-ice expansion. Although the
SAM expands the ice to the north, it reduces its average thickness (LEFEBVRE;
GOOSSE, 2005). The wind intensification can increase the inflow of warmer waters
into the WAP continental shelf but not necessarily cause the increase of ice shelf
basal melting (except for the shallower ice shelves) (DOTTO et al., 2021). SAM
can also interfere over wind-driven Weddell Sea Gyre on the eastern AP, influencing
inter-annual variations in bottom-water properties (DICKENS et al., 2019).

The estimative of evaporation over the ocean requires the derivation of three sur-
face variables obtained by satellites: air temperature, wind, and specific humidity
(SCHLÜSSEL, 1996). The sea ice and snow cover modulate the interaction between
the ocean surface and the atmosphere just above. These structures strongly reflect
solar radiation, resulting in efficient insulators, and prohibiting the exchange of heat
and humidity. Boisvert et al. (2020) proposed a specific algorithm (turbulent flux
algorithm) to estimate evaporation, combining derived data from satellite and nu-
merical model reanalysis. They used air temperature and surface humidity data from
Atmosphere Infrared Sounder (AIRS) onboard NASA’s Aqua satellite and wind at
10 meters from NASA’s MERRA-2 reanalysis and sea-ice concentration from SMMI.
They estimated the daily evaporation between 2003 and 2016 and contributed to
increased detail and reduced evaporation estimation errors over SO, an important
variable in the water cycle and energy budget.

3.4 Glacier dynamics

Glaciers are large amounts of ice that slowly move downslope under the pull of
gravity. The surplus ice mass forces the ice movement from years of accumulation
in the higher altitudes (accumulation area) needs to be compensated by the outflow
of ice in the ablation areas, where the ice is lost through melting and calving (e.g.,
(SHARP; TRANTER, 2017)). These formations appear static, but they slowly move
like rivers of ice. The force of ice movement carries rocks, sediments, and debris
from the surface. They also influence local and regional climate, driving cold and
conserving low air temperatures and katabatic drainage winds, including nutrient
delivery dynamics and influence of ecosystem structure over multiple trophic levels
in coastal and fjord environments (DEBEER et al., 2020).

Nearly 80% of the world’s freshwater is locked up in glaciers and ice sheets
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(VAUGHAN et al., 2013). The Antarctic and Greenland ice sheets have approxi-
mately 33 million km3 of ice, holding the capacity to raise global sea level by 70
m (sea level equivalent, SLE) (RIGNOT; THOMAS, 2002). It is estimated that the
Antarctic Ice Sheet has more than 55 SLE m (MORLIGHEM et al., 2017; SUN et al.,
2020), and Greenland Ice Sheet, 7.42 SLE m (MORLIGHEM et al., 2017). Glacier
melting also has a significant role in sea-level rise contribution, Farinotti et al. (2019)
estimates of 0.32 ± 0.08 SLE m from global glacier volume. The quantification of
glacier mass loss at regional and global scales is a challenge due to the sparsity of
direct measurements and the limitations of remote sensing data (relatively short
time and coarse resolution of gravity-based measurements, e.g. NASA Gravity Re-
covery and Climate Experiment - GRACE), and other problems in deriving digital
elevation models from optical and altimetric data (HUGONNET et al., 2021).

Basal melting contributes to decreasing glacier mass. The meltwater from the glacier
bed supplies the slow and gradual ablation of the glaciers. This process also con-
tributes to ice sliding and increasing the ice velocity. Also, the subglacial conduits
caused by melt form instability regions where glaciers stay more fragile (HOW et
al., 2017). In the land/ocean interface, the cold fresh water from basal melt enters
the ocean above warm salty water, driving diffusive convection that influences the
ocean’s vertical structure (ROSEVEAR et al., 2021). Consequently, with the basal
melting increase, we can expect effects over sea-ice and ocean mixed layer depth in
the near ice-shelves areas (PARISE et al., 2015).

3.5 The role of ice shelves and icebergs

Ice-shelves are in the interface between the ocean and the continent (1 to 6 in Figure
3.2). They represent the floating extensions of grounded ice sheets and modulate the
release of grounded ice and water discharge to the ocean. They are responsible for
the stability and play an important role in the mass balance of ice sheets (STARK et
al., 2019). The gain of mass is due to snow accumulation and freezing of marine ice
undersides the shelves and loss through iceberg calving and basal melting (RIGNOT
et al., 2013). Icebergs and ice-shelves introduce freshwater in different depths in
the water column. Hence, it is a potential cause of vertical instability. The major
collapse events coincide with southward migration of the mean-annual -9ºC and -
5ºC isotherms driven by regional atmospheric warming in the last years (MORRIS;
VAUGHAN, 2003). These isotherms are the proxy of summer surface melting that
can lead to hydrofracturing (6 in Figure 3.2), which is instability points over ice
shelves where they can collapse (SCAMBOS, 2004; SCAMBOS et al., 2013).
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The disintegration of ice shelves is the source of icebergs (7 in Figure 3.2). They can
float away from their calving region and provide heat and freshwater fluxes further
away from their origin (MERINO et al., 2016). They concentrate mainly on offshore
flowing branches of Antarctic subpolar gyres, with a large fraction found in the South
Atlantic section of the SO. Melting icebergs can increase sea-ice concentration and
thickness over most SO due to the convective overturning reduction capacity, limiting
the heat supply from the deep ocean to the surface. However, in the Bellingshausen
Sea, the iceberg melt results in thinner sea-ice due to the warmer waters advection
flowing along with the ACC (PAOLO et al., 2015; MERINO et al., 2016).

Studies concerning atmospheric changes, including anthropogenic and stratospheric
ozone influence over Antarctica and its effects, are still recent (TURNER et al.,
2016). The atmosphere can influence ice shelves SMB and near ocean height due to
air pressure (MUNNEKE et al., 2017). Air temperature and winds are highly corre-
lated, which has a consequent influence on surface waters (TURNER et al., 2019).
The wind has an important role in the ocean-atmosphere energy exchange. Both
winds and meltwater imply changes over ocean ventilation south of the ACC, where
surface and bottom waters interact through deep convection. Poleward intensifying
winds increase mixing, causing the strengthening of deep water ventilation and mode
water formation, while meltwater reduces the vertical mixing increasing the strat-
ification, freshening the surface (ABERNATHEY et al., 2011; BRONSELAER et
al., 2020). Also, the wind influences coastal polynyas formation and its consequent
deep-water production, which can further influence the ocean heat flux under ice
shelves. The energy exchange from the water phase affects directly over atmospheric
heating, mainly through precipitation (P) and evaporation (E) (GUTENSTEIN et
al., 2021). The difference between E and P rates (E-P) is the freshwater flux across
the surface to the atmosphere, which is positive (negative) where E (P) dominates
(11 to 13 in Figure 3.2).

Icebergs have complex characteristics, with high variability in shapes, sizes, and
high disintegration dynamics. These aspects result in difficulties faced by numerical
modeling of these processes (RACKOW et al., 2017). Therefore, the use of remote
sensing is fundamental for detecting icebergs. The high spatial and temporal resolu-
tion makes it possible to estimate a variety of parameters and measurements such as
drift speed and tracking of icebergs and meltwater injected into the ocean. Further-
more, iceberg tracking is also a powerful tool to detect ocean circulation patterns
in remote areas with sparse data (COLLARES et al., 2018; BARBAT et al., 2019;
BARBAT et al., 2021). Iceberg monitoring is essential not only for their contribution
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to the entry of freshwater into the ocean but also for the safe navigation of vessels.
Synthetic Aperture Radars Interferometry (InSAR) and SAR technology sensors are
the most used to detect icebergs in the ocean (TOURNADRE et al., 2016; BARBAT
et al., 2019). The use of artificial intelligence to identify and monitor the space-time
evolution of these ice features and their variation in size and distribution can con-
tribute to understanding the role and impact of melting icebergs and the formulation
of more accurate numerical models.

3.6 The role of the ocean

The SO has, on average, warmed (GILLE, 2002; AUGER et al., 2021) and freshened
(DURACK et al., 2012) over the past several decades. At mid-depths and within the
latitudes of the ACC, the warming has proceeded at nearly twice the rate of global
upper ocean warming (GILLE, 2002). The ACC northern branch has presented a
significant reduction of 0.01 in salinity per decade since the 1980s (BÖNING et al.,
2008; GIGLIO; JOHNSON, 2016). These changes can impact the deep ventilation
and global thermohaline circulation. Another effect observed is the westerlies inten-
sification due to increased greenhouse gas forcing. These results in enhanced cyclonic
wind forcing, inducing westward flow closer to the Antarctic Continent, displaces
the ACC southerly, affecting the Weddell Gyre and its strength (VERNET et al.,
2019).

The Antarctic Bottom Water (AABW) exported from the Weddell Sea is freshen-
ing at decadal time scales (JULLION et al., 2013; PURKEY; JOHNSON, 2013;
HOLLAND et al., 2015; KERR et al., 2018). The AABW is formed through surface
buoyancy losses via cooling and brine rejection from winter sea-ice formation on the
Antarctic continental shelf (High Salinity Shelf Water – HSSW). The shelf water
interacts and mixes with the Circumpolar Deep Water (CDW) that flows onto the
shelf, characteristically warmer and saltier, and mixes too with the cold meltwater
from the base of marine shelves, called Ice Shelf Water (ISW) (JACOBS et al., 1992;
SNOW et al., 2016).

Larsen ice shelves collapse at Weddell Sea, and accelerated glacier flow is most re-
sponsible for the shelf waters freshening of the AP’s eastern side (HELLMER et
al., 2012). The collapse of Larsen A and B ice shelves and glacial runoff acceler-
ation (mainly Larsen C) is associated with the summertime intensification of the
circumpolar westerly winds over SO, which are attributed in part to anthropogenic
processes (SCAMBOS et al., 2013; JULLION et al., 2013), including ozone depletion
(SWART et al., 2018).

33



The declining extent and height of ice shelves from AP are attributed to a complex
set of processes and interactions of the ocean, atmosphere, and sea-ice dynamics
(PRITCHARD et al., 2012; PAOLO et al., 2018; ADUSUMILLI et al., 2018). The
major collapse events were associated with the southward migration of mean-annual
-9°C isotherm of surface air temperature (MORRIS; VAUGHAN, 2003). Changes
in atmospheric conditions are highly correlated with the sea ice concentration and
thickness, which causes changes in wind stress effects over ocean circulation (KIM
et al., 2017). It also affects the ocean-atmosphere heat exchange and ocean mixing
(DINNIMAN et al., 2012). The deep-water production in coastal polynyas, impact-
ing overheat fluxes under ice shelves, affects the basal melt rates and freshwater
exportation (ADUSUMILLI et al., 2018; HOLLAND et al., 2020).

3.7 The role of sea-ice

The increase of meltwater input into the ocean can have a significant influence on
sea-ice formation. Fresher waters present a higher freezing point, and consequently,
less energy is required to produce sea ice (DIERSSEN et al., 2002). Also, the strat-
ification in the upper water column caused by the cold and less dense freshwater
input can influence the heating and cooling rates of the sea surface, influencing the
onset of sea-ice formation. The sea-ice-ocean interactions occur more intensely sea
ice limits (mainly through sea-ice lateral melting) and converge to reduce the oceanic
vertical mixing caused by the enhanced buoyancy (PARISE et al., 2015).

The sea-ice melt contributes to the cold and freshwater entrance into the ocean
mixed layer, principally on the edge, through the sea-ice lateral melting. These
waters stored in the upper ocean layers have a climate memory of approximately
eight years, which can affect heat loss for the atmosphere (PARISE et al., 2015). The
surface freshening due to melting water input can also explain besides the sea-ice
expansion, the Sea Surface Temperature (SST) cooling, and its influence over the
mixed layer (SCHULTZ et al., 2020).

The seasonal sea-ice cover has the potential to duplicate along the year (Figure 3.4d),
with a slow autumn advance (March to early September) and a rapid spring retreat
(November to early February) (GORDON, 1981). This variation has a potential
effect on the climate system, affecting and interplaying with the planetary albedo,
atmospheric circulation, ocean productivity, and thermohaline circulation (EAYRS
et al., 2019).
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3.8 Eastern (cold) vs Western (warm) Antarctic Penninsula

The AP is one of the most rapidly warming regions of the world registered in the
twentieth century, where approximately 75% of the ice shelves have already reduced
and retreated over the past decades (RIGNOT et al., 2013). This reduction of ice
shelves affects the glaciers stability and the ice sheet mass balance, contributing to
increased sea-level rise due to increased freshwater input into the ocean (RIGNOT
et al., 2019). The AP presents different ocean dynamics on each side. The Belling-
shausen Sea on the western side presents warmer waters and higher glacial and
sea-ice melting rates, typically with a cold oceanic climate. On the eastern side of
AP, the semi-closed geography of the Weddell Sea sustains much colder conditions,
characteristically under a cold polar-continental regime.

The AP glaciers dynamics are changing and mainly becoming wet-based, influ-
enced mainly due to climate factors, which contribute to high erosion and melting
(GOLLEDGE, 2014). The glacial thermal regime determines the subglacial processes
based on the ice temperature and pressure. The wet-based glaciers have meltwater
at the glacier’s base, increasing the basal sliding and inducing rapid ice velocities
(KLEMAN; GLASSER, 2007). On the surface, meanwhile, the melt ponds are the
primary source of meltwater and critically affect the ice shelves stability, implying
hydro fractures and later collapses (SIEGERT et al., 2019).

