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Abstract

Heat transport between the deep ocean and the southern Weddell Sea continental shelf
plays a key role in a potential future melting of the western Antarctic ice sheet. Recent studies
have highlighted the Filchner Trough as an area for a potential cold-to-warm tipping point
in the ocean circulation, governed by the density gradient across the shelf break, influenced
by sea ice formation and wind stress.

This thesis firstly explores the representation of on-shore heat transport in the Filchner
Trough in climate simulations for a suite of carbon dioxide emission scenarios from high-
mitigation to high-emission for the 21st century. The model reproduces observed seasonal
pulses of warm water transport into the Filchner Trough, mainly driven by seasonally in-
creased Dense Shelf Water (DSW) formation and export, and a wind driven shoaling of the
thermocline at the shelf break. The two high-emission scenarios suggest a strongly increased
heat transport onto the continental shelf before the year 2100. Over the course of the 21st
century, seasonal pulses increase in temperature and duration until a tipping point is reached
and the regime shift occurs.

The effect of sea ice and DSW formation on the continental shelf, as well as the position
of the thermocline at the shelf break, are regulated by the atmospheric conditions. Especially
temperature and wind fields influence the sea ice formation in coastal polynyas — areas of
open ocean surrounded by sea ice, adjacent to the coast and with high sea ice productivity
— on the continental shelf of the southern Weddell Sea. While a reference ocean simulation
forced with atmospheric data from a high-emission climate simulation does not produce a
regime shift, dynamic downscaling of the atmospheric data to 15 km decreases the DSW
formation on the shelf enough for a regime shift to be initiated. The better resolution of
orographic features decreases the wind speed of the westerlies crossing the peninsula, while
stronger offshore winds can be found along several sectors of the coastline of the southern
Weddell Sea. The combination of reduced wind-driven sea ice export and higher summer air
temperatures decreases the density of the shelf waters at an accelerated rate compared to the
reference simulation, making a regime shift possible.

The Antarctic Slope Front prevents the transport of saline Warm Deep Water onto the
continental shelf. In the southern Weddell Sea, the density distribution of the front takes
on the form of a distinct V-shape, formed by the interplay of Ekman downwelling and DSW
export. With the occurrence of a regime shift, the V-shape is temporarily disturbed and
confined to the upper ocean afterwards. This shows that a weakening of the Slope Front in
the upper ocean is no indicator for an imminent regime shift in the Filchner Trough.

In summary, this thesis examines controls of the heat transport into Filchner Trough for
present and future climate and shows that the possibility for a regime shift in the Filchner
Trough is high with current climate policies in effect. However, a regime shift might be

avoided if global warming is kept below the 2°C limit.
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CHAPTER

ONE

INTRODUCTION

1.1 Motivation

Over the last decades, West Antarctica and the Antarctic Peninsula have experienced rapid
climate changes with more frequent climate extremes. In February 2022, the Antarctic Pen-
insula saw a new extreme warm event with record-high melt rates in line with the recent
temperature records from 2015 and 2020 (GONZALEZ-HERRERO ET AL., 2023; GORODET-
SKAYA ET AL., 2023; TURNER ET AL., 2021), followed by an unprecedented heat wave over
East Antarctica in March 2022 (BLANCHARD-WRIGGLESWORTH ET AL., 2023). However,
only small changes have been observed in East Antarctica, where natural variability and the
Southern Annular Mode mask much of the climate signal (JONES ET AL., 2019). In Febru-
ary 2023, a new record minimum in Antarctic sea-ice coverage was reached (PURICH AND
DODDRIDGE, 2023). On top of these isolated events, surface wind speeds above the Southern
Ocean have increased and the maximum in the wind speed has shifted southward (YOUNG
AND RIBAL, 2019), precipitation at higher latitudes has increased (MANTON ET AL., 2020),
and evaporation over the Southern Ocean decreased (BOISVERT ET AL., 2020).

Antarctica is an important component of the global climate system. The continent plays
a pivotal role in the Earth’s energy budget, and water masses produced on its shelves are
important components of the meridional overturning circulation. Through this close connec-
tion to the global circulation, Antarctica has the ability to drive global sea-level rise through
ice melting. Along the continental shelves of Antarctica important water masses are formed
that are pivotal for the thermohaline circulation (FOLDVIK ET AL., 1985).

Over the last one hundred years, global mean sea level has risen by approx. 21cm
(CHURCH AND WHITE, 2011). In recent years, increased basal melting and the accelera-
tion of the mass loss of the West Antarctic ice sheet have already contributed 7.9 millimeters
of global sea level rise alone between 1992 and 2017 (SHEPHERD ET AL., 2018), and this
trend might accelerate with continuing climate change (NAUGHTEN ET AL., 2023). Coastal
areas are some of the most densely populated areas in the world. The IPCC (IPCC, 2019)
estimated in 2019 that approx. 680 million people currently live in low-lying coastal zones.
Studies differ between an estimated 187 million people (NICHOLLS ET AL., 2011) and up to
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649 million people (HINKEL ET AL., 2014) living in areas flooded by rising sea levels un-
til 2100, depending on sea level estimates and assumed population growths (MCMICHAEL
ET AL., 2020). When widening the criterion for areas adversely affected by sea level rise
to include coastal floodplains and low-elevation coastal zones, these numbers could grow up
to 1.4 billion people as early as 2060 or in more conservative estimates between 493 million
and 1.2 billion in 2100 (e.g. JONES AND O’NEILL, 2016; NEUMANN ET AL., 2015; REIMANN
ET AL., 2023).

Recent studies show that melting of ice shelves of West Antarctica will most probably
increase in the future, accelerating the flow of upstream glaciers to the ocean (GUDMUNDSSON
ET AL., 2019; NAUGHTEN ET AL., 2023). The melting is governed by oceanic heat transport
towards the ice shelves of the continent, causing basal melt of the ice shelves. However,
the sparsity of observations makes accurate estimates about on-shore heat transport and
the resulting ice shelf melt often difficult. This highlights the importance of understanding
the processes involved in transporting warm water masses onto the continental shelves of
Antarctica and the possible development of on-shore heat transport in the future. One
region of particular vulnerability to climate change lies within the southern Weddell Sea.
The Filchner Trough on the continental shelf is one of the most prominent regions of dense
shelf water formation. At the same time studies have shown that the trough is an area
for a possible tipping point that would strongly reduce dense shelf water formation and
increase basal melt of the Filchner-Ronne Ice Shelf (HAID ET AL., 2023; HELLMER ET AL.,
2012; NAUGHTEN ET AL., 2021; TESKE ET AL., 2024b). Reduced dense shelf water export
could lead to a slowdown of the global thermohaline circulation, affecting climate even in the
northern hemisphere, while higher melt rates of the ice shelves accelerate the mass loss of the
Antarctic Ice Sheet.

The possible tipping point in the Filchner Trough involves a switch from a cold water-
dominated to a warm water dominated circulation on the shelf, leading to increased heat
transport towards the Filchner Ice Shelf. The mechanisms driving the one-shore heat trans-
port for present climate have been the topic of multiple studies. However, the development
of heat transport towards the Filchner Ice Shelf front in the future is still an area of some

uncertainty.

1.2 Structure & objectives of the thesis

In addition to the introduction, this thesis is divided into 6 chapters. Chapter 2 provides
the scientific background about the climate system of Antarctica and the circulation and
hydrography of the Southern Ocean. Chapter 3 contains information on the methodology,
describing in brief the models and the diagnostic tools applied in this study. Based on
this and the research objectives explained below, Chapter 4 to Chapter 6 present the main
findings. The content of Chapter 3.1 and Chapter 4 are published in Communications Earth
& Environment (TESKE ET AL., 2024b). The original publication has been attached as
Appendix D.1. The content of Chapter 3.2 and Chapter 6 have been submitted to Ocean
Science (TESKE ET AL., 2024a). The published preprint has been attached as Appendix D.2.

Finally, Chapter 7 summarizes the main findings and gives an outlook.
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The aim of this thesis is to study the impact of changes in the atmospheric conditions on the
ocean circulation and sea-ice formation in the Weddell sea for the 21st century by addressing

the following objectives:

1. Assessment of atmospheric conditions, oceanic processes and sea-ice production gov-

erning on-shore heat transport in climate runs of present climate

The processes governing heat transport in the form of modified Warm Deep Water onto the
continental shelf of the southern Weddell Sea have been well defined from observations and
idealized model simulations (DAAE ET AL., 2020; RYAN ET AL., 2020). The aim is to analyze
how well the processes governing the on-shore heat transport like ocean dynamics and sea-ice
production are represented in a global climate simulation and in global ocean simulations of

recent climate.

2. Assessment of changes in atmospheric conditions, oceanic processes and sea-ice produc-

tion in climate model simulations for a suite of future emission scenarios

While a lot of studies analyze projections for the future development of the warm water
intrusions onto the continental shelf in a warming climate, these are often done in idealized
set-ups (e.g. DAAE ET AL., 2020; NAUGHTEN ET AL., 2021). The processes of warm water
intrusions and a possible regime shift in Filchner Trough will be explored within the hier-
archy of four climate scenarios in global coupled climate simulations as well as two global
ocean simulations. The ocean simulations are forced with atmospheric model output from
(i) the high-emission scenario simulation with the coupled climate model (SSP3-7.0; coarse
resolution), and (ii) with dynamically downscaled atmospheric data for the same scenario

(high resolution).

3. Assessment of oceanic processes and sea-ice production in response to changes in at-

mospheric meso-scale processes

A previous study has shown the influence of resolution of the atmospheric forcing data on sea-
ice formation and other processes (HAID AND TIMMERMANN, 2013). The two global ocean
simulations listed above are analyzed to answer the question of how the polynya and ocean
dynamics in the southern Weddell Sea change in response to scenario-based high-resolution

atmospheric forcing above Antarctica in comparison to a coarse-scale atmospheric forcing.
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TWO

ANTARCTICA’S ROLE IN THE CLIMATE SYSTEM

2.1 Antarctica’s climate

The climate system is composed of several spheres and their interactions: the atmosphere, the
cryosphere, the hydrosphere, lithosphere and the biosphere (STOCKER, 2011). All components
react on different time scales to external or internal perturbations. While the atmosphere
reacts within hours to weeks, the deep ocean or ice sheets react on the time scales of hundreds
to thousands of years (RUDDIMAN, 2014). This thesis will concentrate on certain aspects of
Antarctica’s atmosphere, cryosphere, and hydrosphere, and skip the influences of lithosphere

and biosphere.

2.1.1 Atmosphere

Antarctica is the coldest, windiest and driest continent on Earth. Its climate is shaped by the
large ice sheet. Antarctica’s atmosphere is cold and dry with strong horizontal and vertical
temperature gradients (VAN DEN BROEKE, 2000). The lowest measured air temperature on
Earth was measured at the Vostok Station in July 1983 with -89.2°C (TURNER ET AL., 2009).
Satellite data collected during the Antarctic polar night shows that snow surface temperatures
can reach -90°C or below. Winter mean surface air temperatures at the South Pole are
—59.2°C+1.8°C (1981-2010), while coastal regions are warmer and reach mean temperatures
between -5.6°C (Neumayer Station III on Ekstrom Ice Shelf) and 1.3°C (Bellinghausen Station
at the Antarctic Peninsula) in summer (TURNER ET AL., 2020).

The polar circulation cell above Antarctica is one of the three primary atmospheric cir-
culations cells in each hemisphere, alongside the Hadley and Ferrel cells, and extends from
approx. 60° latitude to the pole. The circulation is driven by cooling above the continent,
creating high-pressure areas. The dense air then flows outward towards lower latitudes, where
it meets warm air coming from the tropics. The warm air rises again and is returned to the
pole. The northward flowing air current is deflected to the west by the Coriolis force, creating
predominantly easterly winds above the continent. North of 60° latitude, the circulation is

dominated by prevailing westerly winds, a result of Coriolis deflection of the southward trav-
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eling air in mid-latitudes (RUDDIMAN, 2014). The atmospheric circulation variability over
Antarctica and the Southern Ocean is dominated by the Southern Annular Mode (SAM), the
El Nifio-Southern Oscillation (ENSO), and the Pacific South American (PSA) mode. Theses
modes are the dominating large-scale atmospheric drivers of Antarctica’s surface climate vari-
ability (THOMPSON AND WALLACE, 2000; THOMPSON ET AL., 2000). The SAM, also called
Antarctic Oscillation, describes variations in the pressure gradient between Antarctica and
the lower latitudes, causing a north-south movement of the westerly wind belt that surrounds
Antarctica. Its position determines the strength and location of fronts and storm systems
in mid-latitudes, and influences the precipitation patterns over Australia. During a positive
SAM event, the belt of westerly winds contracts towards the South Pole. This results in
weaker westerly winds and high pressure over Australia, while stronger westerly winds at
Antarctica’s coast cause Circumpolar Deep Water upwelling onto the continental shelves,
driving glacier and ice sheet regression (RIGNOT ET AL., 2019). The SAM also influences
the temperature distribution in Antarctica. The strengthening of the circumpolar vortex
during a positive SAM phase deepens the Amundsen Sea Low, warming the Peninsula and
cooling most of the rest of the continent (MARSHALL, 2007). ENSO has the farthest reach
of all climatic cycles on Earth on decadal time scales. During El Nino warm events, a large
blocking high-pressure center often forms in the South Pacific, leading to exceptionally high
temperatures at the Antarctic Peninsula and even East Antarctica (TURNER ET AL., 2020).
The Pacific South American mode primarily affects the climate variability of mid-to-high
latitudes of the Southern Hemisphere. It consists of an east-ward propagating wave train ex-
tending from eastern Australia to Argentina and is the main connection by which the ENSO

anomalies in the tropics reach the high southern latitudes (MAYEWSKI ET AL., 2009).