The cumulative mass loss is dominated by the WAP (PRITCHARD et al., 2012),
from George VI, West Graham Land, Wordie, Stange, and Bach (RIGNOT et al.,
2019). Also, Wilkins Ice Shelf presented break-up events in 2008 and 2009 (COOK;
VAUGHAN, 2010). Muller, Wordie, and Jones ice shelves have collapsed or retreated,
increasing the freshening on the Bellingshausen Sea (ADUSUMILLI et al., 2020).
Stange ice shelf, situated to the west of George VI Ice Shelf, displays relative stability
in an area that may be subject to atmospheric and oceanic forcing. Bach Ice Shelf,
located between Wilkins Ice Shelf and George VI Ice Shelf southern ice front, has
increased glaciological changes in the last years. It has presented significant areas
of passive ice that have already or will be removed, resulting in enhanced recession
within the next decade (HOLT; GLASSER, 2021).

On the eastern side of AP, the changes in water masses sourced in the Weddell
Sea continental shelf may have directed the freshening signal (CASPEL et al., 2015;
CASPEL et al., 2018). Besides, the significant break-up of ice shelves collapse oc-
curred since 1995, e.g., Larsen-A followed by Larsen-B in 2002, has been through
abrupt contributions of great amounts of freshwater into the Weddell Sea. The col-
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lapse of Larsen-B caused the loss of approximately 3250 km2 by calving huge icebergs
to the ocean (COOK; VAUGHAN, 2010). Before Larsen-A and Larsen-B collapse,
the most northerly eastern ice shelf, the Prince Gustav ice shelf, collapsed in 1995.
There is evidence to suggest that this ice shelf became separated from the Larsen Ice
Shelf in the late 1940s (COOPER, 1997), retreating to Cape Longing. Since then,
there has been a rapid retreat from 1957 to 1961, followed by a steadier retreat until
the collapse in 1995 (COOK; VAUGHAN, 2010).

The Larsen-C is the largest ice shelf of the AP. Situated on the northern part of
the peninsula, it has retreated in the last years. In 2017, a large section collapsed,
leading to the calving off A68 iceberg (LAROUR et al., 2021), which represents a
10% from the Larsen-C size (HOGG; GUDMUNDSSON, 2017). The warm ocean
waters are pointed as the main responsible for driving melting at the ice-shelf base
and leading to ice-shelf instability.

3.9 Natural variability

In contrast to Arctic sea-ice decreasing due to increased surface air temperature,
observations show an expansion of SO sea-ice extent during the satellite era (1979-
nowadays) (PAULING et al., 2017; MERINO et al., 2018; PARKINSON, 2019). It is
correlated to the observed SO cooling trend. Although, the sea surface temperature
(SST) and sea-ice concentration (SIC) trends are not homogeneous in space (SIMP-
KINS et al., 2013; SWART et al., 2018), with opposing signs in the Amundsen-
Bellingshausen seas versus the Ross and Weddell seas (STAMMERJOHN et al.,
2008). Several explanations were proposed to explain these trends, including an in-
crease in poleward-intensified westerly wind stress changes. The intensified winds are
correlated by the positive trend of SAM, in reply to stratospheric ozone depletion,
and a deepened ASL driven by tropical Pacific or North Atlantic SST anomalies
(ZHANG et al., 2019).

The SAM is the principal mode of climate variability over the extratropical Southern
Hemisphere (SH) (MARSHALL, 2003). It corresponds to the main answer of Antarc-
tic climate to southern mid-latitudes climate and tropical variability (FOGT; MAR-
SHALL, 2020). The SAM positive trend in the last decades can cause the weakening
of the SO carbon sink (KEPPLER; LANDSCHüTZER, 2019). Additionally, model-
ing studies indicate that the stronger zonal winds caused by the positive SAM can
decrease sea-ice extent due to warm circumpolar deep water upwelling close to the
Antarctic coast through enhanced surface easterly flow. The increased warming of
coastal Antarctic waters through changes in the upwelling of CDW has been linked
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to the melting of outlet glaciers, with influence over global sea-level rise (PURKEY;
JOHNSON, 2013).

3.10 Climate change and future

Surface waters in the northern part of SO have warmed, freshened, and cooled in
the southern part since the 1980s. The AABW has become less voluminous in SO
and globally, and the eddy field has intensified since the early 1990s (Integorver-
namental Panel on Climate Change (IPCC), 2019). Projections of future trends in
the SO indicate the potential of continued strengthening westerly winds (CHEON;
KUG, 2020) and the warming and increasing of freshwater input from both increased
net precipitation (FYKE et al., 2017) and changes in sea-ice and meltwater export
(BRONSELAER et al., 2018; BRONSELAER et al., 2020).

The westerly winds increasing trend will continue intensifying the eddy field (MUN-
DAY et al., 2013), with potential effect over upper-ocean overturning circulation,
including heat, carbon-oxygen and nutrients (SWART et al., 2019). Another effect
of westerly wind intensification is the sea-ice increase in extension and decrease in
thickness due to sea-ice movement caused by the strong winds (HOLLAND; KWOK,
2012).

Models have shown that meltwater from Antarctic ice sheets and shelves can affect
the slowing increase of global temperatures and warming subsurface ocean tempera-
tures especially near Antarctica and permit positive feedback more further ice melt
and sea-level rise (BRONSELAER et al., 2018).

3.11 Conclusions

The freshwater dynamics over AP has changed drastically over the past decades.
AP is a critical region that is under climate change influences, but its effects are still
poorly understood. The increase in ozone depletion caused by anthropogenic gases
is associated with the cause of Antarctica’s westerly wind intensification. This inten-
sification can result in changes in water balance, increasing evaporation and hence
precipitation. The wind changes also directly interfere with the currents magnitude
(Figure 3.4b), modifying sea water transport below ice shelves. The introduction
of warmer water under ice shelves can contribute to the basal melting increasing.
The surface melt can also weaken these ice masses’ stability, contributing to their
instability and high potential for collapse.

Regarding the effects on a global scale due to Antarctica changes, it is essential to
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consider and forecast the possible situations and their climate impacts. The positive
and high entrance of meltwater on the ocean trend will affect the freshwater balance
critically on a regional scale, principally near the AP, where occurs essential seawater
masses formation, carrying on global consequences due to thermohaline circulation.
Even, the freshwater from sea-ice melting has a potential effect over the ocean mixed
layer, as described by Parise et al. (2015) and Schultz et al. (2020).

In this context, it is necessary to discretize freshwater contributions to ocean dy-
namics near AP. Here, we highlighted the main tools to quantify and describe the
known water processes. However, the knowledge of the variability and acceleration
of the hydrological cycle and its consequences on regional and pursues global cli-
mate are still incipient. Therefore, it is necessary to improve and carry out specific
studies on each variable of this complex climate region. The role of melting from
different sources and the process that affects the increase or decrease of freshwa-
ter ocean input is still misunderstood. Studies leading each process separately, and
sensitivity studies leading the direct effect of each freshwater source, can also bring
an explanation and the relevance of each contribution. This review brings together
a description of likely processes that contribute to variations of freshwater inputs
into the ocean, as well as the contrasts that we have on each side of the Antarctic
Peninsula.

This study is a part of the activities and planning developed by the Antarctic Mod-
elling Observation System (ATMOS) project, which is a response to the Brazilian
Antarctic Program (PROANTAR). This project aims to improve our understand-
ing of sea-ice–ocean-atmosphere–waves interactions and turbulent fluxes exchanges
in their interface, at micro and mesoscales in the Atlantic sector of the Southern
Ocean.
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4 THE ROLE OF ICE SHELF BASAL MELTING ON WATER MASS
STRUCTURE AND OCEAN DYNAMICS AROUND THE ANTARC-
TIC PENINSULA 1

4.1 Introduction

The Southern Ocean (SO) is responsible for transporting large amounts of salt, heat,
and nutrients across the global ocean basins. Therefore, any change in the ocean and
climate over this region directly influences the global climate (RINTOUL, 2018). Any
variation in freshwater balance, whether resulting from changes in precipitation, sea
ice, or ocean-ice interaction can affect the strength of regional and thermohaline cir-
culation (LAGO; ENGLAND, 2019; PARK; LATIF, 2019; MEREDITH et al., 2018).
The ice shelves around Antarctica connect the grounded ice sheet to the Southern
Ocean and are influenced by changes in the ocean, the atmosphere, and the dynam-
ics of the ice sheets. The confined ice shelves exert return stresses on the ice in the
ground, a process called “buttressing” (DUPONT; ALLEY, 2006). They act as bar-
riers, preventing the acceleration of ice flows coming from the continent. When this
reinforcement is reduced through ice shelf collapse, substantial thinning, or mechan-
ical weakening, ice flows and glaciers flowing into the ocean accelerate, contributing
to sea level rise (PRITCHARD et al., 2012; SCAMBOS, 2004; SHEPHERD et al.,
2004).

Basal melt is the melting of ice that occurs under floating ice shelves. As a result of
this process, variations in ice shelf thickness can occur, driven by varying basal melt
rates, and ice movement. This modulates the mass loss of the grounded ice sheet and
consequently contributes to sea level rise, in addition to contributing to freshwater
melt flows, which influence climatic processes in the Southern Ocean (ADUSUMILLI
et al., 2020; GWYTHER et al., 2015; GWYTHER et al., 2020; SCHODLOK et al.,
2016; GUDMUNDSSON et al., 2019; BRONSELAER et al., 2018). The increase in
sea level results not directly due to the ice shelf melting, but from the consequent
rise due to the acceleration of glacier flow into the ocean due to the collapse of the
shelves.

Approximately half of the mass loss of the Antarctic ice sheet is due to basal melt-
ing (1454 ± 174 Gt/year) (DEPOORTER et al., 2013). The melting under the ice
shelves has a profound impact on the ocean structure. The high ocean tempera-

1This chapter is an adapted version of the paper that will be submitted:
LIMA, L. S.; PEZZI, L. P.; MATA, M. M.; DINNIMAN, M. The role of basal melting on water

masses structure and the ocean dynamics. To be submitted: The cryosphere
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ture (compared to the freezing point) leads to melting at the base of the ice shelf
(PRITCHARD et al., 2012; DAWSON et al., 2022). Several different mechanisms
can increase the supply of warmer water to the ice shelf cavities, including changes
in wind patterns (DINNIMAN et al., 2012), changes in polynya formation, and
interactions with sea ice (GWYTHER et al., 2015; HOLLAND et al., 2010; MAS-
SOM; STAMMERJOHN, 2010; SILVANO et al., 2018), variations in the depth of
the thermocline and mixing layer (HATTERMANN; LEVERMANN, 2010; HAT-
TERMANN et al., 2014; SCHULTZ et al., 2020), and the redirection of coastal
currents (HELLMER et al., 2012; JACOBS et al., 2011). Furthermore, this process
can be forced externally by climate change, inter and multi-decadal climate modes,
annual cycles, and tides. The Antarctic Peninsula presents the highest values in the
retreating of ice shelves in Antarctica with the loss of 6693 km2 between 2009 and
2019 (ANDREASEN et al., 2023). This results in changes in the surrounding ocean
due to the increasing of meltwater into the ocean.

The ice shelf melting is categorized into three modes due to the oceanographic
processes that modulate the melting (JACOBS et al., 1992; TAMSITT et al., 2021).
The first mode is characterized by the melting in the deep grounding lines of the
"cold-water" ice shelves ("dense shelf mode") driven by inflows of the dense and
high-salinity water (HSSW), produced by the formation of sea ice in the continental
self (HOOKE, 2019). This water is characterized by high salinity and very low
temperatures. It is often at the freezing point at the surface but can still melt
deep ice due to the pressure-dependent freezing point of seawater. This water flows
inside the shelf cavity, melts the deeper ice and leads to rising plumes of melted
water, and generates Ice Shelf Water (ISW). This potentially supercooled water
can lead to water refreezing once it flows to a shallower depth along a sloping ice
shelf, creating a layer of sea ice at the base of the ice shelf (GWYTHER et al.,
2015). The second mode ("warm mode") occurs in "warm-water" ice shelves, such as
the west AP ice shelves, where the subsurface warm Circumpolar Deep Water, also
called modified CDW (mCDW), is transported into the ice shelf cavity. The third
mode, also called "fresh mode", occurs near the ice front, where the seasonal warmed
Antarctic Surface Water (AASW) is transported into the cavities of the shallow ice
by the ocean variability and tides, and possibly other mechanisms such as sea ice
dynamics (MALYARENKO et al., 2019). These three modes are highly variable in
the melt contribution around Antarctica, and various external processes influence
each mode, including regional oceanic and atmospheric conditions, including the
transport and production of sea ice (ADUSUMILLI et al., 2020).
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The meltwater fluxes into the ocean have a significant role in the ocean structure,
impacting stratification, circulation, heat, and formation of water masses (HENLEY
et al., 2020). The structure and dynamics of the ocean are impacted due to the en-
hancement of freshwater, affecting the sea-ice concentration and extent, and water
masses production (SWART et al., 2018). The sea-ice modulates the interaction be-
tween the atmosphere and ocean, it works as a barrier and influences the exchange
of heat and mass (SCHLOSSER et al., 2018). It can interfere with the climate over
the Southern Hemisphere, affecting the meridional displacement of storm track and
jet stream (KIDSTON et al., 2011; PARISE et al., 2015), and also affect the carbon
cycle due to the exchange factors between ocean, ice, and atmosphere (FOGWILL
et al., 2020). The enhanced freshwater in the ocean can lead to a stable layer of
less dense water, inducing stratification, mainly over the continental shelf. Also, it
can inhibit the sinking and disrupt deep water formation. Consequently, the circu-
lation patterns in these regions can be altered, affecting large-scale ocean currents
(HASKINS et al., 2020). Due to the stratification, the fresher surface water can
act as an insulating layer, reducing the exchange of heat between the ocean and
the atmosphere (Integorvernamental Panel on Climate Change (IPCC), 2022). This
can result in regional variations in sea surface temperature, impacting global heat
transport patterns.

Here, we focus on the meltwater influence from basal melting around the AP, identi-
fying the major contributions and contrasts between both sides. The Bellingshausen
Sea presents warmer waters and higher glacial and sea-ice melting rates, typically
with a cold oceanic climate. At the same time, on the Weddell Sea, the semi-closed
geography sustains much colder conditions, characteristically under a cold polar-
continental regime. However, both sides of the AP have been presenting high melt-
ing rates on ice shelves (ADUSUMILLI et al., 2020), and in some cases, their rapid
retreat and collapse. The AP is considered a climate hotspot, where we can verify
more pronounced climate change effects (KERR et al., 2018; KERR et al., 2018;
MEREDITH; KING, 2005; RIGNOT, 2004). This region has experienced dramatic
reductions in the extent (COOK; VAUGHAN, 2010; ETOURNEAU et al., 2019)
and thickness (PAOLO et al., 2015) of ice shelves in recent decades. Most of the
remaining ice shelves on the AP have experienced changes in the height of their sur-
faces as measured by satellite altimeters (ADUSUMILLI et al., 2018; ADUSUMILLI
et al., 2020; COOK et al., 2016; PAOLO et al., 2015; PRITCHARD et al., 2012).
The ice shelf melting and freshwater increase into the ocean can also trigger shifts
in local and global circulation, water and air temperature, and consequently, the
climate system.
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The goal of this study is to evaluate the role of basal melting in ocean structure near
the Antarctic Peninsula: assess how the contribution of freshwater discharge of basal
melting along the AP affects the formation and stratification of water masses of the
Bellingshausen and Weddell Seas. A further goal is to evaluate, as a consequence
of fresh and cold water into the ocean, the ice shelf basal melting effects on sea ice
formation over the continental shelf region. To achieve these objectives, we ran two
experiments using a regional oceanic thermodynamical numerical model. The first
experiment simulated the basal melting introduction into the ocean column, called
the Control Experiment (CTRL), and the second one (the Sensitivity Experiment:
SENST), where this meltwater introduction was deactivated.

4.2 Hydrographic background: water masses structure

The Southern Ocean has an important role in the water masses formation. Over this
region, important water masses are formed by complex processes and interactions
between the ocean, meltwater, sea ice, and atmosphere. These processes directly
affect the northward flow of the Meridional Overturning Circulation (MOC) and,
consequently, the Earth’s Climate (PARDO et al., 2012; RINTOUL; GARABATO,
). The water masses are distinguished by water bodies with similar properties and
common formation history (LIU; TANHUA, 2021). There are many ways to dis-
tinguish the water masses, such as ranges of temperature, salinity, density, depth,
oxygen, nutrients, isotopes, mixing, and current regimes. Here, we will use a range
of potential temperatures, salinities, and neutral density as physical properties and
their origin to classify the different water masses studied. The Table 4.1 presents
these values for each region evaluated in the study.

Along the Antarctic slope is formed the densest water that fills the global ocean:
the Antarctic Bottom Water (AABW) (ORSI et al., 1999). AABW results from
a mixture of different water masses originated in the coastal and deep ocean. Its
properties are deeply affected by the complex processes that occur in the atmosphere-
ocean-cryosphere. Its formation and transformation are highly dependent on sea ice
growth, brine rejection, opening coastal polynyas, melting glacier processes (mainly
deep basal melting) deep convection, and entrainment of overlying surrounding water
masses (FOLDVIK et al., 2004; NICHOLLS et al., 2004; ABRAHAMSEN et al.,
2019). The AABW is produced in the Weddell and Ross seas and several places
along East Antarctica, through a mixture of shelf water near the freezing point
(High Salinity Shelf Water - HSSW, and Ice Shelf Water - ISW, also known as Dense
Shelf Waters -DSW), with relative salty and warm intermediate waters (Warm Deep
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Water - WDW, modified Warm Deep Water - mWDW, Circumpolar Deep Water -
CDW and modified Circumpolar Deep Water - mCDW). The WSDW formed near
the Larsen Ice Shelves (LIS), is relatively lighter and fresher than the AABW formed
near RFIS (GORDON et al., 2001; JULLION et al., 2013). Here, we maintain the
same water mass limits for both regions (RFIS and LIS).

During the winter, the Antarctic Surface Waters (AASW) loses buoyancy due to
the salinification due to sea-ice formation. The coastal polynyas in the Weddell Sea,
in front of the Ronne Ice Shelf, forced by cold and strong katabatic winds from
the continent, sustain the constant sea-ice production. This process, linked with
the coastal and ice shelf geometry, allows the continuous production and accumula-
tion of HSSW, formed from winter cooling and salinification due to brine rejection
during sea-ice formation (WANG et al., 2021). Part of this water flows northward
and flows down the continental slope over the Weddell continental shelf and mixes
with the mWDW, before descending to the abyss of Weddell Sea. The other part
goes southwards, flowing underneath Ronne Ice Shelf, undergoing a change, due to
interaction with the Filchner-Ronne Ice Shelf, being cooled and freshened, and pro-
ducing the ISW. ISW is a supercooled water mass with a temperature below the
surface freezing point (approximately -1.9 C for these salinities) (ZHOU et al., 2023;
SCHODLOK et al., 2016; JANOUT et al., 2021). The ISW has an important role
in the Dense Shelf Water formation. The mixture of the ISW with HSSW feeds the
deep ocean, contributing to the formation of the Weddell Sea Deep Water and the
Weddell Sea Bottom Water (WSDW and WSBW), both of which will compose the
AABW (ORSI et al., 1999).

In recent decades, the AABW around Antarctica has undergone a freshening and
warming process, with a consequent volume reduction (BINDOFF; HOBBS, 2013;
PURKEY; JOHNSON, 2013; ABRAHAMSEN et al., 2019). This "freshening" pro-
cess is highly related to the circulation and mixing of less dense and warmed water
masses, changes in ice melt, and freshwater input. Hence, the AABW has been
deeply influenced by the increased warming around Antarctica, wind, sea ice, and
freshwater introduction into the ocean (ZHOU et al., 2023). The freshening pro-
cess of AABW is attributed to changes in the freshwater budget around Antarctica
(JULLION et al., 2013), and one of the causes cited is the increased glacial loss, due
to collapses of ice shelves, and subsequent acceleration of glacier buttressing and re-
treat. An increasing introduction of warmer waters beneath the platforms not only
accelerates the melting and instability processes but also compels the introduction
of freshwater into the ocean.
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The Bellinghshausen Sea has been experiencing a highly increased warming
(SCHMIDTKO et al., 2014), with a consequent reduction of sea ice production
and increased melting of ice shelves (CHRETIEN et al., 2021; MEREDITH; KING,
2005). The western part of the AP contains a relatively deep continental shelf (200-
500 m). The region is mainly influenced by the ACC flowing northwesterly close to
the shelf break, and southward coastal current (KLINCK et al., 2004). The water
structure over the shelf is mainly formed by Surface Water (SW), Winter Water
(WW), and Circumpolar Deep Water (CDW). This region does not present the
dense, cold, and salty waters found in the Weddell and Ross Seas. Outside the conti-
nental shelf, the CDW is subdivided into Upper Circumpolar Deep Water (UCDW)
with relatively high temperatures (1 to 1.4 °C), occupying a range of 300-600 m
depth, transported mainly across the shelf break. The Lower Circumpolar Deep
Water (LCDW) is found between 700 to 1000 m depth, and barely transported
across the shelf.

To evaluate the basal melting effect over the water masses formation cross-slope
sections based on the work of Kerr et al. (2012) were chosen, to investigate the
water masses flow along the coast, highlighted in blue in Figure 4.1. To investigate
the exportation of the water masses that are leaving the continental shelf, two along-
shelf-break hydrographic sections around the 1000m isobath, highlighted in orange
(I and II in Figure 4.1), were defined. For these transects, the total transport flows
perpendicular to the section, were examined as well as the spatial analysis due to
the visualization of the vertical profiles.
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Table 4.1 - Definitions of water masses in terms of neutral density (γn), salinity, and po-
tential temperature (θ) intervals used in this study.

DefinitionWater Masses
γn(kg/m3) S T (θ◦C) Reference

AASW <28
SW <27.55 33 to 34.5 <1 1,2

WW 27.55 to 28 (27.7) 34 -1.7
UCDW 27.7 to 28 34.6 1 to 1.4 3,4
LCDW 28 to 28.27 34.6 1.25 to 1.75 4,5

B
el

lin
gh

sh
au

-
se

n
Se

a

(1
–

3)

AABW >28.27
AASW <28 - -
SW <27.55 34 to 34.5 -1.6 to 1
WW 27.55 to 28 34 to 34.5 -1.9 to -1.6

2

CDW/WDW 28 to 28.27 34.65 to 34.75 >0 2,6,7
AABW
WSDW 28.27 to 28.4 34.64 to 34.7 -0.7 to 0SR

4
E

D
R

(A
–

B
)

WSBW >28.4 >34.55 < -0.7
2,7,8,9,10,11,12,13,14,15

AASW <28 - -
SW <27.55 34 to 34.5 -1.6 to 1
WW 27.55 to 28 34 to 34.5 -1.9 to -1.6

16,17,18

WDW 28 to 28.1 34.65 to 34.75 0 to 1 16, 17, 19, 20
mWDW 28.1 to 28.27 34.4 to 34.6 -1.6 to -0.6 18
DSW -> AABW
ISW - 34.55 to 34.60 <-1.9
HSSW >28.27 34.6 to 34.85 -1.9 to -1.6 21,22

AABW >28.26 34.64 to 34.7 -0.7 to 0
WSDW 28.26 to 28.31 >34.55 -1.5 to -0.7

(4
–

7
)

WSBW >28.31 8, 21,23

AASW <28 - -
SW <27.55 34 to 34.5 -1.6 to 1
WW 27.55 to 28 34 to 34.5 -1.9 to -1.6

16,17,18

CDW/WDW 28 to 28.27 34.6 to 34.75 0 to 0.6 21
AABW >28.26
WSDW 28.26 to 28.31 34.64 to 34.7 -0.7 to 0

W
ed

de
ll

Se
a

(I
–

II
)

WSBW >28.31 >34.55 -1.5 to -0.7 8, 21,23

References related with each water mass characteristic: 1.Jenkins e Jacobs (2008);
2.Brown et al. (2015); 3.Klinck et al. (2004); 4.Abernathey et al. (2016); 5.Santini et al.
(2018); 6.Kerr et al. (2012); 7.Orsi et al. (2002); 8.Abrahamsen et al. (2019); 9.Fahrbach
et al. (2001); 10.Llanillo et al. (2023); 11.Foster e Carmack (1976); 12.Fahrbach et al.
(1996); 13.Foldvik et al. (2004); 14.Garabato et al. (2002); 15.Gordon et al. (2001);
16.Nicholls et al. (2004); 17.Hutchinson et al. (2020); 18.Akhoudas et al. (2021); 19.Dare-
lius et al. (2014); 20.Franco et al. (2007); 21.Schodlok et al. (2016); 22.Janout et al. (2021).

SOURCE: Author.

4.3 Model and experimental design

The Antarctic Peninsula circulation model is based on the Rutgers/UCLA Regional
Ocean Model System (SHCHEPETKIN; MCWILLIAMS, 2005) (adapted version of
v3.9). The configuration used here includes a dynamical sea ice model (BUDGELL,
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2005), and the mechanical and thermodynamical effects of static ice shelves, with
basal melting contributions (DINNIMAN et al., 2007; HOLLAND; JENKINS, 1999).
Even though tides can have an impact on sea-ice and ice-shelf dynamics (RICHTER
et al., 2022; HUOT et al., 2021), tidal forcing was not activated here. The grid
defined for the simulation comprises between the coordinates 84°S – 50°S and 100°W
– 0°. This area encompasses the Bellingshausen and West Weddell Seas, with the
Antarctic Peninsula and the Drake Passage at the center (Figure 4.1). The grid has
a stereographic projection, resulting in a 5km horizontal resolution. This resolution
is not eddy-resolving over the continental shelves but is eddy-resolving over the open
ocean. The vertical discretization is given by sigma coordinates, which follow the
topography with 30 sigma levels. The bathymetry and ice shelf morphology are from
RTopo2 (SCHAFFER et al., 2016).
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Figure 4.1 - Bottom topography and ice-shelf morphology in the model.

Bottom topography and ice-shelf morphology in the model domain. (A) Bottom topog-
raphy based on RTopo2. The light brown lines represent the 200 m isobaths from 0 to
1000 m, and the gray line represents the 4000 m isobaths. Blue lines (1-7) represent the
cross-slope sections represented in the study, and A and B indicate the sub-sections (lim-
ited by 1000 m isobath) from the common transects of Drake Passage (DR) and WOCE
SR-4 (SR4) used to calculate the volume and water masses transport described in section
4.5.5. Orange lines (I and II) represent the along-shelf-break sections used in this study.
B. Ice shelves morphology based on RTopo2: 1. Abbott; 2. Stange; 3. Bach; 4. Wilkins;
5. George VI; 6.Larsen Ice Shelves (LIS); 7. Ronne; 8. Filchner; 9. Burnt – Stancomble
Wills – Riiser Larsen. The colored line delimits the regions with each mode regime, based
on (THOMPSON et al., 2018): Red: Warm (Mode 2), Blue: Dense (Mode 1), and Green:
Fresh (Mode 3); (C) Model domain.

SOURCE: Author.