2.1.2 Cryosphere

The cryosphere of Antarctica consists of the ice sheet covering the continent and the ice
shelves and sea ice covering the ocean. Antarctic sea ice is an important component of the
global ocean and climate system, and provides a habitat for seals, seabird and Antarctic krill
(TURNER ET AL., 2020). A consolidated sea-ice cover isolates the ocean from atmospheric
influences including heat transfer and wind stress. In the process of sea-ice formation, brine is
rejected and the density of the ocean surface layer increased. This mechanism produces Dense
Shelf Water (DSW) on Antarctica’s continental shelves, which is the basis for Antarctica
Bottom Water (AABW) and thus a driver of the global thermohaline circulation (FOLDVIK
ET AL., 1985; JACOBS, 2004). Areas of intense sea-ice formation can be found in polynyas
along the coasts and ice shelf fronts. Coastal polynyas are areas of high radiative cooling of
the ocean with enhanced sea-ice production (TAMURA ET AL., 2016). Through the continuous
export of freshly formed sea ice and renewed freezing, driven by prevailing winds and ocean
currents, these areas are sources of High Salinity Shelf Water and DSW.

Antarctica’s ice sheet contains 90 % of the global ice mass. This ice volume translates to
a sea level rise equivalent of 57.9m (MORLIGHEM ET AL., 2020). The ice sheet covers 89 %
of Antarctica and reaches elevations larger than 4000 m. Ice shelves, floating extensions of

the ice sheet, surround the continent. They develop when the glaciers flowing down from the



6 CHAPTER 2. ANTARCTICA’S ROLE IN THE CLIMATE SYSTEM

ice sheet meet the ocean and lift off from the sea floor. Ice shelves provide buttressing that
impedes the advance of the glaciers and stabilizes marine grounding zones (DECONTO AND
POLLARD, 2016). The Ross Ice Shelf and the Filchner-Ronne Ice Shelf cover two thirds of the
total ice-shelf area, but account for only 15% of net melting. Half of the meltwater comes
from the so called warm-water ice shelves in the Southeast Pacific sector (RIGNOT ET AL.,

2013), mainly in the Amundsen Sea.

2.1.3 Hydrosphere

The oceans play a central role in regulating the global climate. They transport large amounts
of heat from the tropics to the poles. Oceans are able to store greenhouse gases and heat,
working as a buffer for rapid changes in the climate system by storing and releasing said heat
and gases, keeping Earth habitable. The currents of the oceans are driven by the Meridional
Overturning Circulation (MOC). In areas of deep-water formation, near-surface water is
cooled and brought down by convective mixing. The dense water mass is replaced by new
warmer water coming from lower latitudes. Dense, cold water created in the northern polar
region is transported at depths of 2000-4000 m into the south polar area where it is joined by
dense water spilling over the continental shelves of Antarctica. The dense deep water is then
brought to the tropics of the Indian Ocean, where upwelling brings it to the surface and it
heats up again. The warm water, joining with a shallow warm current from the Pacific Ocean,
flows around the southern tip of Africa and is returned towards the North Atlantic Ocean via
the Gulf Stream (GANACHAUD AND WUNSCH, 2003). The best known aspect of MOC is the
thermohaline circulation, driven by meridional density gradients. Cooling and densification
of surface waters in the polar regions lead to downwelling. In areas of wind-driven upwelling
turbulent mixing with shallower water adapt the density to the overlying layers of the ocean
(VAN AKEN, 2007). Winds and tides generate internal waves that cause turbulent mixing and
drive poleward advection of intermediate waters, closing the circulation loop (KUHLBRODT
ET AL., 2007; MUNK AND WUNSCH, 1998).

The Southern Ocean is dominated by the Antarctic Circumpolar Current (ACC) and
is structured by multiple circumpolar fronts, corresponding to water mass boundaries (ORSI
ET AL., 1995). The southernmost front is the Antarctic Slope Front (ASF), separating coastal
waters from the open ocean (NICHOLLS ET AL., 2009; RINTOUL ET AL., 2001). The ASF,
driven by prevailing easterly winds and Ekman downwelling, protects the continental shelf
from inflow of Warm Deep Water (WDW) (DAAE ET AL., 2020). Associated with the ASF,
an eastward flowing current, the Antarctic Slope Current (ASC) follows the continental slope
of Antarctica westward from Bellinghausen and Amundsen Seas, around East Antarctica
and into the Weddell Sea. The ASC is a geostrophic current, created by the increased sea
surface elevation towards the coast of Antarctica by Ekman transport and the density gradient
across the shelf break (FOSTER AND CARMACK, 1976; GILL, 1973; HEYWOOD ET AL., 2014).
ARMITAGE ET AL. (2018) found that the southward contraction of Westerlies during positive
SAM enhances northward Ekman transport, dropping coastal sea level and weakening the
ASF and the ASC. In negative SAM phases the opposite happens. While the impact of

long-term positive SAM trends on the ASF is uncertain, modeling studies suggest that a
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drop in Antarctic coastal sea level could weaken the ASF leading to shoaling of the isopycnal
on the continental slope (SPENCE ET AL., 2014, 2017). Similar events take place during El
Nifio events, where an anticyclonic atmospheric pressure anomaly over the Amundsen and
Bellinghausen Seas lead to a weakening of the Antarctic Slope Front in the Pacific Sector of
the Southern Ocean (ARMITAGE ET AL., 2018; SPENCE ET AL., 2014).

An important region of DSW formation in the Southern Ocean lies in the Weddell Sea and
is the area I will concentrate on in this study. The Southern Ocean connects all major ocean
basins and has no meridional boundaries. The ACC in the Southern Ocean is estimated
to have a transport of 107-161Sv in Drake Passage and is thus the strongest current on
Earth (KOENIG ET AL., 2014; RENAULT ET AL., 2011). The interaction of the ACC and
the continental shelf create two large gyres in the Southern Ocean: the Weddell Gyre in the
Atlantic sector of the Southern Ocean, and the Ross Sea Gyre in the Pacific sector of the
Southern Ocean. The Weddell Gyre is a cyclonic circulation, driven by wind forcing and
steered by topography. It transports water from the ACC into the Weddell Sea, forming
WDW, the local derivative of Circumpolar Deep Water transported by the ACC.

The ASC transports WDW westward along the continental slope. The WDW current
splits at approx. 27°W into two branches, one continuing along the continental slope towards
the Antarctica Peninsula, while the other follows the coast along the Brunt Ice Shelf Front and
towards the Filchner Ice Shelf (ARTHUN ET AL., 2012). The ASC is estimated to transport
between 7Sv and 14Sv in the Weddell Sea (GRAHAM ET AL., 2013; HEYWOOD ET AL.,
1998). When crossing the Filchner Trough opening, modified WDW (mWDW) is regularly
transported into Filchner Trough. These seasonal pulses were observed in several surveys
(ARTHUN ET AL., 2012; DARELIUS ET AL., 2016; FOLDVIK ET AL., 1985; RYAN ET AL.,
2017). The mWDW follows the eastern slope of the Filchner Trough southward, occasionally
even reaching as far south as the Filchner Ice Shelf (DARELIUS ET AL., 2016). The on-shore
transport is driven by DSW export from the shelf (DARELIUS ET AL., 2023; MORRISON
ET AL., 2020). Other conditions include a shoaling of the thermocline associated with the
ASF and freshening of the shelf waters (DAAE ET AL., 2020).

2.2 Recent signs of climate change in Antarctica

Antarctica is also affected by climate change, however the large internal multi-decadal vari-
ability exceeds the anthropogenic signal by a factor of three, masking anthropogenic warming
across the interior of Antarctica during the twenty-first century (CLEM ET AL., 2020). The
effects of climate change can be found in, e.g., the increasing melt rates of ice shelves of West
Antarctica, rising ocean temperatures, and the changing sea-ice distribution over the last
few decades. In contrast to the Arctic, where polar amplification — amplified warming in the
polar regions compared to the rest of the globe, caused by ice-albedo feedback effects — has
already led to a distinct reduction in sea-ice area and volume since the beginning of satellite
observations in the 1970s, sea-ice extent across the Southern Ocean has increased since the
late 1970s, only suddenly dropping in 2016 after which sea-ice extent and concentration re-
mained significantly lower than before, probably driven by subsurface ocean warming (EAYRS
ET AL., 2021; PURICH AND DODDRIDGE, 2023). Since the 1950s, sea surface temperatures
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poleward of the ACC have risen by approx. 0.02°C per decade (ARMOUR ET AL., 2016).
Temperatures of the CDW have risen by 0.05°C in the Weddell Sea between 1980 and 2010
(SCHMIDTKO ET AL., 2014).

The largest atmospheric warming trends were found at the Antarctic Peninsula, while
some coastal regions in East Antarctica registered cooling trends (TURNER ET AL., 2020).
But also within the continent’s interior rising temperatures were observed. According to
CLEM ET AL. (2020), the South Pole has experienced a record-high warming of 0.614+0.34°C
per decade over the 30-year period of 1989-2018. This warming trend lies within the simu-
lated multi-decadal variability of the combined results of the Coupled Model Intercomparison
Project Phase 5 (CMIP5), however within the upper 0.1% of all simulated trends (CLEM
ET AL., 2020). TURNER ET AL. (2020) estimated a warming trend of only 0.29£0.23°C
over the period of 1979-2018 at the South Pole, indicating an accelerating warming trend
over the last 40 years that might eventually exceed the internal variability. The temperat-
ure trends in Antarctica are primarily associated with the variability of SAM (MARSHALL,
2007), although surface temperatures in the tropical Pacific are also known to play a role,
connected through propagating Rossby wave trains from the tropical central Pacific to the
West Antarctic (ZHANG AND DUAN, 2023).

Over the last decades ocean surface winds above the Southern Ocean have shown an in-
crease in zonal strength and a poleward shift due to ozone depletion and increased greenhouse
gas forcing (MAHLSTEIN ET AL., 2013; THOMPSON ET AL., 2011). Due to the complex feed-
back mechanisms, the change in atmospheric processes has a strong impact on the ocean and
ice systems of Antarctica. Strong westerly winds increase northward advection of cold sur-
face waters in the Southern Ocean through enhanced Ekman transport, but also enhanced
upwelling of CDW, which may contribute to enhanced ice shelf melt and reduced sea-ice
formation (EAYRS ET AL., 2021).

Continuous gravity measurements from the GRACE satellites during 2002-2015 have
shown that the grounded ice mass of Antarctica is decreasing (HARIG AND SIMONS, 2015).
Increasing basal melt rates of ice shelves in West Antarctica mainly in the Amundsen and
Bellinghausen Seas in recent years have led to thinning of the ice shelves and enhanced
seaward ice flow, grounding-zone thinning and retreat (DECONTO AND POLLARD, 2016;
JOUGHIN ET AL., 2014; PRITCHARD ET AL., 2012). Other areas in the Fast Antarctic show
small amounts of ice sheet growth, associated with reduced ice stream flow velocities and
thickening (JOUGHIN AND TULACZYK, 2002; PRITCHARD ET AL., 2012; SHEPHERD ET AL.,
2012, 2018). However, Antarctica has lost increasing amounts of ice mass over the last decades
ranging from approx. 40 Gty ™! in 1979-1990 to 252 Gty~! in 2009-2017 (RIGNOT ET AL.,
2019). The mass loss concentrates in areas where warm CDW flows onto the continental shelf
and into the ice shelf cavities, increasing basal melting and destabilizing the grounding lines
(JACOBS ET AL., 2012).

Most of the net mass loss is occurring in the Amundsen Sea sector, but observations and
modeling studies have shown that in the Weddell Sea especially the Filchner Ice Shelf is
susceptible to climate change. The Filchner Trough is a location for a possible tipping point
with a regime shift from a cold, DSW-dominated trough to a warm, mWDW-dominated
trough within this century (DARELIUS ET AL., 2016; HAID ET AL., 2023; HELLMER ET AL.,
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2012; NISSEN ET AL., 2022). Consequences would include a substantial increase in basal
melt rates of the Filchner-Ronne Ice Shelf, caused by the intrusion of mWDW into the cavity
(NAUGHTEN ET AL., 2021; TIMMERMANN AND HELLMER, 2013). The Filchner-Ronne Ice
Shelf is the largest ice shelf of Antarctica, covering an area of approx. 430,000km?, about
30 % of Antarctica’s ice shelves (RIGNOT ET AL., 2013). Increasing oceanic heat fluxes and
resulting basal melt rates will have consequences for the stability of the Antarctic ice sheet as
well as global sea level rise (TIMMERMANN AND GOELLER, 2017). Projections for the future
have shown a possibility of partial loss of the West Antarctic ice sheet by 2050 and complete
loss by 2500 if emissions continue unabated, contributing more than a meter of sea-level rise
by 2100 (DECONTO AND POLLARD, 2016).