The atmospheric database used is the ERA5 reanalysis, produced by the Euro-
pean Center for Medium-Range Weather Forecast (ECMWF) (HERSBACH et al.,
2020). The horizontal resolution is 31 km and features hourly and monthly tempo-
ral resolution. Here, we used a 6-hourly temporal resolution. The initial and oceanic
open boundary conditions are based on the Global Ocean Physics Reanalysis (GLO-
RYS12V1) (JEAN-MICHEL et al., 2021). Table 4.2 presents the bathymetry mor-
phology and oceanic and atmospheric forcing used in the model.
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Table 4.2 - Model forcing variables. Atmospheric forcing is from ERA5 by ECMWF, and
Oceanic forcing is from Global Ocean Physics Reanalysis (GLORYS12V1)
product by the CMEMS. The bathymetry and the bottom of the ice shelves
represented are from RTopo2.

Grid Atmospheric forcing Oceanic forcing
Bathymetry and Zonal Wind (10m) Sea Surface Height

Bottom of ice shelves Meridional Wind (10m) Zonal current velocity
from RTopo2 Air temperature (2m) Meridional current velocity

Surface Air Pressure Water temperature
Specific Humidity (2m) Salinity

Net short wave radiation flux Sea ice concentration
Long wave radiation flux

Total precipitation

SOURCE: Author.

4.3.1 Experiments performed

The ocean model was spun up from August 1993 to December 2002. The large time
of spin-up is due to the large areas that were pre-defined with constant values(T(-
1.9°C), S(34), U, and V (0 m/s)), due to the absence of data, mainly under the ice
shelves. The results used here in the analysis are after 10 years of integration when
the solution has reached the statistically quasi-steady state. Figure 4.2 presents the
time evolution for the volume-averaged kinetic energy computed for both simulations
(control and sensitivity experiments). In this case, it is possible to visualize that both
simulations adjust to their steady state within ten years.

Surrounding the Southern Ocean, we have the world’s most intense and energetic
ocean current, called the Antarctic Circumpolar Current (ACC). Due to the fact
that the model grid represents a quarter of Antarctica, we had to address this
current at the model’s edges. We implemented a flow relaxation scheme based on
Martinsen e Engedahl (1987), which involved relaxing temperature and salinity at
the borders with the GLORYS data climatology for the first twenty cells nearest to
the lateral open boundary. This was done to mitigate numerical instabilities that
could introduce errors in the ocean properties across the domain.
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Figure 4.2 - Kinetic Energy time-series.

Plot of volume-average kinetic energy for the Control and Sensitivity (CTRL and SENST,
respectively) runs from 1993 to 2020. Dashed line represents the steady-state line. And
the shaded light gray period represents the spin-up time, discarded for the analyses.

SOURCE: Author.

For this study, two experiments were run: one which was defined as a control ex-
periment (CTRL), where we have the effects of the basal melting into the ocean,
modulated by the ice shelf melting configuration described by Dinniman et al. (2007),
and the second experiment where there was no ice shelf basal melt, the sensitivity
test (SENST). The process of melting from ice shelves is parameterized by a three
equations scheme, based on the pressure-depending freezing point and conservation
equations of heat and salinity (HOLLAND; JENKINS, 1999). These equations cal-
culate the heat and freshwater (salinity) fluxes into the ocean, thereby simulating
the basal melting processes.

In the sensitivity test, the salt and temperature fluxes are set to zero, eliminating the
effects of melting in the simulation. The grid domain and forcing conditions remain
the same, but the results of meltwater rates do not affect the oceanic structure at any
point in time. In other words, the sensitivity test allows for isolating and assessing
the impact of ice shelf melting on the ocean by eliminating the effects of this melting.
This helps to understand how significant ice shelf melting is as an isolated factor,
separated from other oceanic processes.

The ice shelves represented are Abbott, Stange, Bach, Wilkins, George VI in the
western AP, surrounded by the Bellinghshausen Sea; and Larsen-C, the minor
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Larsen-D, E, and F, Ronne, and Filchner, and the Brunt-Riiser-Larsen-Stacomble ice
shelves in the eastern side of AP, in the Weddell Sea (highlighted in the Figure 4.1).
Due to the limitations of the ice shelf module, the ice shelves have a constant extent
and thickness during all the time of simulation. Therefore, the major collapses of ice
shelves weren’t represented by any changes in the ice-shelves area coverage. Over
the period of simulation, major iceberg calving events and collapses were registered
in Wilkins (2008-2009) (SCAMBOS et al., 2009), and Larsen-B (2002) (SCAMBOS,
2004), and the Larsen-C calving event, with a reduction of ≈ 10% of it area (HOGG;
GUDMUNDSSON, 2017).

In the CTRL experiment, passive tracers were released from each ice shelf pro-
portional to the melt rate at each model grid cell, which marked the meltwater
concentration originated by the basal melting process. These tracers started to be
released at the same time at the ice shelf base and were transported passively by the
ocean flow. The objective here is to verify the behavior of basal meltwater over time,
verify the areas with more influence of the meltwater, and quantify and classify each
ice shelf contribution in each point of the model domain.

4.4 Model assessment

In order to evaluate the model, we compared the CTRL experiment output with
satellite products and observed hydrographic data. Rye et al. (2020) indicates that
the reproduction of meltwater from melting in models results in better representation
when compared with observations. Based on this premise, it is expected that the
CTRL simulation will yield values closer to the observation than the results of the
SENST experiment. It is also for this reason that the experiment simulating the
introduction of melted water from the ice shelves is being treated as the CTRL
experiment.

The bias and root mean squared errors (RMSE) were calculated for the sea ice, and
the surface temperature and salinity. To assess the vertical structure, two regions
were chosen due to the availability of a well-established series of observational data
and a comprehensive body of literature regarding the oceanographic processes taking
place there. Data obtained from the PAL-LTER project and the transect known
as SR4 from the WOCE (red line SR4 in 4.1) were compared with the model’s
results at the same coordinates. For these locations, TS diagrams, vertical profiles
of temperature and salinity, as well as probability histograms and correlation plots,
were generated for the first 300 meters of depth. Biases are calculated as in Equation
4.1, where XROMS is the analysis data and Xobs is the reference data, and n is referred
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to the number of data values. The RMSE is calculated as Equation 4.2.

bias =
∑n

i (XROMS,i − Xobs,i)
n

(4.1)

RMSE =
√∑n

i (XROMS,i − Xobs,i)2

n
(4.2)

The sea ice outputs were compared with the product from the National Snow and
Ice Data Center, NOAA, called Climate Data Record of Passive Microwave Sea
Ice Concentration, Version 4. It is a dataset of sea ice concentration measured by
passive microwave data. It uses an algorithm that combines two well-established
algorithms: the NASA Team (NT) algorithm (CAVALIERI et al., 1984) and the
NASA Bootstrap (BT) algorithm (COMISO; SULLIVAN, 1986). This dataset has
a 25 km spatial coverage and temporal resolution of 1 day. Here, we resampled to
the same spatial and temporal resolution as the CTRL Experiment.

We must consider that our data acquisition is irregular throughout the year. Addi-
tionally, during the winter months, we face solar limitations, which hinder optical
remote sensing measurements, and encounter challenges with in-situ campaigns due
to the harsh conditions of overwintering. During this period, passive microwave sen-
sors, active remote sensing systems (TEDESCO, 2015; BAUMHOER et al., 2018),
the autonomous Argo Floats (WONG et al., 2020; WILSON et al., 2019) and ma-
rine mammals sensors (TREASURE et al., 2017) have an essential role in gathering
information (MEREDITH et al., 2013). The active sensor systems, e.g., laser altime-
ters and radars, are the major tools to estimate the ice sheet and ice shelf dynamics
(e.g., ICESat, ERS-1, ERS-2, Envisat, and Cryosat, among others) (TEDESCO,
2015; RIGNOT; THOMAS, 2002; BAUMHOER et al., 2018; ADUSUMILLI et al.,
2020).

The NOAA Optimum Interpolation (OI) Sea Surface Temperature (SST) V2 was
used to compare with the CTRL SST. This dataset has 1/4° High-Resolution daily
data; it is an SST analysis spatially gridded and provides global fields that are based
on a combination of observations from satellite (AVHRR, AMSR) and in situ plat-
forms (i.e., ships and buoys) (REYNOLDS et al., 2002). Since it presents an irregular
distribution, a statistical method (optimal interpolation, OI) is applied to fill where
there are missing values. This methodology corrects possible bias from satellite data
to in situ data prior to interpolation. The version used here (OI.V2,(REYNOLDS
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et al., 2007; BANZON et al., 2016)) has an improvement in the estimation of SST
from sea-ice concentrations. To estimate the SST from the model, the surface sigma
layer was resampled to represent the first 0.5m depth, regridded to 1/4° horizontal
resolution.

For over 30 years, data has been collected and analyzed, and the dynamics have
been modeled of the ocean west of the Antarctic Peninsula by the Palmer Long-
Term Ecological Research (LTER) (SMITH et al., 1995). We used the hydrographic
measurements dataset from this project to evaluate the vertical oceanic features
of the model at the west continental shelf of the Antarctic Peninsula. To evaluate
the east side of AP, at the Weddell Sea, and the Weddell Gyre structure, we used
hydrographic measurements from Autonomous Pinniped Bathythermographs (APB)
data collection, available at the World Ocean Database (WOD).

The World Ocean Atlas (WOA) is a set of climatological fields of in situ temperature,
salinity, oxygen parameters, silicates, phosphates, and nitrate, objectively analyzed
with 1° and 1/4° resolution (BOYER et al., 2018). The salinity climatology fields
from the 2005-2017 period were used here to compare with the salinity surface
climatology fields of the CTRL experiment for the same time period.

To evaluate the basal melting rates from the model, we compared the model results
with satellite-derived estimations formulated by Rignot et al. (2013) and Paolo et
al. (2023). Both authors estimated, by different approaches, rates of basal melting
from remote sensing products. Rignot et al. (2013) presents an accurate estimation
for each ice shelf around Antarctica, for the period of 2003-2008. They estimated pa-
rameters such as ice thickness (H), ice velocity (v), surface mass balance (SMB), the
rate of thickening (δH/δt), the net basal melting (B) and divergence in the volume
flux (Hv). To achieve this, they used the Regional Atmospheric and Climate Model
RACMO2, forced by global reanalysis from the ECMRWF, ice shelf thickness from
Operation IceBridge (OIB) (MACGREGOR et al., 2021) and BEDMAP-2, which
estimates from altimetry the ice shelf surface elevation. Interferometric Synthetic
Aperture Radar (InSAR) estimated the ice fluxes and grounding lines. Ice fronts
were defined from a 150-m spacing mosaic of Advanced Land Observing System
(ALOS) Polarimetric SAR (PALSAR) data for 2007 and 2008. All these variables
characterize the ice shelf structure and dynamics.

Through another approach, Paolo et al. (2023) employed data from four satellite
radar altimeters (ERS-1 (1991–1996), ERS-2 (1995–2003), Envisat (2002–2010), and
CryoSat-2 (2010 – 2017) to create a time series of ice shelf thickness and basal melt
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rates with very high resolution (3 km, with three-month intervals) spanning from
1992 to 2017. For this study, we extracted the relevant time frame from this database,
covering the period from 2002 to 2017 (post-spin-up period), in order to assess the
performance of the CTRL simulation in simulating the basal melting process.

4.5 Results and discussion

The results and discussion are organized as follows: first, the results of the model
analysis are presented, where the CTRL simulation is compared with observational
data to assess whether the key oceanographic fields are well represented. Then, we
will discuss the effects and differences in sea ice formation between the CTRL and
SENST simulations, considering the impact of basal meltwater and the main differ-
ences in sea ice distribution, concentration, and extent between the two simulations.
Subsequently, we will analyze the relationships over time between sea ice formation
and basal melting, as well as the influence of westerly winds on these processes. To
conclude the analysis, we will assess the production of water masses in specific tran-
sects, as well as calculate the transport in these sections. Thus, we will locally assess
the effects of meltwater on the production and export of water masses throughout
the domain.

4.5.1 Mean state analysis

A detailed assessment of the CTRL simulation, considering the representation of
processes that occur around the AP, will be discussed in this section. A comparison
between the CTRL simulation output and available hydrographic observations and
remote sensing products showed that the main modeled processes are in agreement
with observations. Because much of the comparison data are already included in the
Global Ocean Physics Reanalysis (GLORYS) used as the boundary and initial con-
ditions for the model, these comparisons cannot be considered as a fully independent
test of the model skill.

The sea-ice concentration (SIC) and extent (SIE) are well represented in seasonality,
with an overestimation during austral summer (DJF), as can be seen in Figure 4.3.
SIC represents the percentage of areal coverage of ice within the grid cell, while
the SIE is the integral sum of the areas of all grid cells with at least 15% of ice
concentration. The sea-ice models coupled in ROMS, tend to perform better in
simulating sea ice concentration during winter than during summer (KUMAR et
al., 2021). Besides this misrepresentation during summer, the main pattern of sea-
ice formation and extent were well represented, with a good agreement in SIC (r =
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0.68, p < 0.05) and in SIE with the observation along the year (r = 0.969, p < 0.05),
the main concentration errors are overestimated during summer over Weddell Gyre
and the continental shelf in Western Antarctic Peninsula (spatial mean in SIC RMSE
over the domain: 23.54% (DJF), 14.54 % (MAM), 11.81 % (JJA), 13.83 % (SON)).
The model represents very well the interannual differences in the maximum ice
(Figure 4.3.C).

54



Figure 4.3 - Sea-ice evaluation.

Comparison of observed and modeled Sea-ice concentration and extent along the domain.
(A) Spatially bias, and RMSE for Sea-ice concentration(%) along the experiment, com-
parison between CTRL and NSIDC CDR. (B) Hovmoler longitudinal diagrams for mean
NSIDC CDR, CTRL Experiment, bias, and RMSE. The x-axis represents the longitudinal
coordinates; (C) Monthly mean sea ice extent (106km2) CTRL, and SENST experiments
along the simulations experiments compared with NSIDC CDR. (D) Monthly anomalies
along the simulations experiments compared with the NSIDC CDR (106km2); (E) Clima-
tology cycle of SIE (106km2).

SOURCE: Author.

The SST was compared with the products from remote sensing of (OI) SST V2. It
is well represented in seasonality, with an underestimation along the year, as shown
in Figure 4.4.D. The main errors are concentrated along the ACC (Figure 4.4. A),
which makes sense since it is a very energetic area. Also, there is a large temperature
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gradient across the ACC, so if the model ACC is shifted in the location from obser-
vations, that will show up as a larger error. The seasonality is well represented, but it
presents a mean bias in temperature of ≈ 1.17°C colder than observation throughout
the year, in which both SENST and CTRL results are colder on the surface when
compared with observation. Major discrepancies occur in summer and autumn with
mean RMSE of 0.62°C (DJF), and 0.43°C (MAM) respectively, winter and spring
present mean RMSE of 0.31°C (JJA) and 0.29°C (SON). Meanwhile, the anoma-
lies follow the observation, with differences in specific years. In 2003 the minimum
anomaly month presents a displacement, the year 2010 presents a negative anomaly
which is not presented in (OI) SST V2, and in the following years, the anomalies
are higher than the observation. However, the results are considered acceptable and
reproduce properly the main features along the simulation. The mean negative bias
in temperature can explain the increased concentration of sea ice and its difficulty
in melting properly during summer.
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Figure 4.4 - Temperature evaluation.

Comparison of observed and modeled sea surface temperature along the domain. (A)
Spatially mean, bias, and RMSE for SST (°C) along the experiment, comparison between
CTRL and (OI) SST V2. (B) Monthly mean temperature (°C); (D) Monthly anomalies
along the simulations experiments compared with the (OI) SST V2 (°C). (E) Climatology
cycle of SST (°C).

SOURCE: Author.

The salinity was compared with the climatology from WOA at the surface level
(0-5m, Figure 4.5). The main errors occur at the limits of sea ice extent. The mean
RMSE for each season is 0.26 (DJF), 0.27 (MAM), 0.24 (JJA), and 0.23 (SON). To
analyze vertically, we selected two regions where we obtained in situ data, by the
PAL LTER research cruises dataset, and by Autonomous Pinnippeds (APB), from
the World Ocean Database (WOD). The region in the west of AP was compared
with the PAL-LTER database, for the months of January from 2002 to 2017. Along
the WOCE SR4 transect the APB dataset from WOD, from 2001 to 2020 was used.

The comparison with the PAL-LTER dataset (Figure A.1) reveals that the modeled
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temperature is colder ≈ 1°C than the observations in the upper 50 m, with the
mean thermocline shifted from the mean of ≈ 80 m to ≈ 50 m depth. From 80
to 150 m, the model was warmer than observed, and below 150 m it presented a
mean bias of ≈ 0.5 °C. The simulated mean salinity presented the same behavior
in overestimate near the surface, and below 150 m, with a difference of around 0.1.
Besides, both temperature and salinity mean profiles are significantly correlated
with the PAL-LTER January (2002-2017) observations, with r = 0.64, p < 0.01, and
r = 0.82, p < 0.01, respectively.

Along the WOCE SR4 transect, the histograms (A.2. E and F) indicate that the
temperature and salinity from the model agree well with observation, but underesti-
mate the temperatures above than ≈ 0°C and below ≈ −1.5°C, and salinities above
≈ 34.6. The mean temperature from the model is warmer than observation until 200
m, with the highest differences around the thermocline, with ≈ 0.5 °C. The salinity
profile indicates that the model follows the mean salinity until ≈ 150 m, below this
depth the model tends to underestimate in ≈ 0.05. The temperature and salinity
are very correlated, with r = 0.65 and 0.79 (p < 0.01), respectively.
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Figure 4.5 - Salinity evaluation.

Comparison of observed and modeled sea surface salinity (SSS). Spatially Bia (second
line) and RMSE (third line) for SSS along the experiment, comparison between CTRL
and WOA.

SOURCE: Author.

4.5.2 Basal melting

During the eighteen years of simulation, a mean of 268.8 Gigatons of meltwater,
originating from the basal melting process, is released from the ice shelves annually.
To assess the total melting originating from each ice shelf, comparisons were made
with data obtained from Paolo et al. (2023) and Rignot et al. (2013). Table 4.3
compares the CTRL experiment results with the results found in the two cited
articles. It is possible to verify the area of each ice shelf and it differs possibly due to
the limits considered for each one (in Rignot et al. (2013) case), and the database of
ice shelf morphology. This study and Paolo et al. (2023) were calculated considering
the same limits and resolution scale. Although in the study by Paolo et al. (2023),
the ice shelf area changes through the years, we considered the average area for all
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the time studied.

The results found are consistent, but the model generates less basal melt in all ice
shelves. Abbott Ice Shelf presented the highest difference between studies, underes-
timating the basal melting approximately 40 Gt/yr and 30 Gt/yr, when comparing
with Paolo et al. (2023) and Rignot et al. (2013) respectively. Wilkins presents an
underestimation of 18.22 Gt/yr and 8.57 Gt/yr. In the Weddell Sea, the Ronne Ice
Shelf has a melting rate of 54.38 ± 3.9, whereas the aforementioned studies report
averages of 139.98 ± 138.08 and 113.5 ± 35, respectively. The circulation under
this and the Filchner ice shelf cavity is driven mainly by tides and density currents
associated with the High Salinity Shelf Water (HSSW) (VERNET et al., 2019). We
are not considering tides in our simulation, which can be considered a limitation of
the model in representing the melting under these shelves.

In our analysis, we considered the Abbott, Venable, and Ferrigno ice shelves together
due to their proximity and size. We also grouped the Larsen ice shelves (Larsen-B,
Larsen-C, Larsen-D, Larsen-E, Larsen-F, Larsen-G) as the "Larsen group", and the
Brunt-Stancomble and Riiser-Larsen ice shelves as the "BSRL group." Due to this
grouping, the rates and areas from Rignot et al. (2013) were grouped, and new rates
were estimated. The deviations were omitted due to the fact that they could not be
estimated by the limitations of the data available.

The total values computed in Table 4.3 are referent to the sum of the basal melt
rates for each ice shelf and group (LIS and Abb/Ven/Ferr) detailed in the table.
However, minor ice shelves are present in the model domain, and contributes in
minor level to the total freshwater introduced into the ocean. The total meltwater
produced on this study is 293.2 Gt/yr in a area of 686.550 km2. Wordie and other
minor ice shelves were omitted here for the analysis. Wordie ice shelf is a special
case, because it collapsed in the early 90s, but it still remains some glacial tongues
and it contributes with a rate of 6.5 ± 3 Gt/yr (RIGNOT et al., 2013) and our
study estimates 1.72 ± 0.42 Gt/yr for the same period (2003 - 2008).

The year 2008 is important due to the Wilkins break-up event and also noticed
an increase of basal melting from Wordie glaciers (FRIEDL et al., 2018; RIGNOT
et al., 2013; DEPOORTER et al., 2013). The major break-up events and increased
rates of basal melting have been associated with the enhanced westerly winds due to
the positive phase of the Southern Annular Mode (SAM), which results in increased
CDW flowing through the continental shelf, carrying more heat and influencing
the increased basal melting, especially the shelves in the Bellinghshausen Sea sector
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(VERFAILLIE et al., 2022). The ice shelf morphology remained unchanged through-
out the simulation, and the use of RTopo-2 as the source for bathymetry and ice
shelf morphology has some limitations in defining the grounding line (SCHAFFER
et al., 2016). Consequently, the simulation did not reproduce events like the Wilkins
break-up and the Larsen-C calving event in 2017, which led to the formation of the
A-68 iceberg.

Table 4.3 - Area and basal melting rates for the ice shelves.

Area (km2) Basal Melt Rate Gt/yr (m/yr)
2002 - 2017

Basal Melt Rate Gt/yr (m/yr)
2003 - 2008

Ice Shelf This study Rignot et
al. (2013)

Paolo et al.
(2023) This study Paolo et al.

(2023) This study Rignot et
al. (2013)

Abb/Ven/Fer 32,300 32,999 22,745 24.34± 3.44
(0.63 ± 0.11)

67.15±16.86
(3.21 ± 0.8)

21.61±3.18
(0.73±0.1) 76.3 (2.52) *

Bach 4,000 4,579 4,331 4.99± 2.37
(1.36 ± 0.64)

4.94± 2.83
(1.24 ± 0.71)

6.88±2.12
(1.87 ± 0.58)

10.4 ± 1
(2.3±0.3)

Wilkins 14,400 12,866 12,994 8.38 ± 2.79
(0.63 ± 0.21)

26.6 ± 23.93
(2.23 ± 2.00)

9.83±2.66
(0.74 ± 0.20)

18.4 ± 17
(1.5 ± 1)

George VI 23,575 23,434 29,907 68.61 ± 13.71
(3.17 ± 0.63)

99.35 ± 20.75
(3.62 ± 0.75)

81.53 ± 6.65
(3.77 ±0.26)

89.0 ± 17
(3.8 ± 0.7)

Stange 7,325 8,027 7,458 6.71 ± 3.17
(0.99 ± 0.47)

32.99 ± 6.82
(4.83 ± 0.99)

9.78 ± 2.27
(1.45 ±0.33)

28 ± 6
(3.49 ± 0.7)

LIS 70,325 78,192 72,511 10.93 ± 2.08
(0.16 ± 0.03)

59.65 ± 38.29
(0.89 ± 0.57)

10.73 ± 1.53
(0.16 ±0.02) 38 (0.52) **

Ronne 303,250 338,887 304,404 54.38 ± 3.9
(0.19 ± 0.01)

139.98 ± 138.08
(0.50 ± 0.49)

55.05±3.29
(0.20 ± 0.01)

113.5±35
(0.3±0.1)

Filchner 111,175 104,253 116,272 35.18 ± 1.56
(0.34 ± 0.01)

46.92 ±35.21
(0.44 ± 0.33)

35.33 ±0.95
(0.35 ± 0.009)

41.9 ± 10
(0.4±0.1)

BSRL 115,300 80,344 137,923 55.26 ± 10.20
(0.52 ± 0.09)

52.64 40.19
(0.41 ± 0.31)

49.74 ± 7.70
(0.47 ± 0.07) 9.7 (0.13) ***

Total 681,050 683,581 708,545 268.8 ± 27.35
(0.43 ± 0.04)

530.22 ± 213.59
(0.82 ± 0.33)

280.48 ± 24.44
(0.44 ± 0.04) 425.2 (0.59)

Area and basal melting rates from each ice shelf discussed in this study. Comparison
between the results from this study, the results from Rignot et al. (2013), and Paolo et al.
(2023). *We considered Abbott, Venable, and Ferrigno ice-shelves contributions together,
**LIS as all Larsen ice shelves (Larsen-B, Larsen-C, Larsen-D, Larsen-E, Larsen-F,
Larsen-G), So, it summed the volume per year from each one to assess the total Larsen
Gt/yr in Rignot et al. (2013). ***The same occurs in BSRL, on which we considered that
together the Brunt-Stancomble and Riiser-Larsen ice shelves.

SOURCE: Author.

Figure 4.6 presents the seasonal time series of data obtained by Paolo et al. (2023)
with their corresponding error bars and the CTRL time series obtained in this study.
The error bars are relatively large, which results in our results being representative
in most cases. In the George VI ice shelf, the CTRL experiment closely follows
the trend observed in Paolo et al. (2023)’s series. The uncertainty surrounding the
methods used to estimate basal melting remains significantly high. This is primarily
attributed to challenges in data acquisition, a wide spectrum of missing information
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due to limited access, and the uncertainties associated with the chosen techniques
for estimating basal melt rates (HOLLAND, 2013).

Figure 4.6 - Ice shelf basal melting seasonal time-series.

Time series with error bars of basal melt rate (in meters of ice equivalent per year) for all
the area of each ice shelf. The solid dark line represents the model mean output, and the
gray dashed line with error bars represents Paolo et al. (2023) outputs.

SOURCE: Author.

The virtual tracers marking the basal meltwater from each ice shelf along the water
column were released for ten years (2006 - 2016). The quantity of virtual tracers
gradually grows over time. Figure 4.7 shows a time frame of meltwater concentration
along the water column at the end of the fifth year (2011, July), after this period the
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concentration of dyes starts to be saturated and it becomes difficult to differentiate
the concentrations. The meltwater from the Weddell Ice shelves remains mainly over
the continental shelf and it is guided mainly by the Antarctic coastal current to the
west side of the AP. Meanwhile, the meltwater from the Bellinghshausen is advected
by the ACC flowing outside of the continental shelf, but the highest concentrations
remain over the shelf.

The Antarctic Slope Current plays an important role in encompassing the meltwater
into the continental shelf (THOMPSON et al., 2018). The coastal regions concen-
trate the major accumulation of tracers, with 92.44 % (except Abb/Ven/Fer) of all
volumes of basal meltwater (for July 2011). When considering Abb/Ven/Fer, the
meltwater decreases to 51.51 % over the shelf. When comparing the mean disper-
sion pattern with other studies ((DINNIMAN et al., 2016; KUSAHARA; HASUMI,
2014)), the mean advection pattern of the meltwater is well represented, except
Abb/Ven/Fer. The Abbot/Venable/Ferrigno ice shelves are the main ones respon-
sible for the advection of tracers outside of the continental shelf (Figure A.3). It is
possible that the proximity to the boundary limits could be the main cause of this
dispersion, due to the influence of the unstable conditions along the boundary limits
of the model.

Figure 4.7 - Horizontal distribution of the basal meltwater tracers averaged vertically over
the entire water column.

Horizontal distribution of the basal meltwater tracers along the water column. The one
dye unit of the dye concentration represents the freshwater concentration of 10−4. Here is
the concentration five years from the start of the initial dye spread.