CHAPTER

THREE

METHODOLOGY

The following chapter provides a compilation of the methods used in this study. The content
of Chapter 3.1 is unchanged from TESKE ET AL. (2024b), the content of Chapter 3.2 is
unchanged from TESKE ET AL. (2024a).

3.1 The climate model AWI-CM

The simulations were performed with the AWI Climate Model (AWI-CM). It is a coupled
model consisting of the Finite Element Sea ice-Ocean Model (FESOM v.1.4) and the atmo-
spheric model ECHAMSG6, developed by the Max Planck Institute for Meteorology in Hamburg,.
The components are coupled via the OASIS3-MCT coupler. The ocean-sea ice model FE-
SOM uses unstructured meshes which allow for a variable grid resolution in highly dynamic
regions. More information on FESOM is provided by WANG ET AL. (2014). ECHAMG is a
spectral atmospheric model (STEVENS ET AL., 2013), which was used without any additional
modifications or tuning. For more information on the performance of AWI-CM see RACKOW
ET AL. (2018a); SEMMLER ET AL. (2020); SIDORENKO ET AL. (2015).

The ocean grid MR’ used in the coupled climate simulations in Chapter 4 has a medium
resolution with a resolution distribution following the strategy proposed by SEIN ET AL. (2016,
2017). The resolution is locally increased in areas of high sea surface height variability derived
from satellite data and ranges between 8 km and 80 km (DE LA VARA ET AL., 2020; RACKOW
ET AL., 2018b; SEIN ET AL., 2018). The horizontal resolution in the Weddell Sea varies
between 12km and 40 km. While eddy transport is not resolved, the eddy parameterization
has been proven to work well with the mesh resolution used here, producing isopycnals very
similar to atlas data (RACKOW ET AL., 2019). The grid has 46 unevenly spaced layers with
a minimum layer thickness of 10 m near the surface and a maximum spacing of 250 m at the
bottom. The mesh does not include ice shelf cavities. Tides are not explicitly calculated,
but the effect of barotropic tides is included in the calculation of the Richardson number as

proposed by LEE ET AL. (2006) and WANG ET AL. (2014).
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The atmosphere component uses the resolution of T127L95. T127 stands for the spec-
tral truncation of wave number 127, which corresponds to approximately 100 km horizontal
resolution in the tropics and higher resolution towards the poles. The atmosphere has 95
unevenly spaced layers with lower spacing of the levels near the surface and wider spacing
towards the top of the atmosphere.

AWI-CM participated in the sixth round of the Coupled Model Intercomparison Project
(CMIP6). The simulations include a historical forcing simulation and four subsequent climate
simulations with forcing derived from Shared Socioeconomic Pathways (SSP EYRING ET AL.,
2016; MEINSHAUSEN ET AL., 2020). For the historical time span, five ensemble members were
simulated. Preceding the start of the historical simulations a spin-up period was computed.
This includes 10 years ocean-only simulation, 500 years of pre-industrial control spin-up
with constant pre-industrial forcing and 500 years of piControl from which the historical
simulations were branched off in the years 150 (hist1), 175 (hist2), 200 (hist3), 225 (hist4)
and 250 (hist5). The future climate simulations were performed for the scenarios SSP1-
2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Only SSP3-7.0 has 5 ensemble members (SEMMLER
ET AL., 2020). The scenarios SSP1-2.6, SSP2-4.5, SSP5-8.5 and the first member of SSP3-7.0
started from 2014 of histi. The other ensemble members 2 to 5 of SSP3-7.0 were branched

off the corresponding historical ensemble members.
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Figure 3.1: Coordinates and depth of temperature data used for validation. Key
areas: central Filchner Trough (FT), Filchner Sill (FS), Filchner Trough at the Filchner
ice shelf edge (FIS), Eastern Continental Shelf east of the Filchner Trough (ECS), Western
Continental Shelf west of the Filchner Trough (WCS), and Off-Shore north of the continental
shelf (OS). Data points over which the average value difference between observational data
and model data has been calculated per area have been outlined in red.
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3.1.1 Validation

To validate the climate model results we use a data set that has been compiled from in-situ
observations by Mathias v. Caspel (pers. comm. 2022). The data set includes salinity and
potential temperature from the years 1995 (SCHRODER, 2010), 2013 (DARELIUS ET AL., 2015;
SCHRODER ET AL., 2014), 2016 (SCHRODER ET AL., 2016, 2019) and 2018 (JANOUT ET AL.,
2019) at depths between 100m and 1200 m in different areas of the southern Weddell Sea.
We choose six key areas as shown in Fig. A.9 for validation: central Filchner Trough (FT),
Filchner Sill (FS), the Filchner Trough at the Filchner ice shelf edge (FIS), the continental
shelf east of the Filchner Trough (ECS), the continental shelf west of the Filchner Trough
(WCS), and at 74°S off-shore of the continental shelf (OS). The locations were chosen to be
representative for specific water masses.

We interpolated the model results vertically for temperature and salinity onto the greatest
depth at each observation location, and interpolated between the three nearest horizontal
grid points. The resulting temperature and salinity values were then compared to the ob-
servational data. From these differences we calculated the average difference and standard

deviation in each key area, displayed in the flags of Fig. 4.5a and Fig. A.4a.

3.1.2 Calculation of diagnostic properties

The Antarctic Slope Front (ASF) is defined as the boundary between the continental shelf
water masses and the denser and warmer (m)WDW of the slope current. To identify this
boundary, we use the thermocline and pycnocline between the two water masses. The model
data was selected for the area around 70°S as depicted in Fig. 4.8b. For each mesh layer, the
data was then averaged in twelve equidistant bins approximately parallel to the coastline. The
temperature and density gradients were calculated between the mesh layers, and the depth
with the highest gradient between bins selected as the depth of the ASF. The temperature at
the slope was calculated by averaging the temperature of the bottom bins. As this includes
the surface layer and the bottom temperature at greater depth, the result underestimates the
real slope current temperature.

To calculate a measure for the seasonal variability of the mWDW influx into the Filchner
Trough, we choose section A approximately perpendicular to the main axis of the Filchner
Trough, ranging from 75.95°S 37.31°W to 76.54°S 30.66°W (Fig. 4.2). Along this profile, the
spatial maximum of the monthly mean temperature was selected. The seasonal variability
was then computed as the difference between the temporal maximum and temporal minimum

of the spatial maximum temperature per year.

3.2 The ocean model FESOM

For Chapters 5 and 6, ocean model simulations with the Finite Element Sea-ice Ocean Model
FESOM-1.4 were performed (WANG ET AL., 2014). FESOM is a global ocean general circu-
lation model based on unstructured-mesh methods coupled with a dynamic-thermodynamic
sea-ice component, also including a representation of ice-shelf cavities (DANILOV ET AL.,
2015; TIMMERMANN ET AL., 2012; WANG ET AL., 2014). The interaction between the ocean
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and ice shelves is governed by the three-equation system that describes the flux of heat and
fresh water through an exchange-controlling boundary layer (HELLMER AND OLBERS, 1989;
HOLLAND AND JENKINS, 1999). The variable horizontal resolution of the ocean mesh ranges
from (minimum) 4 km around Antarctica and its adjacent ice shelf cavities, via 25km at 75°S
in the Weddell Sea, to 250km at the equator. In the vertical, the mesh has 99 depth levels
(z-levels) of varying thickness (GURSES ET AL., 2019; NISSEN ET AL., 2023). Here, we per-
form two ocean model simulations forced with atmospheric data from either a global climate
model ("REF" simulation throughout the paper) or a higher-resolved regional atmospheric
model (referred to as the "FECO" simulation) which will be described in more detail in the

following section.

~Ronne Trough Eastern Shelf

-5000 -4000 -3000 -2000 -1000 0
depth (m)

84°S

Figure 3.2: (a) FESOM bottom topography in the Southern Ocean, study area in the
Weddell Sea (red line) and perimeter of the COSMO-Climate Model (CCLM) domain (green
line). b) Location of areas and c) sections used in the analysis of Chapters5 and 6. Areas
shaded in white are ice shelves.

3.2.1 The atmospheric forcing data

The FESOM reference simulation (REF) is forced with global atmospheric data created with
the AWI Climate Model (AWI-CM), a coupled global climate model using FESOM1.4 as the
ocean model and ECHAMSG6.3.04p1 as the atmospheric model component, as a contribution
to phase 6 of the Coupled Model Intercomparison Project (CMIP6, see above; SEMMLER
ET AL., 2020). The atmospheric data resolution ranges from approx. 27km to 52km in
zonal direction and corresponds to approx. 100 km in meridional direction. Our ocean model
simulation is initialized in the year 2000 with FESOM output from NISSEN ET AL. (2023)
and is driven by 3-hourly atmospheric output of the historical AWI-CM simulation for the
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period 2000 to 2014 and of the future Shared Socio-economic Pathways (SSP) 3-7.0 emission
scenario (MEINSHAUSEN ET AL., 2020) projection for 2015 to 2100, identical to NISSEN ET AL.
(2023).

The FESOM FECO simulation is forced with a regional atmospheric forcing data set
which was created with the COnsortium for Small-scale MOdeling - CLimate Mode model
(COSMO-CLM or CCLM; STEGER AND BUCCHIGNANI, 2020; ZENTEK AND HEINEMANN,
2020), a regional non-hydrostatic atmospheric model with terrain-following vertical coordin-
ates at a horizontal resolution of 15km. The used CCLM is a polar-adapted version in-
cluding improved parameterizations for sea ice and the stable boundary layer (see HEINE-
MANN ET AL., 2022, for more details). The model is used in a forecast mode with daily
re-initialization and a spin-up of 12 hours. The CCLM domain reaches the northernmost
corners at approx. 50°S (Fig. 3.2a). At its lateral boundaries, it is driven by the global
AWI-CM data sets described above. Sea-ice concentration and thickness are initially taken
from FESOM data of the AWI-CM simulation, but are modified by the parameterizations of
grid-scale and sub-grid-scale ice in leads and polynyas. For use as forcing for the global ocean
model FESOM, the CCLM output is merged with the global AWI-CM atmospheric output.
The merging follows the procedure from HAID ET AL. (2015) and uses a transition zone of
2° to linearly interpolate between the global AWI-CM data and the regional CCLM data.
South of this 2° boundary only CCLM data is applied as forcing, while only AWI-CM data
is used outside the CCLM domain. Inside the transition zone, the weighted average depend-
ing on the distance to the CCLM domain boundary is used. CCLM data are available for
the three timeslices 2000-2014, 2036-2050, and 2086-2100. The following quantities are used
from the downscaled CCLM simulations: 2m-temperature, 10m-wind, downward longwave
and shortwave radiation at the ocean surface, mean sea level pressure, 2m specific humidity
and total precipitation. We ran FESOM simulations forced with CCLM (henceforth called
FECO) for each of the three time slices, each preceded by 10 years of spin-up, already driven
by the CCLM data (2000-2009, 2036-2045, and 2086-2095, respectively). The spin-ups were
branched off the REF simulation in 2000, 2036, and 2086, respectively.

3.2.2 The grade of connectivity

For the analysis in Chapter 6, we define the grade of connectivity (GOC) as a metric describing
the coherency of the V-shape along the continental slope in a selected sector (here the Filchner
Trough Sill, see Fig3.2b). Motivated by the link between the V-shape and DSW export from
the Weddell Sea continental shelf (BAINES, 2009; GILL, 1973; NISSEN ET AL., 2022) and on-
shelf mMWDW transport (N@ST ET AL., 2011; STEWART AND THOMPSON, 2015a; THOMPSON
ET AL., 2018), this metric quantifies the modification (or erosion) of the V-shape structure
in response to cross-slope currents. The GOC is defined as the normalized zonal mean of the
north-south variations of the deepest point of the V-shape in a horizontal plane. To calculate
the GOC, we first interpolate the model data from the unstructured grid to a regular grid with
a resolution of 0.1° through linear interpolation between FESOM grid points. As a second
step, to find the meridional position ¥, of the deepest point of the V-shape for each longitude

coordinate, we find the horizontal density minimum at the chosen depth by searching for the
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Figure 3.3: Section across Filchner Trough sill of the horizontal potential density distribu-
tion relative to the level-wise horizontal minimum density in December 2000 to illustrate the
connection between the V-shaped density distribution and the grade of connectivity as defined
in section 3.2.2. Isolines depict the potential density in kgm™2 relative to 1000 kg m~3. The
red dot marks the location of the minimum density difference at 250 m depth, the horizontal
line the position of the level presented in (b). (b) Horizontal projection of the density dif-
ference at 250 m depth with bottom isobaths. Red dots mark the location of the meridional
minimum in longitudinal increments of 0.1°. The red line marks the location of the section
shown in panel (a).

maximum density difference at 250 m depth compared to the northern border of the selected
area (here 72.69°S; Fig. 3.3). Ay, then denotes the absolute meridional distance from the

neighboring v,. The average GOC is then calculated from monthly mean model output as