SOURCE: Author.
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When we look vertically at the meltwater distribution, we can see three main dif-
ferent modes of distribution, which all are found in our domain: the Warm Mode,
also known as Mode 2, found mainly over the western part of the domain, along
the WAP, the Dense Mode (Mode 1), found along the Weddell side of the AP, and
the Fresh mode (Mode 3), typically from the BSRL region (examples of the three
modes can be found in Figure 4.8). These three vertical transects are respectively
the cross-slope sections 1, 6, and 7, represented until the end of dashed lines (until
isobath of 4000m) in Figure 4.1.A. In Figure 4.1.B, the colored line indicates the
corresponding zones where each mode is found, based on Thompson et al. (2018).

Figure 4.8 - Three modes of ice-shelf basal melting.

Vertically distribution of the basal meltwater tracers, neutral density (γn), temperature
and salinity distribution along the water column, for the same time-frame (July 2011) of
the Figure 4.7. Upper lines: Meltwater concentration, lines represent neutral density. The
one dye unit of the dye concentration represents the freshwater concentration of 10−4. Here
is presented the concentration five years from the start of the initial dye spread. Cross-
section 1 is a typically warm ice shelf mode (Type II), cross-section 6 (*here extended
until isobath of 4000 m) is a typical Dense Ice shelf mode (Type I), and cross-section 7 is
related to a typical fresh mode (Type III). Lower lines: potential temperature (θ °C) in
colors. Lines represent the potential salinity.

SOURCE: Author.
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We can see that the spread of the meltwater between the three modes is very different
along the water column, mainly due to the currents that influence the advection,
but also the bathymetry and main depth of the water inflows inside the cavities.

4.5.3 Freshwater contribution in sea-ice formation

The sea ice is formed by the cooling of the ocean’s surface. Through this process,
brine rejection occurs (which is the separation of the salt from the freezing water),
making the surrounding water saltier and consequently denser. The sea ice produc-
tion primarily happens during March - September (autumn and winter), and the
melt process during late September - February (spring and summer), affects the
distribution of salt and freshwater along the year (PELLICHERO et al., 2018).

The cold and fresh water from the melting of ice shelves has a strong impact on
the sea ice (HELLMER, 2004; KUSAHARA, 2021; KUSAHARA et al., 2023). With
other variables, such as atmosphere parameters (e.g., air temperature, surface winds,
precipitation), the introduction of very cold and fresh waters from melting ice shelves
contributes to the increase of sea ice production, especially over the region near the
ice shelves. In contrast, the sea ice production also affects the basal melting. The
sea ice modulates the intensity of the atmosphere-ocean interaction. When sea ice
decreases or creates polynyas near the ice shelves, the heat exchange between the
ocean and ice shelf is modified due to changes in the water masses properties and
distribution (KHAZENDAR et al., 2016).

The CTRL and SENST experiments do not show a significant difference in the sea
ice extent but differences are present in concentration (Figure 4.9). The differences
along the coast are in the order of 2% of SIC along the WAP and very near the
shelves, with the main parts showing larger concentration in the CTRL experiment
(Figure 4.9. C), and it reaches 10 cm s−1 of difference along the East AP (Figure
4.10). The very cold waters from the basal melting process contribute to the in-
creased sea ice concentration, mainly in the shelf-ocean interface regions. Over the
Weddell Gyre, we have the highest differences, mainly during the summer/autumn.
The strong katabatic winds from the continent and the westerly winds along the lat-
itudes lower than 60°S, and the topography, including continental boundaries and
seabed structures, guide the sea ice to the middle of the Weddell Gyre, increasing
its thickness. The increasing sea ice layer at the surface, in consequence, works as
a barrier between the ocean and atmosphere, reducing the movement of heat and
wind stress over the water column. As a consequence, the currents under the sea
ice are reduced, and it increases along the borders where the exchange occurs more
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easily.

Figure 4.9 - Differences in sea ice concentration between CTRL and SENST experiments.

Differences between CTRL and SENST sea ice concentration. Red tones indicate that
CTRL has higher values, and blue tones indicate that SENST presents higher values.
A. Hovmoler longitudinal diagram. B. Austral Summer (DJF), Autumn (MAM), Winter
(JJA), and Spring (SON) mean spatial differences in sea ice. C. Zoom in the continental
shelf region.

SOURCE: Author.
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Figure 4.10 - Differences in currents velocity magnitude and sea ice thickness between
CTRL and SENST experiments.

Differences between CTRL and SENST experiments. Currents magnitude (cm s−1), red
tones indicate current strengthening in the CTRL experiment, and blue tones indicate
current weakening. The contour lines indicate the difference between CTRL and SENST
ice thickness in cm.

SOURCE: Author.

The effect of the stratification of the water column, due to the introduction of the
very cold waters from the basal melting process, the strong katabatic winds from
the continent, and the westerly winds along the latitudes below 60°S, enclosures
into the middle of the clockwise direction of the Weddell Gyre conducts the cold
waters from the Weddell Sea over the northern part of the Gyre and contributing
to the deepening of the mixed layer depth there. This increased stratification, and
enhanced fresh and cold surface waters contribute to the increased concentration in
the CTRL results.
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Since the beginning of 2016, the CTRL experiment presented an increased sea ice
concentration in the Weddell Sea, concurrent with the negative Antarctic and AP
anomaly in the extension of the sea ice (PURICH; DODDRIDGE, 2023). This in-
creased concentration in CTRL explains and corroborates the intrinsic correlation
between sea ice and basal melting. With less coverage of sea ice, the surface waters
warm in contact with the atmosphere, causing the increasing melting of the shelves
(AOKI et al., 2022).

The increase in the concentration of freshwater over the surface layers of the ocean,
originating from the melting of Antarctic ice shelves and variations in precipitation,
can explain the increase in sea ice (HAUMANN et al., 2016). These processes lead
to a decrease in water density at the surface (freshwater is less dense than salt-
water), reducing convection and increasing water mass stratification. Changes in
stratification are indicated by various studies, particularly demonstrating a decrease
in surface salinity in the Ross Sea (HAUMANN et al., 2016; PAULING et al., 2016;
PAULING et al., 2017) and a circum-polar intensification of vertical salinity gra-
dients near the surface and temperature gradients due to the brine effect (STEIN
et al., 2020). The transport of freshwater to the north occurs as sea ice forms in
relatively cold regions near the continent and releases freshwater further along after
being transported by winds and ocean currents, resulting in significant changes in
salinity distribution in the Southern Ocean (HAUMANN et al., 2016).

In summary, the processes of sea ice formation, melting ice shelves, and the resulting
surface stratification, and their impact on the formation of water masses, are intrin-
sically linked. Atmospheric factors that affect the water surface and ice formation
modulate the dynamics at the surface and in the subsurface, subsequently affecting
the entire water column structure in different scales. However, further studies are
still needed to understand these processes completely.

4.5.4 Basal melting, sea ice, and winds

Basal melting rates, sea ice dynamics, and winds are highly related. It has been
shown that the Southern Annular Mode (SAM) contributes to the wind westerlies
intensity, which, in turn, contributes to the ocean and sea ice dynamics (VERFAIL-
LIE et al., 2022; FOGT; MARSHALL, 2020; DICKENS et al., 2019; KEPPLER;
LANDSCHüTZER, 2019). The SAM index is calculated as the sea level pressure dif-
ference between 40°S and 65°S (HO et al., 2012). The positive signals of this index
indicate an intensification and poleward shift of the westerly winds, affecting the air
temperature and precipitation. This process, in turn, induces subsurface warming
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along the Antarctic shelf, shoaling the coastal thermocline and enhancing the flow
of warming currents to the inside of ice shelf cavities, contributing to the increase
of basal melting.

Along the Antarctic Peninsula, different dynamics induce the increased melting.
Due to the positive SAM, the stronger westerly winds increase the wind stress curl
over the Weddell Sea, inducing an increased WSBW export by depressing the depth
of the pycnocline over the continental slope (GORDON et al., 2010). In longer
periods, strong westerly winds give rise to greater injection of warm CDW into WG,
which contributes to adding salt to the shelf, increasing deep water production.
However, the low-pressure anomaly at the east AP region reduces the formation of
the HSSW (ACKLEY et al., 2001) due to the weakening of winds, freshening the
surface layer. On the WAP, the enhanced winds induce the warm CDW inflow to the
shelf, enhancing the melting of the shelves (WALKER; GARDNER, 2017). Figure
4.11.A shows the time series of the sea ice extent, basal melting and zonal winds
monthly anomalies, and the Southern Annular mode monthly index. The light orange
shaded areas are positive SAM moving 12-month average periods (Figure 4.11. A).
The variables here analyzed are the CTRL outputs, and the zonal wind used to force
the model (ERA-5).

The ice shelf basal melting shows higher values in summer and minimum values in
winter, almost the opposite of sea-ice extent (Figure 4.11. B). Throughout the year,
we have a lag between the minimum and maximum of Basal Melting and sea ice
extent. The higher melting from shelves occurs between February and March when
the sea ice is close to its minimum extent. Meanwhile, the maximum sea ice extent
occurs in August - September, and the minimum volumes from basal melting occur
in June. Figure 4.11. C indicates the correlations between the two climatologies (SIE
x BM), where we can see a negative correlation during the first semester and positive
correlations during the second semester. Significant negative correlation coefficients
exist during March and April (r<-0.5, p<0.05).

The model reproduces the seasonal and interannual sea ice variability, and also the
anomalies (Figure 4.3). While seasonal variability is not evident in basal melting
(Figure 4.6), the anomalies are accurately represented, aligning with the findings in
Kusahara (2021). The author of the study has linked the strong negative anomaly
in sea-ice extent in 2016 with a subsequent increase in basal melting six months
later. This suggests that the extent of sea ice, particularly where it approaches the
coast during summer, can serve as a proxy for the coastal water masses and, in turn,
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influence ice shelf basal melting.

Figure 4.11 - Sea Ice Extent and Basal Melting relations.

Sea Ice Extent (SIE), Basal Melting (BM), SAM index and zonal wind relations. A. Time
series of monthly sea ice extent anomalies (in 106 km), Ice Shelf Basal Melting Anomalies
(Gt/month), and SAM Index, the shaded areas on the graph are the periods of posi-
tive SAM; B. Climatology of sea-ice extent and ice shelf basal melting; C. The monthly
correlation coefficients between BM and SIE climatologies.

SOURCE: Author.

To evaluate the relations between these variables and signals over time, the wavelet
transform analysis was applied and after, to verify the relations in between them
the wavelet coherence was applied. The wavelet transform (WT) can be used to
analyze time series and detect, within a signal, components of different frequencies
and the time variation of these frequencies. In other words, it permits the capture
of high and low frequency components. The wavelet mother chosen here was the
Morlet wavelet, it is a non-orthogonal and complex wavelet, very often used in
climatological analysis, because it is better suited to capture oscillatory behavior
and expected variations in wavelet amplitude (TORRENCE; COMPO, 1998). Here
the WT is presented by 4 graphs: the first represents the time series (a); the second
one is the wavelet power spectrum (b), where the x axis represents the wavelet
location in time, y axis represents the wavelet period in years, and colors indicates

70



the relative power ((value)2), at certain scale and a certain time, the wavelet power
decreases according to the following order: yellow, orange, green, blue and white,
the heavy black contours represent the 5% significance level against red noise (with
a lag-1 coefficient of 0.72), and the gray contour and white shadow, represents the
cone of influence. The white shaded areas have no statistical significance; letter
(c) indicates the power spectrum for each period, the red line indicates the 95%
confidence level; and (d) The scale-average wavelet power time series is an average
of the variance in a certain band, here chosen 6 - 24 months interval. The dashed
line is the 95% confidence.

Wavelet analysis (Morlet wavelet) (TORRENCE; COMPO, 1998) decomposes the
basal melting anomaly time series into time and frequency space which shows sig-
nificant periodicity at different frequency bands ranging from 6 months and 2 years
(Figure 4.12). The scale-average wavelet power indicates significant power variance
in the years 2005-2006 corresponding to the positive anomaly in BM. We have an-
other peak in the year 2011 corresponding also to a positive anomaly, but here the
variance is not significant. We have another significant peak in 2017 at a 0.5-month
period.
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Figure 4.12 - Basal Melting relations wavelet transform analysis.

(a) Monthly anomaly in Basal melting rate (Gt/month); (b) The wavelet power spectrum
using Morlet mother wavelet; (c) The global wavelet power spectrum. The dashed line is
the 5% significance level for the global wavelet spectrum; and (d) Scale-average wavelet
power over the 6 - 24 months’ band. The dashed line is the 95% confidence.

SOURCE: Author.

When analyzing the sea ice extent it is noticed one signal in 2002-2003 is above
the 95% confidence dashed line. Although, we have power near the significance line,
around the one-year period. And since 2010 we have a high magnitude spectrum
around 2-4 year periods. The variance spectrum for 6 months-2 years scales, has no
significant values, only in 2002-2003.
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Figure 4.13 - Sea Ice Extent wavelet transform analysis.

(a) Monthly anomaly in Sea Ice extent (106km2); (b) The wavelet power spectrum using
Morlet mother wavelet; (c) The global wavelet power spectrum. The dashed line is the
5% significance level for the global wavelet spectrum; and (d) Scale-average wavelet power
over the 6 - 24 months’ band. The dashed line is the 95% confidence.

SOURCE: Author.

The wind WT indicates a significant high-frequency signal of less than 6 months
period during most of the time series. For the periods 2007-2009, a 1-year signal was
noticed, and in 2012, another signal of 10 months.
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Figure 4.14 - zonal wind wavelet transform analysis.