1, if Aga<d
GoCc=1%" B =

A, if Ay, >dg

(3.1)

where n is the number of grid cells in zonal direction, and the distance threshold dy, = 0.2°
is the maximum distance that counts two neighboring density minima as connected. In
summary, the GOC is defined as the normalized zonal mean of the north-south variations of
the deepest point of the V-shape in a horizontal plane. We normalize by n so that it gives
a number between 0 and 1, with lower values indicating a less coherent V-shape along the
continental slope and a value of 1 indicating a V-shape without disruptions in longitudinal
direction. As such, the GOC allows for a quantitative description of the slope front stability

and a quantitative assessment of how this relates to, e.g., on-shelf transport of mWDW.
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Recently, seasonal pulses of modified Warm Deep Water have been observed near the
Filchner Ice Shelf front in the Weddell Sea, Antarctica. Here, we investigate the temperature
evolution of subsurface waters in the Filchner Trough under four future scenarios of car-
bon dioxide emissions using the climate model AWI-CM. Our model simulates these warm
intrusions, suggests more frequent pulses in a warmer climate, and supports the potential
or a regime shift from cold to warm Filchner Trough in two high-emission scenarios. The
regime shift is governed in particular by decreasing local sea-ice formation and a shoaling
thermocline. Cavity circulation is not critical in triggering the change. Consequences would
include increased ice shelf basal melting, reduced buttressing of fast-flowing ice streams, loss
of grounded ice and an acceleration of global sea level rise. According to our simulations, the
regime shift can be avoided and the Filchner Trough warming can be restricted to 0.5°C by

reaching the 2°C climate goal

4.1 Warm water influx into Filchner Trough

Sea-level rise is one of the pressing topics of future climate change. The Antarctic ice sheet
holds an ice volume equivalent to 58 m of sea level rise (FRETWELL ET AL., 2013), but loses
mass at an accelerating rate (SHEPHERD ET AL., 2018). Melting of the Antarctic ice sheet is
dominated by melting at the base of the ice shelves, bodies of ice fringing the ice sheet and
floating on the Southern Ocean (DECONTO AND POLLARD, 2016). While most of the ice
sheet mass loss currently occurs in the Amundsen Sea (MOUGINOT ET AL., 2014; SHEPHERD
ET AL., 2012), where the cavities are filled with relatively warm water of deep-ocean origin
(ARNEBORG ET AL., 2012; JACOBS ET AL., 2012), it has been suggested that a tipping point
with a regime shift from cold to warm waters in the cavity and a dramatic increase of melt
rates may exist for Filchner Ronne Ice Shelf in the Weddell Sea (HELLMER ET AL., 2012).

The continental shelf of the Weddell Sea is one of the main areas of dense shelf water
production which is a precursor of Antarctic Bottom Water (AABW) and an important part
of the global ocean circulation (FOLDVIK ET AL., 1985). Any changes to the water masses
on the continental shelf can therefore have far-reaching consequences not only for the global
sea level, but also for the global overturning circulation.

If such a regime shift occurs, basal melting is bound to increase substantially, causing a
reduction of buttressing to the flow of grounded ice (TIMMERMANN AND GOELLER, 2017)
and an additional contribution to global sea-level rise. Model simulations with ocean/ice shelf
models and prescribed atmospheric boundary conditions suggest that the occurrence of this
regime shift and the magnitude of the anomaly are sensitive to the evolution of the future
atmosphere (NAUGHTEN ET AL., 2021; TIMMERMANN AND HELLMER, 2013). Pulses of warm
water (HELLMER ET AL., 2012; TIMMERMANN AND HELLMER, 2013) and a freshening of the
continental shelf and Filchner-Ronne ice shelf cavity have been suggested to be precursors of
the eventual tipping.

The circulation in the southern Weddell Sea is dominated by the Antarctic Coastal Cur-
rent transporting Warm Deep Water (WDW; 0°C to 0.8°C) westwards along the continental
shelf break. Mixing with overlying Winter Water (WW) forms modified Warm Deep Water
(mWDW; ©<0°C). At 74.5°S, the current branches, one arm following the shelf break and
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the other flowing onto the continental shelf, for example at 28°W (ARTHUN ET AL., 2012),
32°W (FOLDVIK ET AL., 1985; NICHOLLS ET AL., 2009), and 44°W (NICHOLLS ET AL., 2008),
thereby entering the Filchner Trough. At the Filchner Sill, Dense Shelf Water (DSW), formed
by brine rejection through sea-ice formation above the continental shelf, and Ice Shelf Wa-
ter (ISW) originating from the Filchner ice shelf cavity, leave the continental shelf (FOLDVIK
ET AL., 1985). They mix with overlying WW and mWDW while sinking along the continental
slope. The water masses formed on the way down are Weddell Sea Deep Water (WDSW)
and Weddell Sea Bottom Water (WSBS; FOLDVIK ET AL., 2004, Fig. 4.1). WSBW remains
in the Weddell Sea, confined by the ocean ridges fringing the Weddell Basin. WSDW, in
contrast, leaves the Weddell Sea towards the north, feeding the Antarctic Bottom Water in
the process (NAVEIRA GARABATO ET AL., 2002).

Q@ A\J\J/ GRAPHIC

Figure 4.1: Present and potential future circulation on the continental shelf.
Schematic representation of circulation patterns in the Filchner Trough and the Filchner
Ronne Ice Shelf cavity illustrating the regime shift assessed in this study. Today: Trough
and cavity are filled with cold shelf water masses. Future: mWDW branches of the slope
current, warming the trough and cavity. Graphic created by Alfred Wegener Institute and
Martin Kiinsting. The Alfred Wegener Institute provides permission to reuse it (source:
Alfred-Wegener-Institut / Martin Kinsting (CC-BY 4.0)).

The mWDW flux onto the continental shelf experiences seasonal variability. It is strongest
at the shelf break in summer and autumn (February - April) and weakens in winter (ARTHUN
ET AL., 2012). The mWDW current then follows the eastern slope of the Filchner Trough
southward. March to June, it reaches 76°S (RYAN ET AL., 2017), and only a short time
later 77°S and 78°S (DARELIUS ET AL., 2016). By that time its temperature has been
reduced to -1.6°C. Observations, limited as they are, have until now only shown mWDW to
be present on the continental shelf seasonally (ARTHUN ET AL., 2012; FOLDVIK ET AL., 1985;
NICHOLLS ET AL., 2009), however increased shoaling of the WDW in the southern Weddell
Sea (SCHMIDTKO ET AL., 2014), and unprecedented variations in the Weddell Sea sea ice
(TURNER ET AL., 2020) might cause changes in the future.

In 2013, mWDW was observed at 78°S near the calving front of the Filchner Ice Shelf
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(DARELIUS ET AL., 2016), which was then attributed to an uplift of the thermocline at
the continental shelf break and an unusually strong coastal current. During the period of
extended inflow of mWDW from February to October in 2017, the maximum temperature of
the mWDW current was higher by approximately 0.5°C compared to temperatures previously
observed at the eastern flank of the Filchner Trough (RYAN ET AL., 2020).

In numerical model studies, pulses of warm water on the continental shelf and mWDW
reaching the ice shelf front have been identified as precursors to a regime shift in the Weddell
Sea. They become more frequent in a warming climate and may at some point irreversibly
enter the continental shelf and fill the Filchner Ice Shelf cavern, drastically increasing basal
melt rates (HELLMER ET AL., 2012, 2017; NAUGHTEN ET AL., 2021; TIMMERMANN AND
HELLMER, 2013). This situation compared to the situation in the past is schematically
shown in Fig. 4.1. Ice shelf mass loss reduces the buttressing effect of the ice shelf and
enhances the flow of grounded ice towards the ocean (TIMMERMANN AND GOELLER, 2017),
thus contributing to global sea level rise. Another precursor that has recently been identified
is freshening of the continental shelf due to reduced sea-ice production and increased local sea-
ice melting (NAUGHTEN ET AL., 2021). This flips the density gradients between the DSW in
the Ronne Depression and the Filchner Ronne Ice Shelf cavity, as well as between the mWDW
at the continental shelf break and the ISW leaving the ice shelf cavity. The changes lead to
a reverse of the flow direction in the cavity. In these previous studies, this phenomenon
has been simulated in regional and/or uncoupled model configurations considering ice shelf
cavities and/or with idealised forcing scenarios.

While the connection between the flow of mWDW in Filchner Trough and the increase
of basal melt rates in the ice shelf cavity is well understood (HELLMER ET AL., 2012), if and
when the mWDW actually enters the trough has so far been only weakly constrained. This
is the gap that we aim to fill. In this study, we analyse a suite of simulations performed
with the AWI Climate Model (AWI-CM) for the Coupled Model Intercomparison Project
(CMIP6) of the 6th Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) (EYRING ET AL., 2016; SEMMLER ET AL., 2020). AWI-CM is a global coupled climate
model with an eddy-permitting ocean component. The simulations were specifically designed
to make projections of possible future climate evolution (O’NEILL ET AL., 2016) rather than
for specific case studies. Like other CMIP6 models, AWI-CM does not include ice shelf
cavities or tides, but it features a horizontal ocean resolution of around 10 km in parts of
the Southern Ocean, which is one of the highest in the CMIP6 model suite. The simulations
include an ensemble of five historical simulations (hist1 to hist5, 1850 - 2014), and four climate
scenarios with forcing derived from Shared Socioeconomic Pathways (MEINSHAUSEN ET AL.,
2020)(SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5) covering 2015 to 2100. SSP3-7.0 also has five
ensemble members.

We evaluate the distribution of mMWDW in the southern Weddell Sea (Fig. 4.2) between
2000 and 2014 in the historical simulations, and we examine seasonal and long-term changers
in the transport patterns of mWDW in Filchner Trough and attribute their divergent evolu-
tion to the spread between the different climate scenarios. We also show that for high-emission
scenarios the Filchner Trough experiences a regime shift where the mean temperature in the

trough can rise by 2°C until 2100. However, the regime shift can be avoided by limiting global
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warming to 2°C or below.
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Figure 4.2: Study area. Model topography and the outlines of the Filchner Trough (FT)
and the area around 70°S (S70) that have been used for mean calculations. The blue line
represents section A. While the definition of S70 uses a simple latitude/longitude criterion,
a polygon of surface grid nodes is used as a perimeter for the FT area. The bold black dot
at 31.5°W 76°S indicates the location of the mooring AWI254 that is referred to in Fig. 4.6
(SCHRODER ET AL., 2019). The green area contours the grid nodes over which temperature
was averaged for the comparison to AWI254 in Fig. 4.6.

4.2 Three phases of climate change

The analysis of the historical simulation and the four different climate scenarios shows the
occurrence of pulses of warm mWDW similar to contemporary observations. The pulses have
changing characteristics that allow for the definition of three phases. The beginning of each

individual phase depends on the climate scenario (Table A.1).

I During the historical simulations (e.g. hist! in Fig. 4.3a), the Filchner Trough is filled
with cold, dense shelf water with regular phases of weak warming during winter due to

a seasonally enlarged (but still weak) inflow of mWDW.

II The beginning of the second phase is defined as the point in time when the mean
temperature in Filchner Trough rises above the long-term mean of 1850-2014, i.e. when
the annual mean temperature in the trough lies above the mean plus the standard
deviation from phase I for longer than two consecutive years. Over the course of this
phase, temperature in Filchner Trough is increasingly dominated by pulses of mWDW
(Fig. 4.3a), while salinity in the trough slowly declines (Fig. 4.3b).
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IIT The last phase begins when the mean temperature in the trough rises permanently
above -1°C. In this state, the trough is mostly filled with mWDW and the seasonal
signal has vanished. The mitigation scenario SSP1-2.6 is the only scenario that does
not reach this state (Fig. 4.4, Fig. A.1).
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Figure 4.3: Simulated temperature evolution in Filchner Trough in SSP5-8.5.
a) Hovmoeller plot of the yearly mean potential temperature in Filchner Trough for the
historical simulation histl and the scenario SSP5-8.5, and the average temperature change
(orange) relative to the 1850-1900 mean (gray). The red line marks the transition from
historical to scenario simulation. The green lines mark the phase boundaries. b) same as a)
but for salinity.

During Phase I, the average temperature in Filchner Trough stays low near -1.8°C and
only shows seasonal warming by typically less than 0.25°C relative to the 1850-1900 mean,
reaching no higher than -1.5°C (Fig. 4.4). During Phase II, the average maximum temperature
of the current reaching the Filchner Trough over all scenarios is increased to -0.41°C 4+ 0.36°C
(sampled at transect A, see Fig. 4.2). The longer the pulse lasts, the warmer the water that
is registered in the trough, e.g the pulse in histl lasting from 2008 to 2012 reaches a peak
temperature that is 0.68°C warmer (potential temperature of -0.19°C) compared to 2007 at
its core along transect A. Most shorter warm water pulses show a lower temperature than
this and remain below the temperature increase of 0.5°C described by RYAN ET AL. (2020).
All our climate projections show increasing numbers of mWDW pulses entering the Filchner
Trough during the second phase (Fig4.4). The frequency of these pulses stays relatively
constant until 2050.