(a) Monthly anomaly in zonal wind (m/s); (b) The wavelet power spectrum using Morlet
mother wavelet; (c) The global wavelet power spectrum. The dashed line is the 5% signif-
icance level for the global wavelet spectrum; and (d) Scale-average wavelet power over the
6 - 12 months’ band. The dashed line is the 95% confidence.

SOURCE: Author.

To verify the relationship between the basal melting anomalies and the sea ice extent,
and the influence of SAM over these processes, were applied a Wavelet Coherence
analysis (GRINSTED et al., 2004). This analysis determines the most significant
correlations between variables, their timing (x-axis), frequency (y-axis), and lags
(arrows). Basically, this analysis allows us to identify patterns, relations, and peri-
odicity between two time series. The direction and position of the arrow indicate the
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lag timing of the second variable in relation to the first one. In areas where there are
no arrows or very short arrows, it suggests a weak or no relationship between the two
signals at that time and frequency scale. In the case here, we are using a monthly
time series but analyzed yearly, so, to exemplify, when the arrow is horizontal and
pointing to the left (0°), it will indicate a phase relationship where the first variable
is delayed by half of the wavelet’s oscillation period. In the context of yearly data,
this would correspond to a lag of approximately six months (half a year). In the case
of the arrow pointing ∼ 45° downward, it will correspond to a lag of approximately
0.25, or three months. The white shadows in Figures 4.12,4.13,4.14, 4.15 indicate
the cone of influence (COI), where edge effects might distort the analysis. Outside
of this cone, the results do not have significance. The black contours enclose regions
where the 5% significance level against red noise (related to stochastic signals).

We compared the Basal Melting Anomaly (BM) with the Sea Ice Extent Anomaly
(SIE), and each one with the Zonal Wind Anomaly (UWIND). Notice the strong
signal in the three relations in the seasonal and year time scales. There is also a
signal of 2-4-year time scales in the relations BM x SIE and SIE x UWIND. These
periods align with the observed oscillation patterns changes described by Venegas e
Drinkwater (2001), and AABW export reported by Kerr et al. (2012). We observed
a substantial coherence between the Basal Melting and sea ice extent (Figure 4.15.
A) within the 1 to 2-year, with the slanted arrow indicating an approximate 1/2
cycle phase difference between the two time series. The sea ice extent demonstrated
significant coherence between 2009 and 2014 concerning basal melt. This alignment
is coherent, considering that there is a six-month disparity between the respective
maxima of both variables. Also, there is a slight signal of a year lag for the sea ice
in response to the basal melting.

When we compared the BM with the zonal wind along the years 2007 - 2013, they
were in phase, for the same two years. And for the sea ice x zonal wind for the same
2-year period, along the years 2008 - 2013, we have a lag of 3 months in relation to
the wind. On this last relation, we can also see another signal over the four years
period from 2009 until 2019, with a phase relationship where SIE is leading the wind
by one full oscillation cycle (lead of one year).

In the years between 2007 and 2012, we had the highest peaks of the SAM index and
the highest anomalies of the zonal winds. Also, in 2016 and 2017, however, the wind
anomalies for this last period didn’t follow the SAM peak. These findings agree with
the findings from other authors (VERFAILLIE et al., 2022; LEFEBVRE; GOOSSE,
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2005; HALL; VISBECK, 2002), which indicates a lack of coherence between the
SAM and the ice shelf melting and sea ice extent, and between sea ice extent and
basal melting.

The high values of coherence between the variables indicates that they present cor-
relation signals varying in timing. It indicates that they are related and show a
delay indicated by the arrow direction. BM and SIE (Figure 4.15.A) are related in
the fact when we have less sea ice coverage, we have more interaction between the
atmosphere and the ocean. The increased wind (Figure 4.11.A) and temperatures
(not evaluated here), acting over the ocean with less sea ice, will increase the tem-
perature of the ocean on the upper levels. This warmed waters flowing into the ice
shelf cavities increases the basal melt rates.

Sea ice extent and basal melting are intrinsically linked, aligning with findings from
other studies (HELLMER, 2004; BINTANJA et al., 2013; BINTANJA et al., 2015;
MERINO et al., 2018) that suggest a significant impact of basal melting on sea ice
production. Our observations indicates that a strong relation between sea ice and
BM in the annual (1 year) and biennial scale (2 years). Even so, smaller scales (6
months and less than 3 months). Mainly over these signals have a lag (except the 6
months signals in 2008-2009 and 2014-2015) where the sea-ice signal result be after
than BM.

Zonal winds have a strong influence over CDW variability that flows onto the conti-
nental shelf, affecting coastal upwelling and the consequent circulation under the ice
shelves (STEIG et al., 2012; DUTRIEUX et al., 2014). This process influences the
BM production and consequently freshwater influx into the ocean. A strong phase
coherence between BM and westerly winds was evident during the two-year period
from 2007 to 2013, with less significant coherence present before 2007. Between 2000
and 2014, Antarctica presented increased sea ice extent, reaching the maximum in
2014, with the high annual mean SIE of 12.8 million km2 (PARKINSON, 2019).The
intensified (weakened) winds can induce an increased (decreased) movement of sea
ice inducing to the advance (retreat) in extension (EAYRS et al., 2021).

Further analysis is necessary to confirm these relationships. The sectorized analy-
sis (divided into BS and WS) may yield additional insights into the behavior and
relationships among basal melting, sea ice extent (and concentration), sea and air
temperatures, and winds. Taking into account the influence of the Southern Annular
Mode (SAM) and other indices that affect Antarctic climate, can potentially provide
further clues regarding the connections between sea ice and basal melting. Neverthe-
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less, the observed aspects here indicate the existence of relationships between these
variables.

Figure 4.15 - Sea Ice Extent, Basal Melting and Zonal Wind wavelet coherence graphs.

A. BM x SIE, B. BM x zonal wind, and C. SIE x zonal wind Wavelet Coherence graphs.

SOURCE: Author.
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4.5.5 Basal melting and water masses relations

The basal melting process plays an essential part in shaping and transforming water
masses. On the other hand, water masses circulating beneath the ice shelves also
influence the melting rates. The circulation of warm ocean water inside the ice shelf
cavities guides the processes of meltwater fluxes. It involves different temporal and
spatial scales (DINNIMAN et al., 2016; TAMSITT et al., 2021; THOMPSON et al.,
2018).

Here, we aim to understand better the seasonal and interannual variability of the
water masses and the impact of the basal melt process on the production and trans-
formation, as well as the impact of this process over the vertical structure and
impacts on the oceanic stratification. We chose nine cross slope transects: three over
the Bellinghshausen Sea, four in the Weddell Sea, and two based on the known tran-
sects in the Drake Passage and the WOCE SR4 (Figure 4.1). Since our focus here
is to determine the water masses structure over the continental shelf, the transects
were defined until the 1000 m isobath to determine the transport and water masses
analysis. And the Along shelf transects follow the 1000 m isobath, to visualize the
shelf break structure.

Figure 4.16 shows the differences between CTRL and SENST in the θ −SA relation-
ship at the cross-slope transects defined in Figure 4.1. The main difference is the
formation of the dense and saline waters HSSW (γn > 28.26, S = 34.6 to 34.85, θ =
−1.9 to − 1.6) and ISW (S = 34.55 to 34.6, θ < −1.9) on the Weddell transects,
originating from the melting processes by ice shelves. These water masses contribute
significantly to the dense water formation.

Compared with observation and other studies (ZHOU et al., 2023), the CTRL ex-
periment resulted in a better reproduction of the water column. The main difference
results in more volume of dense water, as we can see in Figure 4.17 the detailed
relation between CTRL and SENST along the WOCE SR4-transect. The CTRL
experiment presents higher-density water in deep levels, the cold and fresh waters
from basal melting in deep levels (around 2000-3000 meters depth) can be noticed
in the difference temperature figure (letter (E) in Figure 4.17. The increased salinity
at the bottom levels in CTRL is due to the time accumulation of WSBW along the
simulation. The high salinity at the first 50 m depth around the gyre location (≈
50°W - 40°W, letter H in Figure 4.17) is due to the brine rejection during sea ice
formation.
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Figure 4.16 - TS-diagrams over the transects along the domain.

Temperature–Salinity (TS) diagrams showing the mean values recorded from August 2002
to March 2020 at the Cross-slope Sections. Black dashed lines are the water density
σ(kg.m−3) − 1000. A.Bellingshausen side transects. B. Drake and SR4 sub-sections; and
C. Weddell Side transects.

SOURCE: Author.
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Figure 4.17 - Temperature, salinity and neutral density profiles at WOCE - SR4 section.

Temperature, salinity, and neutral density profiles showing the mean values recorded from
August 2002 to March 2020. E, F, G, and H represent the difference between CTRL and
SENST. Red colors indicate higher values in CTRL. The last two lines (G and H) are a
zoom for the first 500 m depth. The x-axis represents the longitude (°W). The transect
SR4 is represented in the Figure 4.1.

SOURCE: Author.

In the CS-I, CS-II, and CS-III, in BS, we found relatively warm and salty waters,
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predominantly dominated by variations of CDW (Figures A.4, A.5, and A.6), in the
continental shelf. The fresh and cold water derived by melting, flows near the surface
and along the shelf. It is also noted that, at Bellingshausen Sea transects, we have
the predominance of UCDW at CTRL, when compared with SENST, indicating
lower density waters along the transects (A.15, A.16, and A.17). We do not expect
the AABW formation along the WAP, so, it is expected that we do not notice the
presence of AABW on these profiles.

At the Weddell Sea, the cross-section 4 (Figure A.7), near the Larsen ice shelves,
shows that the cold and salty HSSW, formed by melting and mixing under the
shelf, flows near the bottom. The deeper Filchner-Ronne Ice shelves (Figures A.8
and A.9), present along almost all water columns colder and fresher waters when
compared with SENST, indicating the meltwater effect, with the main differences
near the bottom when it flows outside the shelf. The section CS 7, near Brunt-
Stacomble-Riiser-Larsen ice shelves, in the southern branch of the Weddell Sea, has
a temperature under the shelf that is warmer than SENST, and only very near the
ice shelf base is colder. The salinity pattern indicates a fresher pattern in the CTRL
experiment near the surface and under the ice shelf. Sections A and B (Figures A.11
and A.12), respectively the subsections of Drake and SR-4, indicate a stratification
pattern, with a thick fresh layer over the surface, followed by salty and cold water
under it. In section B, warmer waters are flowing outside the Weddell, with a thick
fresh layer at the surface.

The along-shelf break sections ASI (Figure A.13) near the LIS region and ASII
(Figure A.14) near Ronne Filchner region, have signals of exportation of colder and
fresher waters near the bottom in the CTRL case. At ASI there is also a signal of
fresher waters near the surface, and at ASII, we have warmer waters near the surface
and fresher waters at the first 500 meters.

The volume transport between simulations CTRL and SENST do not show signif-
icant differences (Table 4.4). However, there are differences when comparing the
percentages of water masses found in each section. The freshwater contribution to
stratification and effect on the water masses volume production is mainly observed
with the ISW production in Weddell Sea transects (A.19 and A.20).
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Table 4.4 - Volume Transport (Sv).

Volume Transport (Sv)
Cross-slope CTRL SENST
BS-1 - (lat) -2.42 ± 5.84 -3.58 ± 6.4
BS-2 - (lon) 0.0027 ± 0.31 -0.0093 ± 0.31
BS-3 - (lon) 0.45 ± 0.46 0.38 ± 0.46
WS-4 - (lon) 3.05 ± 1.04 3.01 ± 0.98
WS-5 - (lat) 0.25 ± 2.78 0.8 ± 2.36
WS-6 - (lat) -3.53 ± 3.55 -3.41 ± 2.70
WS-7 - (lat) -2.16 ± 6.4 -1.73 ± 7.11
A-DR - (lat) 1.4 ± 1.35 1.19 ± 1.26
B-SR4 - (lon) 4.73 ± 10.15 7.58 ± 8.99
Along-Shore
AS-I - (lat) 3.04 ± 5.67 3.05 ± 6.72

AS-II - (lon) 25.82 ± 8.46 26.67 ± 8.15
Sections

Drake - (lat) 145.62 ± 5.47 145.26 ± 5.46
WOCE-SR4 - (lon) 39.72 ± 21.54 25.2 ± 28.473

Volume transport in CTRL and SENST experiments, for each section defined. Positive
(negative) values indicate the predominant direction South-North (North-South) in "lon"
transects, and East-West (West-East), in "lat" transects.

SOURCE: Author.

The AABW formed in the southern Weddell Sea takes approximately two years to
reach the main export region along South Scotia Ridge (near the North AP) (KERR
et al., 2012), and near the limits of SIE. Along the path, the water is subjected
to transformation through mixing with other water masses, and consequently, the
changes in thermohaline properties may eventually change the water characteristics
exported from the Weddell Sea.

The pattern of water mass proportions changed after 2011, in both simulations,
along all transects, but was more pronounced at Weddell Sea transects. Note that
there is an increase of WSBW and mWDW at CS5 just after the negative anomalies
of SIE at the domain, and following increase of BM. However, for a better analysis,
the sea ice production should be evaluated locally to verify the possible influence of
sea ice over the water masses dynamics.

At Drake and SR4 sub-sections we can notice a decreased presence of dense waters
since 2011, which indicates a decreased export from Weddell of dense waters. Here,
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the classification of the water masses is based on the neutral density (except ISW,
which was defined by temperature and salinity). These results can indicate the
freshening and warming process that is happening with the AABW since the density
has changed. However, more studies need to be done, such as heat transport analysis,
to corroborate the decreased AABW and changes in water mass characteristics.

4.6 Summary and conclusions

In this study, we have shown the basal meltwater impacts in the water column, near
the AP, at the Bellingshausen Sea and Weddell Sea. To reach this, two experiments
were run, where the only difference between them was the deactivation of the influ-
ence of the basal meltwater from the ice shelf cavities. The deactivation occurred by
equalizing to zero the parameterized equations of heat and salt flux from shelves.