In the second half of the 21st century, the multi-year intrusions of mWDW increase in
length and frequency depending on the forcing scenario. While SSP1-2.6 remains in Phase
IT and returns to its DSW-filled state after each pulse (Fig. 4.4a), the SSP2-4.5 scenario
transitions into Phase III during the last four years of the simulation with a warmer state than
the SSP1-2.6 but colder than the temperatures reached in SSP3-7.0 or SSP5-8.5 (Fig. 4.4b).
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Figure 4.4: Simulated potential temperature evolution in Filchner Trough for
four climate scenarios. Hovmoeller plots of the yearly mean potential temperature in
Filchner Trough from the year 2000 to 2100, with the average temperature change in the
Filchner Trough relative to 2000 shown in orange, for the climate scenarios: a) SSP1-2.6,
b) SSP2-4.5, c)-g) SSP3-7.0 (five ensemble members) and h) SSP5-8.5. The vertical red
lines divide the timeline into the historical simulations (before 2015) and the future climate
scenarios (from 2015 onward). Green lines mark the phase boundaries.

It is unclear if the warm state would be maintained or the trough would return to a colder
temperature if the scenario continued beyond the year 2100. In the SSP3-7.0 ensemble and
in SSP5-8.5, the trough clearly shifts to a consistently warmer state (Fig. 4.4c-h). In these
two higher-emission climate projections, the Filchner Trough in Phase III stays warm and is
filled with mWDW. For this particular aspect, results from the SSP5-8.5 lie within the spread
of the SSP3-7.0 ensemble.

The observation of an especially warm and prolonged mWDW presence on the continental
shelf during 2017 (RYAN ET AL., 2020) suggests that the Filchner Trough in reality is either

on the brink of transitioning or it has already transitioned into Phase II.

4.3 Evaluation of circulation characteristics

4.3.1 Present mean state

A particular feature of our climate model simulations is that for a global coupled climate
model, many aspects of the results of the historical simulations for the period 2000-2014 are
in remarkably good agreement with observations in key areas around the Filchner Trough
(Fig. 4.5a, Fig. A.4a, for the definition of key areas see Methods and Fig. A.9). Due to the
high variability of the water mass properties on the continental shelf and the fact that model
years in a climate model do not reflect the actual year-to-year evolution, a direct comparison

of the model results with hydrographic measurements taken as a snapshot or over a short
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period of time is difficult. The position and strength of the modeled mWDW current shows a
strong interannual variability (Fig. A.5) that can cover the true variations only with regard to
their statistical properties. However, the temperature and salinity distributions in key areas
show a similar pattern in the model results as in observations, indicating that the model can
reproduce the main features and processes that define the circulation in the Weddell Sea,
even without ice shelf cavities (Fig. 4.5, Fig. A.4a). The most important water masses and
circulation features in the western Weddell Sea, except for Ice Shelf Water (ISW), can be
clearly identified. The simulations do not produce ISW due to the absence of ice shelf cavities
in the model grid. The coldest water mass in the Filchner Trough has in-situ surface freezing
temperature (approx. -1.9°C). However, all other water mass properties compare well with

observations even quantitatively (Fig. 4.5a, Fig. A.4a).

std of flags (Model - Observation
0 0.25 0.5 0.75
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Figure 4.5: Simulated potential temperature distribution and evolution in the
southern Weddell Sea. a) Potential temperature in a 15-year average of the ensemble
mean of the historical scenario (2000 to 2014) at the sea floor and at sections along 33°W,
38°W, 73.8°S and 76°S with differences to observational data (flags JANOUT ET AL., 2019;
SCHRODER, 2010; SCHRODER ET AL., 2014, 2016, 2019). Arrows indicate the slope current
of WDW and mWDW flowing along the continental shelf break and onto the shelf. Upper
colorbar: standard deviation of difference of model data to observational data in averaged
key areas (flag color), lower colorbar: potential temperature along sections and sea floor. b)
Change in potential temperature in the 15-year average 2086 to 2100 to compared to a) in
the ensemble mean of SSP3-7.0.

Large-scale circulation features two cyclonic cells forming the Weddell Gyre (Fig. A.2a) as
has been suggested by earlier model studies (BECKMANN AND HELLMER, 1999). The volume
transport of the simulated Weddell Gyre is 46 Sv at the Prime Meridian and thus similar to
observational data (KLATT ET AL., 2005; REEVE ET AL., 2019) (Fig. A.2b). Transport by
the ACC across 60°W amounts to 170 Sv and is therefore on the high side of observation-
based estimates (e.g., 107-161 Sv in Drake Passage (KOENIG ET AL., 2014; RENAULT ET AL.,
2011)). The Antarctic Slope Current transports mWDW with a potential temperature §>0°C
along the continental slope southward (Fig. 4.5a). The main current turns west at about 74°S
and follows the continental slope towards the Antarctic Peninsula (Fig. A.3). A side current
branches off and cooler mWDW flows onto the continental shelf east of Filchner Trough and
along the trough’s eastern slope, indicated by a warm signature with temperatures between
-0.5°C and 0°C on the eastern continental shelf, and approximately -1.5°C over the eastern

slope of Filchner Trough (Fig. 4.5a), similar to the observations described by FOLDVIK ET AL.



24 CHAPTER 4. SUBSURFACE WARMING

(1985). In the 15-year mean, this southern branch can be traced south to 76°S (Fig. 4.5a). The
simulation reproduces WSDW and WSBW in the Weddell Sea with temperatures between
-0.8°C and 0°C, and Antarctic surface water with temperatures below -1.5°C and the lowest
salinity values in the central Weddell Sea (S<34.3; Fig. 4.5a, Fig. A.4a).

The ensemble mean of the historical simulation is a close match for observational data in
key areas in and around Filchner Trough (DARELIUS ET AL., 2015; JANOUT ET AL., 2019;
SCHRODER, 2010; SCHRODER ET AL., 2014, 2016, 2019). In the central Filchner Trough (FT),
at the Filchner ice shelf front (FIS), on the continental shelf west of the trough (WCS) and
off-shore over the continental slope (OS), the mean ensemble temperature deviates by 0.06°C
or less from observation data (flags in Fig. 4.5a). The standard deviation in each of the key
region shows that the largest variations in the deviation between model and observations are
found at the off-shore location, caused by a varying depth of the ASF. The largest positive
temperature bias can be found on the eastern shelf and on the eastern slope of the Filchner
Trough, areas that are subject to strong annual and interannual variability due to the varying
mWDW flux. This area is 0.361+0.36°C warmer in the model average than in the observations.
The bottom salinity of the ensemble mean ranges from 34.33 on the Berkner Shelf to 34.58
in the Filchner Trough and deviates by 0.12+0.06 psu from observations (Fig. A.4a). The
model trough is filled with DSW with a minimum simulated temperature of 1.9°C. Generally,
the model results are slightly warmer and fresher on the continental shelf than observational
data suggest.

The circulation on the shelf agrees well with observed patterns in most areas outside of
the ice shelf cavities (FOLDVIK ET AL., 1985; NICHOLLS ET AL., 2009). We identify three
major areas of dense water overflow: the Filchner Sill, the center of the southern Weddell
Sea continental shelf at approx. 47°W, and north of the Ronne Trough (Fig. A.3). Because
of the lack of an ice shelf cavity, High Salinity Shelf Water/DSW produced in the Ronne
Trough flows northward towards the Antarctic Peninsula and not through the cavity towards
the Filchner Trough (FOLDVIK ET AL., 1988; NICHOLLS ET AL., 2001).

4.3.2 Seasonality

Phase I (as defined above) is characterized by a seasonal influx of varying length of mWDW
into Filchner Trough, which increases the mean temperature in the trough during winter.
The model results show the main transport of mWDW into the Filchner Trough taking place
via the continental shelf east of the Filchner Trough (Fig. 4.5a, Fig. A.3), while occasionally
smaller currents enter the trough over the central and western depression (Fig. A.5), repro-
ducing observed patterns (ARTHUN ET AL., 2012; JANOUT ET AL., 2021; NICHOLLS ET AL.,
2009). The warm water takes several months to travel from the slope southward before going
west, down the slope into the trough.

The seasonal influx of mMWDW onto the shelf east of Filchner Trough and along the eastern
slope of the trough was reported to be the strongest during February to June and weaker
during the spring and summer months (ARTHUN ET AL., 2012; DARELIUS ET AL., 2014, 2016;
RYAN ET AL., 2017). Mooring data (AWI254) from 31.5°W 76°S shows the warming onset
caused by mWDW during late March, early April (Fig. 4.6a, (SCHRODER ET AL., 2019)).
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Figure 4.6: Hovmoeller diagrams of potential temperature at mooring AWI254
(31.5°W 76°S). a) mooring data from January 2016 to December 2016 (SCHRODER ET AL.,
2019), b) Model output for the area outlined in green in Fig. 4.2 for 2002-2004. The red lines
indicate the temperature averaged between 410m and 520m. In a) a a five-days running
mean was applied to the vertically averaged temperature data. The temperature and depth
scales are valid for both panels.

However, (RYAN ET AL., 2017) reported the presence of mWDW at 31°W already starting in
January. To compare the model output to the mooring observations, we compute an area-
weighted temperature average over the area outlined in Fig. 4.2. We see similar behaviour in
the simulation as in the observations (Fig. 4.6b). MWDW generally starts to arrive at 76°S
during March, however as the examples show, the onset can vary by several months and in
strength. The timing of the maximum temperature varies between February and June (RyAN

ET AL., 2017, 2020), and so does the timing in the simulations.

During April to August the model results show an intensification of the northbound
transport of DSW along the western slope of the Filchner Trough (Fig. 4.7), caused by a
higher sea-ice production over Berkner Shelf in autumn and winter. MORRISON ET AL.
(2020) proposed that northward DSW transport in a canyon or trough leads to a gradient in
sea surface height due to the replacement of less dense water along the western canyon slope
with DSW. This creates a barotropic pressure gradient which drives more lighter AASW
and mWDW from the northeast into the trough (MORRISON ET AL., 2020, their schematic in
Fig. 5A). Given that our model results show similar characteristics in the density distribution
across the Filchner Trough and a difference in sea surface height between eastern and western
slope of the trough (Fig. 4.7), we conclude that the mechanism proposed by MORRISON ET AL.
(2020) offers a plausible explanation for the timing and structure of the seasonal mWDW
inflow both in the model and in reality. The intensification of the north-bound transport and
the simultaneously increased presence of denser water in autumn strengthen the pressure
gradient across the trough and bring more mWDW into the trough, leading to the observed
seasonal increase in temperature.

As an additional component, the depth of the thermocline at the continental slope also
shows a weak seasonal oscillation. It rises during spring and summer, and deepens during
autumn and winter. This facilitates the low of mWDW onto the continental shelf during
summer, when the thermocline is at its shallowest. The mWDW then takes two to three

months to reach the Filchner Trough.



26 CHAPTER 4. SUBSURFACE WARMING

2.0

0
1.5

-500
1.0

-1000
0 0.5

0

-500
-0.5

-1000
Of -1.0
-500 -1.5
-1000 -2.0

-38 -34 -38 -34 -38 -34 -38 -34 meridional

velocity (cm/s)

Figure 4.7: Mean seasonal cycle across Transect A. The line plot in blue shows the
sea surface elevation (ssh in m). The panel below shows the meridional velocity component
(m/s) as background color, with isopycnals (black: 27.7kg/m?, dotted: 27.6 kg/m?, dashed:
27.5kg/m?3, gray: <27.5kg/m?) for the simulated monthly means of 2000-2014. Positive
numbers for the velocity (i.e. reddish colors) indicate northward flow.

4.4 Future evolution

During the climate projections for the 21st century, the characteristics of the water mass filling
the Filchner Trough change significantly. Some of these changes can already be observed at
the end of the historical simulations when the Filchner Trough reaches Phase II. Causes
for these changes can be found in the local sea-ice formation as well as upstream, and in
the position and temperature of the Antarctic Slope Current. The mechanism behind the
increased presence of mMWDW on the shelf is different from the one responsible for the seasonal

variation. It will be described in the following.

4.4.1 Changes in Filchner Trough

In the emission scenario SSP3-7.0, the mean water temperature in Filchner Trough is warmer
by approx. 2°C (Fig. 4.8a) and saltier by less than 0.2 psu (Fig. A.1c-g, Fig. A.4b) by the end
of the century, showing the permanent presence of mWDW. Salinity of near-surface water
on the continental shelf, however, has decreased by up to 0.8 psu, following a decrease in

sea-ice formation (Fig. 4.8a). Further changes occur along the continental slope, where the
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slope current warms by up to 1°C Fig. 4.5b, Fig. 4.8a). The high-emission scenario SSP5-
8.5 shows similar warming patterns with an even further increase in bottom temperature
on the continental shelf at the Berkner Bank and north of the Ronne Trough (temperature
anomaly between 1.5°C and 1.8°C). The mitigation scenarios SSP1-2.6 and SSP2-4.5 show a
similar distribution of warming water, but the temperature rise in Filchner Trough is limited
to 1°C or less. The average salinity in Filchner Trough increases in SSP3-7.0 and SSP5-8.5
where mWDW, with a higher salinity than the fresher DSW, is registered permanently in the
Filchner Trough (Fig. 4.3b, Fig. A.1c-h, Fig. A.4b).

In all scenarios, the increase of the average temperature in the Filchner Trough accelerates
during Phase II. During the 2030s, the average temperature in the trough for the ensemble
mean of SSP3-7.0 rises from -1.75°C to -1.6°C (thick red line in Fig. 4.8a), while temperature
in SSP1-2.6 (thin red line in Fig. 4.8a) decreases slightly. Starting from 2040, the average
temperature in the Filchner Trough in SSP3-7.0 rises quickly and reaches 0.3°C in 2100, 2°C
warmer compared to 2000. This goes hand in hand with a strong decrease of sea-ice formation
in the area of Filchner Trough beginning in the early 2030s (thick dark blue line in Fig. 4.8a).
In 2000, the model produces on average approx. 2.4 m/yr of sea ice at the Filchner Trough.
Towards the end of the century, this reduces to 1.6 m/yr. Changes in the mean temperature
in Filchner Trough in the lowest-emission scenario SSP1-2.6 are comparably small. Compared
to 2000, mean temperature in SSP1-2.6 increases by 0.15°C until 2050 similar to the higher-
emission scenarios, but in contrast to those, temperature rises only by 0.5°C compared to
2000 until 2100. sea-ice formation in the Filchner Trough area does not decrease at all in
SSP1-2.6 (thin dark blue line in Fig. 4.8a).

4.4.2 Changes upstream of Filchner Trough

While the temperature in Filchner Trough begins to rise in the 2030s and is scenario-sensitive
with regard to magnitude and timing of the warming, the temperature of the slope current
upstream of the Filchner Trough transporting mWDW towards the southern continental
shelf increases over the whole simulation, independent of the climate scenario (orange lines in
Fig. 4.8a). In all four scenarios, the average temperature at the bottom of the slope current
at about 70°S increases from -0.45°C in 2000 to -0.1°C in 2100 (0.03°C per decade), which
is a smaller trend than the CDW warming of approx. 0.05°C per decade that was observed
in the Weddell Sea from 1980 to 2010 (SCHMIDTKO ET AL., 2014). However, the shoaling of
the thermocline is scenario-dependent with 10 m per decade in SSP3-7.0 and 7m per decade
in SSP1-2.6 (black lines in Fig. 4.8¢c).

The shoaling of the thermocline is consistent with observations, but the rate is lower than
the 30 m per decade suggested from observations in the Weddell Sea (SCHMIDTKO ET AL.,
2014). The change in depth of the thermocline relates directly to the reduced down-welling
at the continental slope (more negative average surface stress curl, gray line in Fig. 4.8¢c),
caused by weakening Easterlies and a southward displacement of the transition zone between
Westerlies and Easterlies above the Weddell Sea during January to March (Fig. A.6a). The
wind field above the Weddell Sea gains strength during July to August (Fig. A.6b), while

during January to March, the 15-year average wind speed above the continental shelf east of
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Figure 4.8: Evolution of temperature, sea-ice formation, thermocline depth, and
surface-stress curl in the Filchner Trough and upstream. (a) 10-year running mean
of yearly mean temperature and sea-ice formation rate at the slope at S70 (Fig. 4.2) and in
the Filchner Trough for SSP1-2.6 and the ensemble mean of SSP3-7.0. Mean temperature
(hues of red) was calculated for Filchner Trough and the bottom layer at the slope at S70.
Mean sea-ice formation rate (hues of blue) was calculated for Filchner Trough and at S70.
b) Depth of the thermocline at the shelf break (black) and area average of surface stress curl
(gray) at S70 in SSP1-2.6 and the ensemble mean of SSP3-7.0.

15°W is reduced by 0.5m/s between 2000-2014 and 2086-2100.

The decreasing sea-ice formation over the Filchner Sill and growing differences between
the climate projections become visible in the sea-ice extent during the second half of the 21st
century (Fig. 4.8 & 4.9). Until 2050, the spread between the different scenarios (Fig. 4.9a/b) is
not larger than the spread between the different ensemble members for the SSP3-7.0 scenario
(Fig. 4.9¢/d).

In SSP5-8.5, summer sea ice shrinks until only a small area in the southwestern Weddell
Sea remains ice-covered. Average summer sea-ice thickness reduces in the Weddell Sea by up
to 1.3 m. In contrast to the other scenarios, SSP1-2.6 shows no further area loss in summer sea
ice after 2050 (Fig. 4.9a). While the sea-ice extent in the southeastern Weddell Sea reaches
73°S for 2000 to 2014, ice coverage reduces with increasingly warmer climate until the sea-ice
cover in the southern Weddell Sea is confined in summer to south of 74°S by 2050 (Fig. 4.9).
Summer sea-ice extent reduces in SSP5-8.5 by ~ 76 % in the Weddell Sea from 3.69 x 10°
km? to 0.88 x 10% km?. The sea ice opens first along the eastern coast of the Weddell Sea,
clearing the Filchner Trough of summer sea ice. By the end of the projected time period,
the Filchner Trough is only partly ice-covered (SSP1-2.6, SSP2-4.5) or completely ice-free in
summer (SSP3-7.0, SSP5-8.5). The winter sea-ice extent by contrast shows far less variability.
The largest changes in September sea ice occur in SSP5-8.5 towards the end of the century.
But even though the sea ice extends as far north during the period of 2086 to 2100 as it did in
the beginning of the simulation, sea-ice freezing rates during winter are much lower, causing

a decrease in sea-ice thickness by up to 1 m in September compared to the historical period
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Figure 4.9: sea-ice extent (threshold: 15 % sea-ice concentration per area) and
thickness difference in the historical simulations and for the four different climate
scenarios in two 15-year averages. a) March and b) September sea-ice extent in the
Weddell Sea, with results from the historical simulations and SSP3-7.0 being averaged over
all five ensemble members (line plots). Shading in the background of a) and b) shows sea-ice
thickness difference between the 15-year averages of histl (2000-2014) and SSP5-8.5 (2086-
2100). ¢) and d) same as a) and b), but all ensemble members of SSP3-7.0 shown individually.

and reducing the amount of sea-ice melting in summer.

4.4.3 Changes of Seasonality

Over the course of Phase II after 2050, the seasonal variation in Filchner Trough temperature
decreases more or less strongly, depending on the climate scenario (Fig. 4.10). The weaker
seasonal signal is particularly pronounced in SSP3-7.0 and SSP5-8.5 (Fig. 4.10), but it can also
be found during a brief period in 2089 and 2090 in SSP1-2.6 (Fig. 4.10a). The connection of
the seasonality and the local sea-ice formation becomes only clear when the sea-ice formation
is particularly low. In SSP5-8.5, this is the case 2050 onward Fig. 4.10b). Before that, a
decrease in sea-ice formation rate does not coincide with lower seasonality. The permanent

loss of the seasonal signal marks the transition from Phase II to Phase III as defined above.

4.5 Discussion

The present study shows that over the course of this century strong changes in the hydro-
graphy of the Filchner Trough are imminent. Already in the present climate, warm water
pulses reach the Filchner ice shelf front both in the model simulations presented here and ac-
cording to observations (DARELIUS ET AL., 2016; JANOUT ET AL., 2021; RYAN ET AL., 2020).
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Figure 4.10: Development of the seasonality of the spatial maximum temperature
below 200 m depth along section A. a) for SSP1-2.6 and b) for SSP5-8.5. Red (blue)
dots depict the difference between the temporal and spatial maximum (minimum) of the area
to the temporal mean of the spatial maximum along the transect in the Filchner Trough
(Fig. 4.8). The bars illustrate the seasonal variation. The green line represents the sea-ice
formation in the Filchner Trough.

The comparability between the historical simulations and observations gives confidence into

our model projections for the future climate evolution.

It should be noted that in the current simulations ice shelf cavities are not considered.
Previous specialized ocean model simulations with ice shelf cavities (e.g. HELLMER ET AL.,
2012; NAUGHTEN ET AL., 2021) showed the same three modes as our CMIP6 simulations:
seasonal warm water only in Phase I, intermittent warm water pulses in Phase II (and in
present-day climate), and persistent warm water in Phase III, occurring in future climate
scenarios with strong emission of greenhouse gases. This implies that cavity circulation is not
a critical component in triggering the simulated changes in the Filchner Trough hydrography.
Instead, reduced sea-ice formation and changing wind fields play a major role. This concurs
with the results from NAUGHTEN ET AL. (2021), who showed that the intrusion of mWDW
into the ice shelf cavity can only happen after the density on the continental shelf has reduced
to a critical value, therefore sea-ice formation on the shelf has a larger direct impact on the

mWDW flux than any processes below the ice shelves.

The amount of heat that reaches the Filchner Trough depends on two factors: The amount
of southward transport of (m)WDW onto the continental shelf and the grade of modification
of the WDW by vertical mixing through DSW formation (Fig. A.7). Of these two, the first
factor depends on the density gradient between the continental shelf waters and the slope
current, and on the depth of the ASF at the continental slope. The grade of modification
depends on the depth and intensity of convection and thus primarily on the rate of sea-ice
formation. However, DSW formation also influences the density gradient at the shelf edge
and thus the on-shelf transport. A clear separation between the two processes is therefore
not possible, but we conclude that sea-ice formation plays a dominant role in governing the
mWDW transport into the trough.
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As a caveat, we note that in reality density of the water masses on the continental shelf
is clearly influenced by the ISW outflow from under the ice shelf, which may have an impact
on the timing of the regime shift we find in the high-emission scenarios. Given that ice shelf
melting is a source of freshwater, it could be argued that adding ice shelves to our simulation
would reduce the density of water masses on the continental shelf, potentially accelerating the
regime shift towards a warm continental shelf. But then, given the very low temperatures
of ISW, the mixing product of ISW and (m)WDW is a very dense water mass known to
contribute to WSBW formation. A denser watermass on the shelf would potentially delay
the regime shift. Which of these effects dominates is not obvious to us, but we note that
they counteract each other, which mitigates a potential bias caused by the missing ice shelves
in our simulations. A similar case can be made for the fact that we neglect the freshwater
input from the ice shelves in the eastern Weddell Sea, upstream of Filchner Trough. In the
presence of these ice shelf cavities, we would expect a stronger stratification over the shelf
break, strengthening the Antarctic Slope Front (ASF) and reducing the mWDW flux onto the
shelf. However, increased freshening of the shelf water masses might also a) cause baroclinic
instabilities and thus an uplift of the thermocline (HATTERMAN, 2018; N@ST ET AL., 2011)
and b) reduce the density gradient between the continental shelf and the Filchner-Ronne ice
shelf cavity. Whether the ice shelves in the eastern Weddell Sea rather facilitate or inhibit the
flow of warm water into the Filchner Trough is therefore not clear and needs to be addressed
in a follow-up study.

While sea ice is the main driver behind the variations of mWDW transport onto the
shelf and into the Filchner Trough, the model underestimates summer sea-ice extent in the
Antarctic, but slightly overestimates the winter sea-ice extent (SEMMLER ET AL., 2020). The
smaller sea-ice area in summer might increase heat uptake during the warmest part of the year,
creating a feedback loop of warmer sea surface temperatures decreasing and delaying sea-ice
formation. This would decrease the modification of WDW so that water closer in temperature
to WDW reaches the trough and might cause an overestimation of simulated warming in
Filchner Trough in SSP3-7.0 and SSP5-8.5. On the other hand, a reduced summer sea-ice
extent leads to additional sea-ice formation in fall and thus additional salt input (similarly
to the processes in coastal polynyas), potentially compensating or even overcompensating for
the effect of too strong heat uptake in summer.

Despite the caveats outlined above, and given that the sign of the bias each of them could
create is not obvious in all cases, we are confident that our main findings are robust. We
find a decrease of ASF depth over the course of the high-emission scenario simulations that
might facilitate the warm water influx to the Filchner Trough, notably in combination with
pronounced density changes on the shelf. The receding sea ice and reduced freezing rates on
the continental shelf in a warming climate cause the DSW in the Filchner Trough to freshen,
reducing the intensity of vertical mixing between DSW and the underlying mWDW. A decline
in density on the shelf weakens the density gradient at the continental shelf break and allows
mWDW to flow into the trough (DAAE ET AL., 2020; TIMMERMANN AND HELLMER, 2013).
This effect is especially large in the high-emission scenarios. Because the sea-ice formation
mostly depends on atmospheric processes, the differences in forcing in the SSP scenarios

heavily impact changes in sea-ice formation rates in the Weddell Sea.



32 CHAPTER 4. SUBSURFACE WARMING

The uplift of the ASF above the continental shelf in turn is caused by changing wind fields,
reducing downwelling at the continental slope by lessening the coastward Ekman transport
by easterly winds from January to March. Stronger westerly winds above the central Weddell
Sea and a southward shift of the transition zone between Westerlies and Easterlies further
decrease areas of downwelling along the coast. The wind above the continental shelf east and
north of the Filchner Trough has a much higher westward component during the summer
months of the high-emission scenarios SSP3-7.0 and SSP5-8.5 in 2086-2100 compared to
2000-2014. Even though the lower sea-ice concentration in the high emission scenarios should
increase the wind stress on the ocean, the effect is balanced by weaker wind during summer,
a northwest-going wind field during the following months promoting upwelling along the
coast, and reduced erosion of mWDW on the continental shelf by sea-ice formation during
the following autumn and winter.

There is a clear seasonality in the mWDW influx both in our model simulations and ac-
cording to DARELIUS ET AL. (2016) as well as RYAN ET AL. (2017, 2020). While RYAN ET AL.
(2020) attribute the seasonal inflow of mMWDW to an inflow of freshened shelf waters from the
coast of Dronning Maud Land, causing baroclinic instabilities and lifting the thermocline, we
mainly attribute this seasonal inflow to the autumn maximum in local sea-ice production.
According to MORRISON ET AL. (2020), sea-ice formation causes increased DSW production
and northbound transport in the Filchner Trough and establishes a pressure gradient across
the trough that fosters the near-surface inflow of mWDW.