The model reproduced properly the ocean dynamics around the AP, seasonally and
interannually. Besides the grid boundaries resulting in a strong and very energetic
oceanic current (ACC), the mean features were well represented, concentrating the
main errors near the ACC, which is expected, probably due to the large property
gradients across the ACC. The sea-ice extent and concentration presented a positive
bias, mainly during summer, which also had a negative bias on the sea surface
temperature and salinity.

The main differences observed between the CTRL and SENST simulations are in
the sea-ice concentration and thickness at the continental shelf, with a consequent
effect of the wind over the ocean currents, due to the sea ice coverage. The fresh-
water, extremely cold water at the surface impacts sea ice formation, increasing its
concentration. The increase in sea ice contributes to the increase in the formation
of HSSW, which, in turn, contributes to the formation of WSDW and WSBW.

The heat content near the surface of the SO is critical for limiting the seasonal
development of sea ice, and the warming of the upper levels of the seawater can
lead to the acceleration of melting of ice shelves, which in turn, compromises the
stability of the ice sheets in the continent, contributing to sea level rise. The efforts to
understand the relations between sea-ice-ocean-atmosphere help with the prognosis,
and fortunately climate projections, in climate change scenarios.

Basal melting plays a primary role in the formation of ISW, which plays a significant
role in the formation and structuring of water masses. Subsequently, the ISW affects
the water column structure, increasing the dense shelf water volume. BM process also
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causes freshening, changing the buoyancy and convection along the water column.

At the Bellinghshausen Sea, fresher waters increase the buoyancy along the shelf,
enhancing the stratification in this area. The consequent effect is the increasing melt-
ing rates of the ice shelves. The Weddell gyre presents significant differences between
both simulations. Driven by Ekman transport, the center of the gyre accumulates
through time, the lighter, fresher, and colder waters. These colder surface waters
lead to more sea ice formation, resulting in saltier surface waters. The northern
branch of the gyre is intensified (a result of both winds and melting water), due to
the thicker sea ice at the boundaries of the gyre. The deepening of the MLD in the
Weddell Gyre results in increased stratification. This deepening is mainly caused by
the increasing salinity process at the surface from brine rejection.

This work provides an initial view of the BM effect over the oceanic structure around
AP. Further studies need to be continued, to fully understand the basal meltwater
impacts around Antarctica. Considering the limitations of this model, due to the
ACC and sea ice summer bias, the results presented here indicate important effects
over the water masses structure from BM input. We also corroborate the findings
from Kerr et al. (2012), and (VENEGAS; DRINKWATER, 2001), indicating the
strong relation between the westerly winds and sea ice production, and Kusahara
(2021), indicating the strong relation between the BM process with sea ice, and
coastal water masses. Further studies considering tidal, and more complex sea ice
structures will supplement our findings.
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5 CONCLUSIONS

In this study, we aimed to assess the primary factors contributing to basal melting
dynamics and the influence of the meltwater from ice shelves on ocean dynamics
in Bellinghshausen and Weddell Sea. To achieve this, the research was conducted
based on a numerical approach simulating the oceanic conditions with and without
the basal melting process impacting the ocean. The experiment through the simu-
lation of a regional ocean model ROMS, with a thermodynamically active sea ice
and ice shelf parametrization, and subsequent sensitivity experiment, without ice
shelf contributions of heat and salt which reproduces the meltwater introduction,
permitted the evaluation of the effects of basal melting by the differences in both
simulations.

This work provides a comprehensive compilation of the role of meltwater from ice
shelves in the oceanic structure around the Antarctic Peninsula. The first chapters
are dedicated to compiling knowledge related to the efforts and challenges of nu-
merically reproducing oceanic processes at high latitudes, followed by a review of
glacial meltwater dynamics and the mechanisms that transport freshwater from the
melting ice to the ocean around the AP. The next chapter presents the numerical
results of a sensitivity experiment conducted to answer the main questions raised in
the thesis.

The numerical experiments conducted here reproduced the main oceanic features
of the ocean surrounding the AP. We demonstrated that the ice shelves play an
important role in the formation of the shelf water masses, and carry out the im-
provement of water masses production since the dense shelf waters are intrinsically
related to the basal melting process and exchanges that occur in the ice shelf cavities
(see summary in Figure 5.1). Inclusive the consequent effect over the bottom water
properties cascading down the slope feeding the deep sea waters. The freshwater
discharge along the AP shelf indirectly affects the coastal currents, by changes in
the sea ice production, and variations in thermohaline structure. Variations in sea
ice thickness will directly impact the interaction of the atmosphere with the surface
layers of the ocean. More ice in certain areas and less ice in others lead to changes
in the intensity of currents due to the effect of winds on these thinner regions. The
lightening and freshening by stratification inclusive diminishes the exchange along
the water column, affecting the water properties and consequent effects in the ther-
mohaline circulation.

As expected, the sea ice concentration over the continental shelves in the CTRL
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simulation is higher than in the SENST simulation, primarily due to the very cold
freshwater export process associated with the ice shelf. Both the CTRL and SENST
experiments successfully replicated the primary water masses within the domain.
However, the CTRL experiment was particularly effective in reproducing the deep
water masses, including the signal of the Ice Shelf Water (ISW), generated by the
basal melting process.

Regarding the temporal analysis, the seasonal variability of BM was not well repre-
sented, mainly over the Weddell Sea ice shelves. However, the interannual variability
was consistent with the observed data, even though the structure of the ice shelves
remains static over time. During the simulation period, it happened significant break-
up events in both sides of AP. At Bellingshausen Sea, the Wilkins ice shelf presented
a break-up event at the end of 2008. At the Weddell Sea, the Larsen-B presented
significant retraction in 2002. The Larsen-C calving event that generated the A-68
iceberg in 2017, wasn’t reproduced here, since the ice shelf limits didn’t change over
time. That is a limitation of the model, however, the general pattern of basal melting
over these shelves was satisfactory.

When assessing anomalies in basal melting, sea ice, and zonal wind time series, it
induces that there is a relationship among them. As more intense westward winds
occur, coupled with the effects of katabatic winds, they impact sea ice movement.
This, in turn, affects the heat exchange between the ocean and the atmosphere,
either isolating or allowing their interaction as sea ice thickness changes. Moreover,
the production of High-Salinity Shelf Water (HSSW) resulting from sea ice formation
is influenced when less sea ice is being formed. Consequently, the rates of dense
waters are affected. With the reduction of sea ice and the subsequent freshening,
the basal melting process increases (or decreases) as warmer deep waters circulate
within ice cavities. When this process intensifies, greater quantities of freshwater and
cold water are introduced into the ocean, contributing to increased water column
stratification.

When evaluating the production of water masses over time, a pattern of change
in the production of dense waters has been observed since 2011. This is strongly
related to the aforementioned relationships. Therefore, a more in-depth analysis
of these relationships is necessary, as well as an understanding of how these pro-
cesses are interdependent. Hence, further investigation into this topic is required
to explore these relationships. Additionally, how the warmer climate, with a conse-
quently warmer ocean, affects the heat exchange between ice shelf cavities and the
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open ocean structure, as well as the subsequent freshwater enrichment process due
to increased freshwater input, impacts water column stratification and the potential
influence on water mass formation, particularly in the deep layers.

The present study significantly contributes to the assessment of the role of the basal
melting process on oceanic structure. Obtaining observational data within ice shelf
cavities remains challenging due to limited access. Numerical modeling has enabled
a better understanding of the thermodynamic processes occurring in these regions.
This work was conducted within the scope of the SCAR INSTANT project, aimed at
evaluating the Antarctic ice sheet’s contribution to sea level rise and its consequent
effects on global climate. It also falls under the ATMOS project, which seeks to study
the primary interactions between atmospheric, oceanic, and cryospheric dynamics
and thermodynamics in the Atlantic sector of the Southern Ocean, along with their
relations to South American climate.
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Figure 5.1 - Final Remarks: Summary of main findings of the thesis.

Summary of the main effects of basal melting around the Antarctic Peninsula. Results of
the simulations with and without the basal melting effect. The winds are represented by
the green arrows. The meltwater are represented by the dark blue plume. The differences
between water densities are represented by the blue and pink dashed lines. On the CON-
TROL experiment we have the strengthening of the Weddell gyre, and the increased effect
of meltwater and the dense waters production. In detail we see also the main processes that
occurs in Bellingshausen and Weddell seas. And differences between the sea ice production
on each simulation presented by the blue and pink stains.

SOURCE: Author.
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APPENDIX A - SUPPLEMENTARY MATERIALS CHAPTER 4 -
THE ROLE OF ICE SHELF BASAL MELTING ON WATER MASS
STRUCTURE AND OCEAN DYNAMICS AROUND THE ANTARC-
TIC PENINSULA

A.1 Model assessment

A.1 and A.2 - Supplementary figures of vertical assessment of the CTRL Experiment,
related to in situ observations.
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Figure A.1 - Western Antarctic Peninsula validation.

Comparison of observed and modeled features. The observations are from January 2002
to 2017 Palmer Long-Term Ecological Research Project cruises, and the model output is
averaged over the same month and data points. (A) Location of data points evaluated; (B)
TS-diagrams of observed (CTD) and modeled (CTRL-ROMS) simulation; Mean vertical
profiles with standard deviation, and histograms are represented in (C) and (D) Tempera-
ture (°C), and (E) and (F) Salinity, respectively. The last rows (G) and (H) are the scatter
plots for observed and modeled potential temperature and salinity, color-coded for depth.
The dashed line indicates the 1:1 relationship, and the red solid line is the least-square
regression.

SOURCE: Author.
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Figure A.2 - Eastern Antarctic Penninsula validation.

Comparison of observed and modeled features. The observations are from January 2002
to 2020 from World Ocean Databases (WOD), from autonomous pinniped bathythermo-
graph (APB), and the model output is averaged over the same month and data points.
(A) Location of data points evaluated; (B) TS-diagrams of observed (CTD) and modeled
(CTRL-ROMS) simulation; Mean vertical profiles with standard deviation, and histograms
are represented in (C) and (D) Temperature (°C), and (E) and (F) Salinity, respectively.
The last rows (G) and (H) are the scatter plots for observed and modeled potential tem-
perature and salinity, color-coded for depth. The dashed line indicates the 1:1 relationship,
and the red solid line is the least-square regression.

SOURCE: Author.
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A.2 Basal melting

A.3 - Supplementary figure representing the tracers of meltwater along the water
column from each ice shelf separately.

Figure A.3 - Horizontal distribution of the basal meltwater tracer from each ice shelf along
the water column.

Horizontal distribution of the basal meltwater tracers along the water column from each
ice shelf. The one dye unit of the dye concentration represents the freshwater concentration
of 10−4. Here is the concentration five years from the start of the initial dye spread.

SOURCE: Author.

A.3 Vertical profiles

A.4, A.5, A.6 - Bellingshausen Sea cross-slope sections.

A.7, A.8, A.9,A.10 - Weddell Sea cross-slope sections.

A.11, A.12 - Drake and SR4 subsections

A.13, A.14 - LIS and Ronne Filchner along-shelf break subsections (isobath 1000m).

128



A.3.1 Bellingshausen Sea

Figure A.4 - Section CS 1.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the latitudes (°S).

SOURCE: Author.
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Figure A.5 - Section CS 2.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the longitudes (°W).

SOURCE: Author.
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Figure A.6 - Section CS 3.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the longitudes (°W).

SOURCE: Author.
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A.3.2 Weddell Sea

Figure A.7 - Section CS 4.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the longitudes (°W).

SOURCE: Author.
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Figure A.8 - Section CS 5.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the latitudes (°S).

SOURCE: Author.
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Figure A.9 - Section CS 6.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the latitudes (°S).

SOURCE: Author.
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Figure A.10 - Section CS 7.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the latitudes (°S).

SOURCE: Author.
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A.3.3 Drake and SR4 sub-sections

Figure A.11 - Section A - Drake.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the latitudes (°S).

SOURCE: Author.
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Figure A.12 - Section B - SR4.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the longitudes (°W).

SOURCE: Author.
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A.3.4 Along-Shelf Break sections

Figure A.13 - Section AS I - LIS region.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the latitudes (°S).

SOURCE: Author.
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Figure A.14 - Section AS II - Ronne Filchner region.

Temperature and Salinity profiles. The blue and red lines represent the neutral density,
for CTRL and SENST, respectively. The x-axis indicates the longitudes (°W).

SOURCE: Author.

A.4 Water masses time series

A.15, A.16, A.17 - Bellingshausen Sea cross-slope sections.

A.18, A.19, A.20,A.21 - Weddell Sea cross-slope sections.

A.22, A.23 - Drake and SR4 subsections

A.24, A.25 - LIS and Ronne Filchner along-shelf break subsections (isobath 1000m).
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A.4.1 Bellingshausen Sea

Figure A.15 - Water masses (%) in CS 1 along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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Figure A.16 - Water masses (%) in CS 2 along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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Figure A.17 - Water masses (%) in CS 3 along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.

142



A.4.2 Weddell Sea

Figure A.18 - Water masses (%) in CS 4 along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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Figure A.19 - Water masses (%) in CS 5 along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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Figure A.20 - Water masses (%) in CS 6 along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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Figure A.21 - Water masses (%) in CS 7 along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.

146



A.4.3 Drake and SR4 sub-sections

Figure A.22 - Water masses (%) in Drake sub-section along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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Figure A.23 - Water masses (%) in SR4 sub-section along time.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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A.4.4 Along-Shelf Break sections

Figure A.24 - Water masses (%) in AS I.

Time-series of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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Figure A.25 - Water masses (%) in AS II.

Time serie of the water masses proportions (%) in the total water column through the
time.

SOURCE: Author.
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