The sea-ice decrease towards the end of the century in the high-emission scenarios, es-
pecially in thickness, is caused by the increased heat flux from the atmosphere. Higher
CO2-concentration in the atmosphere escalates the greenhouse gas effect and changes the
heat flux in the western Weddell Sea from net heat loss to heat gain (Fig. A.8), warming the
ocean and reducing sea-ice formation. The southward displacement of the wind belt, stronger
variability of the wind fields and strengthening of the wind field increase the off-shore sea-ice
transport and cause stronger sea-ice deformation, which could potentially increase sea-ice
formation rates. However, weakening easterlies above the continental shelf in the eastern
Weddell Sea during summer and a stronger heat flux towards the ocean counteract this ef-
fect, increase sea surface temperature and lead to thinning of the sea ice in the Weddell Sea.
The driving factor behind the reduced sea-ice formation is therefore not the wind but the
increased heat flux at the surface during the climate scenarios.

Towards the end of the century, the general decrease in sea-ice formation in the simula-
tions leads to a decrease in the strength of the seasonal signal of the mWDW. The reduction
of the density of the DSW outflow along the western slope of Filchner Trough causes a weak-
ening of the across-trough pressure gradient during winter. The reduced sea-ice production
weakens the convection in winter, when in the present state the flow of mWDW is eroded
by deep vertical mixing triggered by sea-ice formation. Together with the uplift of the ther-
mocline above the continental shelf break (Fig. 4.8b), the weaker winds during the following
summer months prolong the time where mWDW intrusions are possible, leading to a year-
round presence of mMWDW on the shelf. A regime shift occurs when DSW production in
the Filchner Trough and surrounding continental shelf is not sufficient anymore to erode the

inflow of mWDW into the trough during winter and spring. This point is reached between
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2070 and 2080 in the high-emission scenarios SSP3-7.0 and SSP5-8.5, confirming the timing
suggested by previous numerical model simulations with different, prescribed atmospheric
forcing (DAAE ET AL., 2020; HELLMER ET AL., 2012, 2017; TIMMERMANN AND GOELLER,
2017; TIMMERMANN AND HELLMER, 2013).

An important finding in our model results is that sea-ice formation and extent, tem-
perature in Filchner Trough and depth of the ASF all really start to differentiate between
the different SSP scenarios in the 2040s. The slope current temperature even does not vary
between the scenarios at all until 2100. This indicates that any endeavors to change the course
of the current and future climate development will only start to show results in 20 to 30 years
or later. If we as humanity do not change our habit of emitting greenhouse gases soon, the
pulses of warm water reaching the continental shelf could be replaced by a permanent warm
water flow (according to the strong emission scenarios SSP3-7.0 and SSP5-8.5). The presence
of this warm water is bound to increase ice shelf basal melt, leading to a thinning of the ice
shelf, a reduced buttressing to the ice flow, and additional sea-level rise. If a marine ice sheet
instability is triggered, this process is self-sustained and can accelerate even if the original
perturbation (here: the warm water inflow) is removed. If we do make the effort to restrict
greenhouse gas emissions substantially, we could preserve the state of intermittent pulses of
warm water reaching the continental shelf and possibly restrict ice shelf melting. According
to our findings, a regime shift towards a warm cavity under Filchner Ronne Ice Shelf with
strongly increased basal melt rates and an increased contribution to global sea-level rise can
only be sustainably avoided by reaching the 2°C (SSP1-2.6) climate goal. With the SSP2-4.5
scenario, restricting the global warming to 3°C, no regime shift to a permanent warm inflow
occurs in our simulation until 2100, but the water in Filchner Trough still warms by 1°C in
this scenario. Whether this may still trigger a marine ice sheet instability or leads to the
crossing of any tipping point with a large impact on global sea-level rise is a topic of ongoing

research.
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The density distribution on the southern Weddell Sea continental shelf is strongly influ-
enced by the local sea-ice formation. One of the hot spot for sea-ice formation are coastal
polynyas, and the development of coastal polynyas strongly depend on atmospheric condi-
tions. The sensitivity of coastal polynyas in the south-western Weddell Sea to meso-scale
atmospheric processes in a warming climate is investigated with the Finite-Element Sea ice-
Ocean Model (FESOM) in two 21st-century ocean-only model simulations for a high-emission
climate scenario, forced with atmospheric model output of a global climate simulation and a
regional atmospheric simulation of different resolutions. A higher resolved atmosphere leads
to stronger off-shore winds in regions with strong topographic gradients like Coats Land and
the eastern Ronne Ice Shelf front and weakening at the Antarctic Peninsula where the higher
resolution is able to resolve the mountain range, which reduces the westerly winds cross-
ing the peninsula. In combination with lower air temperature especially during winter, this
leads to higher sea-ice production rates in coastal polynyas, however the total polynya area
is reduced compared to the reference simulation. At the end of the century, higher resolved
atmospheric processes favor the growth of larger polynyas relative to the reference simula-
tion, aided by lower air temperatures creating a larger sea-ice cover. The higher sea-ice melt
rates in summer decrease the density on the shelf, creating the right conditions for a regime
shift in the Filchner Trough. Despite higher air temperatures in summer, the regime shift
is only produced with high-resolution forcing, aided by the low export of sea ice obstructing
the formation of additional sea ice. We find that the better representation of orographic
features in the high-resolution simulation shows the importance of the interplay between
wind-driven sea-ice export and local sea-ice formation for the dense water mass formation on

the continental shelf.

5.1 Coastal polynyas in the southern Ocean

Coastal polynyas on the continental shelves of Antarctica are important for the global climate
because of their intense sea-ice production and associated brine rejection, forming one of the
densest water masses on Earth (High Salinity Shelf Water; HSSW). HSSW is a base for
Antarctic Bottom Water, which forms the lower arm of the global thermohaline circulation
(FoLDVIK ET AL., 1985). Coastal polynyas are areas of open water or thin ice forced by
strong offshore winds (CoMIsO AND GORDON, 1996; TAMURA ET AL., 2008), in contrast to
open-ocean polynyas, where the openings in the sea-ice cover are forced by diverging ocean
currents (WEI ET AL., 2021). Between 1992 and 1998, sea-ice production in the Ronne
Polynya accounted for 6.08% of total sea-ice production in the Weddell Sea (RENFREW
ET AL., 2002) illustrating the importance of polynyas for sea-ice production.

Model results showe a close relationship between offshore winds and sea-ice production.
Strong offshore wind events are typically associated with the passage of synoptic- or meso-
scale cyclones. A 2-3 times higher wind speed can increase the sea-ice velocity 3-4 times,
decrease sea-ice concentration by 20-40 % and can up to quadruple sea-ice production (WANG
ET AL., 2021). Previous modeling studies have shown that increasing atmospheric resolution
intensifies the off-shore component of coastal winds, especially at valleys channeling the kata-
batic flow (HAID ET AL., 2015; HUOT ET AL., 2021), caused by better resolved topography
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with stronger gradients. With stronger off-shore winds, polynya open wider and more fre-
quently, and dense water production is enhanced. The lack of sea ice along the coast enhances
the atmosphere-ocean interaction. Especially the heat flux depends strongly on atmospheric
conditions such as air temperature and wind speed (HAID AND TIMMERMANN, 2013).

Over the last 44 years there has been a increase in area of Antarctic polynyas across
all sectors except the Amundsen and Bellinghausen Seas. DUFFY ET AL. (2024) cite the
increasingly positive Southern Annular Mode and more negative Interdecadal Pacific Oscil-
lation index as the cause. The analysis of sea-ice production derived from satellite data and
reanalysis data (ERAinterim) showed that the interannual variability of sea-ice production
around Antarctica correlates more strongly with the polynya extent than with atmospheric
forcing itself (TAMURA ET AL., 2016). This is important in relation to other factors increasing
polynya area and occurrence like divergent ocean currents (ARBETTER ET AL., 2004; MOR-
ALES MAQUEDA ET AL., 2004), which a lot of studies, only concentrating on atmospheric
causes, neglect.

Future response of coastal polynyas to climate change differ widely between the Arctic and
Antarctic. Arctic systems are undergoing the largest, most rapid change and it is expected
that polynyas within the Arctic will largely respond by a decrease in the duration each
season. The response of Antarctic polynyas is expected to be much less uniform (SMITH AND
BARBER, 2007). Modeling studies of the 21st century have shown that a doubling of the
atmospheric CO5 concentration until 2100 leads to a decrease in sea-ice production by 6-8 %,
however four times the COy concentration reduces sea-ice production by 10-30 %. The effect
on Dense Shelf Water (DSW) formation in the Weddell Sea is more extreme with an approx.
75 % decrease in a double CO2 world and a complete shut down of DSW formation with four
times COg (JEONG ET AL., 2023). Other studies suggest a 40 % - 81 % reduced DSW export
in a 2°C warmer world (MARSLAND ET AL., 2007).

The spread of existing studies shows the general consensus that the ongoing climate change
will impact polynya formation around Antarctica. The scope however needs further analysis.
The aim of this study is to investigate the consequences a warming climate of the future
Shared Socioeconomic Pathways high-emission (SSP) scenario 3-7.0 has for polynya, sea ice
and DSW formation in the southern Weddell Sea under the influence of two atmospheric data

sets of different resolutions.

5.2 Differences in forcing fields

5.2.1 Ten-Meter wind fields

The wind patterns over the Weddell Sea in the AWI-CM dataset for 2000 to 2014 that is
used to force the reference simulation, shows mean speeds between 4.5ms™! at the Filchner
Ice Shelf front and >8 ms~! north of the Antarctic Peninsula (shown as REF in Fig. 5.1a).
While the northern half of the Weddell Sea is dominated by the strong westerly band that
surrounds Antarctica, the southern Weddell Sea continental shelf is influenced by a seasonally
changing north-south displacement of the boundary between easterlies above the continent

and westerlies (Fig. B.2). Over the course of the year, we see a weakening of the wind field
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during summer (Fig. 5.1i), especially at the coast between Brunt and Filchner Ice Shelves
and north of the Antarctic Peninsula, but also along the Filchner-Ronne Ice Shelf Front.
Towards the end of the century, we find a general strengthening of the wind field (Fig. 5.1¢),
accompanied by a stronger seasonality in the wind strength. AWI-CM produced stronger
wind speeds during the winter seasons between 2086 and 2100 than at the beginning of the
century (Fig. 5.1e & g). In the shelf regions of the southern Weddell Sea summer wind speed
strongly decreases in comparison to winter wind speeds, but also in comparison to 2000-2014
(Fig. 5.1i & k).
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Figure 5.1: (a) Mean 10m wind speed (2000-2014) in REF. (b) Mean wind speed difference
between FECO and REF (2000-2014). (c¢) Mean wind speed (2086-2100) in REF. (d) Mean
wind speed difference between FECO and REF (2086-2100). (e)-(h) same as (a)-(d) but only
for summer means (December-February), and (i)-(1) for winter means (June-August).

The dynamic downscaling of the wind field in the CCLM simulation produces strong
differences to the AWI-CM wind fields (named FECO in Fig. 5.1). The yearly mean wind
speeds over most of the area are significantly lower in CCLM than in AWI-CM for both, the
beginning and the end of the 21st century. Only exceptions are small areas at the western
Ronne Ice Shelf front, the Filchner Ice Shelf front and small areas in front of the Riiser-Larsen
and Brunt Ice Shelves. The largest decrease is found at the eastern coast of the Antarctic
Peninsula. Especially in winter, wind speeds are up to 0.16ms~! in 2000-2014 and up to
2ms~! in 2086-2100 lower compared to the low-resolution data. This decrease in wind speed
between CCLM and AWI-CM can be attributed to the better resolved topography of the
peninsula. The lower resolution of AWI-CM leads to smoothing of the topography of the
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Antarctic Peninsula and the mountains there are not well represented. Thus, westerly winds
are too strong in the AWI-CM forcing data (STOSSEL ET AL., 2011).

5.2.2 Two-Meter air temperature
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Figure 5.2: Same as Fig. 5.1 but for 2m air temperature.

The 2m-temperature in AWI-CM decreases southward toward a minimum at the Filchner
Ice Shelf front. During winter, average air temperatures in this southern most area sink below
-32°C (Fig. 5.2e), while average summer temperatures rise to approx. -10°C (Fig. 5.2i). The
rise in greenhouse gas concentration in the SSP3-7.0 scenario causes an increase in the global
2m air temperature from 16.9°C to 19.4°C. A global warming of 2.48°C between the 15-year
means of 2000-2014 and 2086-2100 lies at the lower end of projected climate development
for the SSP3-7.0 climate scenario (best estimate 3.6°C, very likely range 2.8°C-4.6°C (IPCC,
2023)). In the Weddell Sea, mean air temperature rises by 3.22°C, stronger than in the global
average, which might be an effect of polar amplification. The average temperature patterns
in AWI-CM do not change much towards the end of the century, however winter temperatures
rise more than summer temperatures. The average winter temperatures in the Weddell Sea
increases by approx. 4.88°C, while summer temperatures only increase by approx. 1.89°C.

The CCLM data shows similar air temperature patterns as AWI-CM, however in both
time periods strong local differences can be found that show a similar distribution at all
times (Fig. 5.2b & d). CCLM produces lower air temperatures mostly along the Antarctic

Peninsula and above the continental shelf except for a prominent warmer band reaching from
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Berkner Island eastward towards Brunt Ice Shelf. Cold halos around the ice shelf fronts are
caused by a mismatch of the ice shelf masks used in AWI-CM and CCLM (Fig B.1). The area
with a strong negative anomaly at approx. 76°S 42°W is the signature of the iceberg A23a,
which was included in the CCLM land mask but disregarded in the AWI-CM simulations
(Fig. B.1b).

Temperature differences between AWI-CM and CCLM are stronger in winter than in
summer. While large areas of the Weddell Sea are warmer in summer in CCLM than in
AWI-CM, the average of the 15 years between 2000 and 2014 shows colder air temperatures.
In contrast to the wind speed differences between the simulations that increase towards the

end of the 21st century, air temperatures become more similar.

5.3 The development of coastal polynyas in a warming climate

5.3.1 Sea-ice production in the southern Weddell Sea

The sea-ice distribution and production in the southern Weddell Sea has a clear northeast-
southwest gradient in REF. The highest sea-ice concentration can be found in the southwest-
ern Weddell Sea, where sea ice can be found year round in 2000-2014. Along the Larsen C
Ice Shelf edge and at the central Filchner Ronne Ice Shelf front, sea ice is particularly thick
(up to 3m). Low sea-ice drift and the low but continuous freezing at the Ronne Polynya in
summer forms a ridge of particularly thick sea ice extending from Berkner Island, north of
the Ronne polynya, and along the Antarctic Peninsula during the warmest season.

The sea-ice production rates are highest in the polynyas along the coast (Fig. B.3a).
During the time period at the end of the century, the sea ice does not extend as far north
as it did at the beginning of the century. Areas of sea-ice production and melting move
southward (Fig. B.3c & d). While the hot-spots of sea-ice formation remain at the coast,
areas of sea-ice formation during the freezing season can be found south of 65°S. Areas of
sea-ice melting are also displaced southward onto the continental shelf, where previously
melt rates where low, affecting the density of DSW. Additionally, a narrow band of sea-ice
formation that remains in summer in 2000-2014 at the Ronne Ice Shelf front vanishes in the
2086-2100 summer mean, removing one source for DSW formation in summer.

The addition of CCLM as forcing in FECO during the 2000-2014 period leads to a thick-
ening of the sea ice on the continental shelf by 0.2-0.3m and higher concentration. The
differences are smaller in winter than in summer, where especially above Berkner Bank, sea-
ice thickness increases by up to 0.5m. Towards the end of the century, regional differences
in sea-ice thickness are much more varied. The sea-ice thickness decreases mainly in areas
of strong off-shore winds at the Ronne polynya and the Filchner Ice Shelf front, as well as
along the fronts of Brunt and Riiser-Larsen Ice Shelves, while areas above the Berkner Bank

and along the coast of the Antarctic Peninsula feature thicker sea-ice covers.

5.3.2 Spatial distribution of sea-ice production

Coastal polynyas are hot-spots for sea-ice production. In the following sections we will include

open-ocean polynyas in calculations of areas and mean sea-ice productions for the Weddell
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Figure 5.3: Total mean sea-ice production in Gt yr~! in the Weddell Sea and in the coastal
polynyas of the Weddell Sea in (a) 2000-2014 and (b) 2086-2100 in REF (blue) and FECO
(red). (c) and (d) same as (a) and (b) but for mean sea-ice production rates in m yr—1.

Sea, but concentrate in greater detail on the coastal polynyas along the southern Antarctic
Peninsula, the Ronne and Filchner Ice Shelf fronts, the coast of Coats Land, and the Brunt
Ice Shelf (Fig. 3.2a). We excluded the northern half of the Antarctic Peninsula, because DSW
production in this area does not affect the southern Weddell Sea continental shelf. The areas
have been adapted from PAUL ET AL. (2015). The polynyas include all grid nodes within the
designated regions where sea-ice concentration C<70 % or sea-ice thickness h<20 cm.

The comparison of the mean sea-ice production in the western Weddell Sea and in the
polynyas within this region for REF in 2000-2014 reveals that while only 15.13 % of sea-ice
volume in the western Weddell Sea are formed in polynyas due to the small total area of
the polynya (Fig. 5.3a), local sea-ice formation rates per area far exceed sea-ice formation
rates in the rest of the Weddell Sea (Fig. 5.3c). In FECO, mean sea-ice production in the
Weddell Sea is higher by 327.42 Gt yr~! than REF (Fig. 5.3a), however sea-ice production in
the polynya is barely affected, despite increased freezing rates under the influence of higher
off-shore wind speeds at the Filchner Ice Shelf front and the Ronne polynya (Fig. 5.3c).

Towards the end of the century, sea-ice formation in the Weddell Sea declines. The
average sea-ice production is halved while sea-ice production in polynya increases in REF
and in FECO. The decline in total production is caused by a reduced northward sea-ice
extend and lower freezing rates, while production in coastal polynya increases (Fig. 5.3b).

Similar to the mean production, sea-ice formation rates in REF and FECO for the whole
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Weddell Sea are reduce by half (Fig. 5.3d). However, formation rates in the polynya areas
remain high, although they are lower than at the beginning of the century.

5.3.3 Coastal polynya distribution in REF

For comparability to observations-based data produced by PAUL ET AL. (2015), we calculated
the mean winter values for area and sea-ice production for May to September. The total
polynya area in the western Weddell Sea in our calculation includes also possible open-
ocean polynyas (Table 5.1). The distribution of sea ice in REF prominently shows the Ronne
Polynya, as well as the sea-ice production area at the Brunt Ice Shelf (Fig. 5.5a, e, i). Another
region of high polynya activity can be found at the northern tip of the Antarctic Peninsula,
but processes there have no impact on the ocean conditions of the southern continental
shelf. The region of the southern Peninsula and the Ronne Polynya produce winter means
of 433km? and 3239km? respectively (Table 5.1) which agree well with observed polynyas
between 2002 and 2014 described by PAUL ET AL. (2015). However, the polynya areas at
the Filchner Ice Shelf front and at the coast of Coats Land are larger than observed values.
Our definition of the Filchner region includes the area occupied by the grounded iceberg
A23a in observations during the early 2000s, which is not included in our simulations. For
comparison we combine the area of observed polynyas for Filchner Ice Shelf and iceberg A23a
from Paul et al. to cover approximately the same region. This results in an area of approx.
20494703 km? (PAUL ET AL., 2015). Our model produces an average polynya area for the
Filchner region that lies within the standard deviation. However, further to the east the
area of the modeled near-shore polynyas is much larger than suggested by observations. The
polynya area off the Brunt ice shelf covers nearly triple the observed amount with 9995 km?.
Generally, polynyas along the south-western coast of the southern Weddell Sea agree better
with observations than the eastern coast. As a result, the accumulated sea-ice production
during winter generally exceeds observational values at the eastern coast, but also the western
continental shelf produces more sea ice in the model, with the Antarctic Peninsula being the
only exception.

The comparison of the mean winter sea-ice concentration (Fig. 5.5) with satellite ra-

Table 5.1: Mean polynya areas and accumulated sea-ice production in AWI-CM, REF and
FECO for the different regions shown in Fig. 5.5a in a 15-year winter mean (May-September)
in 2000-2014 and 2086-2100. The areas are provided in km?, accumulated sea-ice production
in km?.

2000-2014 2086-2100
AWI-CM REF FECO AWI-CM REF FECO

area sea ice area sea ice area sea ice area sea ice area sea ice area sea ice

km? km? km? km? km? km? km? km? km? km? km? km?
Peninsula 1,100 4 433 5 518 6 8 0.01 1,626 15 1,597 16
Ronne 764 7 3,239 74 3,096 71 0 0 6,981 125 6,504 121
Filchner 167 2 2,749 34 2,604 33 0 0 2,987 32 2,618 27
Coats Land 271 2 2,168 23 2,107 22 0 0 3,258 23 2,821 21
Brunt 508 3 9,995 154 10,665 156 687 0.4 14,773 172 14,171 173
Total (Weddell) | 5,140,373 2,067 5,397,820 4,924 5,397,820 5,097 | 5,140,373 2,067 5,397,820 4,433 5,397,820 4,560
Total (Polynya) 22,495 79 33,135 390 33,425 415 3,415 2 44,969 452 39,962 435
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Figure 5.4: Mean sea-ice concentration and polynya probability in REF during 2000-2014
(a). Sea-ice concentration has a range between 0 and 1 (shaded of blue), the probability
of a node to be part of a polynya is given in % (shades of red. (b) Difference in polynya
probability between FECO and REF during 2000-2014. (c) and (d) same as (a) and (b)
but for 2086-2100. (e)-(h) are the same as (a)-(d) but for winter means (June-August) and
(e)-(m) for summer means (December-February).

diometer data shows the reason for the large polynya areas and productivity (GROSFELD
ET AL., 2016; SPREEN ET AL., 2008). The sea-ice concentration for winter in observations
shows wide-spread values above 95 %, while the simulation reaches equally high sea-ice con-
centrations in a smaller area in the southwestern Weddell Sea above the continental shelf.
The lower sea-ice concentration especially along the eastern coast in the regions off Filchner
Ice Shelf, Coats Land and Brunt Ice Shelf leads to a higher detection rate and consequently
areas of polynas that are much larger than the values extracted from satellite data by PAUL
ET AL. (2015).

Over the course of the 21st century, polynyas increase in size, continuing the positive trend
observed over the last 44 years (Fig. B.4 DUFFY ET AL., 2024), albeit with a smaller rate.
The different polynyas change in size and productivity. Because of the decreasing sea-ice
concentration and thickness over the course of the century, larger coastal polynyas develop
during the later period of 2086-2100 than at the beginning of the century (Table 5.1). The
average total area of polynyas during winter in the western Weddell Sea increases in size by
approximately a third of its size in 2000-2014, and sea-ice production in the polynyas increases
by a bit less than a third to 452km?. At the Peninsula, the model produces a polynya area

nearly four times of the 2000-2014 mean, other regions remain closer to the original values.
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Figure 5.5: Mean sea-ice concentration in May-September for the years 2011 to 2014 in (a)
REF and (b) from satellite radiometer AMSR-E and AMSR2 data (GROSFELD ET AL., 2016;
SPREEN ET AL., 2008).

The regions at the western continental shelf experience an increase in sea-ice production, and
so does the Brunt region. In contrast to this, the Filchner region ad the coast of Coats Land
remain at approx. the same level. Despite the increase in winter sea-ice production in most
of the coastal polynyas, the total winter sea-ice production in the Weddell Sea decreases due
to the rising air temperatures in the warming climate of the SSP3-7.0 scenario.

In summer, areas in REF that are recognized by our criteria as polynyas during the
2000-2014 period are larger than in winter, except for the Brunt region. However, only the
Ronne Polynya retains sea-ice freezing during the summer months. All other areas show
negative accumulated sea-ice production which means the polynyas are not areas of high
sea-ice production anymore, but instead areas of intensified sea-ice melt surrounded by sea
ice. The net sea-ice production of 274 km? in the Weddell Sea can be attributed to the export
of sea ice from the Weddell Sea and the continuing ice melt in March which is not included
in the calculation for summer polynyas.

During the later period at the end of the 21st century summer polynya areas decrease in
contrast to winter, where the polynya sizes increase. This is also a result of the decreasing
sea-ice thickness and concentration. While in winter, less sea ice increases the possibility of
polynyas to occur in the ice, the lack of sea ice itself in summer at the end of the century

removes the conditions for polynyas to form as holes surrounded by sea ice.

5.3.4 Coastal polynya distribution in FECO

Through the use of the down-scaled data set as forcing, the total winter polynya area in
the Weddell Sea increases at the beginning of the century, however some areas also show
decreased polynya activity (Table 5.1; Fig. 5.4), such as the Ronne and the Filchner regions
as well as at the Coats Land coast (Table 5.1). An other area where FECO produces more
polynyas in winter is the tip of the Antarctic Peninsula, which was not included in the table.
The differences to REF can be attributed to colder winter air temperatures above large
parts of the Weddell Sea (Fig. 5.2), which produces a more continuous ice cover above the

continental shelf. The decrease in the winter wind speed in large parts of the Weddell Sea
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also plays a major role, reducing sea-ice export. Frozen sea ice remains in place, blocking the
way for the formation of additional sea ice, shrinking the ice free area. Corresponding to the
changes in area, accumulated sea-ice production in winter increases slightly at the southern
Antarctic Peninsula and Brunt Ice Shelf, while decreasing above the southern continental
shelf. In summer, FECO shows a west-east separation of areas where the polynya sizes
decrease (Antarctic Peninsula, Ronne Ice Shelf, Filchner Ice Shelf) or increase (Coats Land,
Brunt Ice Shelf), caused by higher air temperatures along the eastern coast of the southern
Weddell Sea. Especially the Ronne Polynya decreases in size and probability in summer,
shrinking by approx. 811 km? compared to REF. While the size of coastal polynyas in summer
increases along the eastern coast, sea-ice production/melting barely changes in these regions.
The Ronne Polynya produces less ice because of the reduced ” area. The Filchner region shows
a different behavious, as here, we find mainly melting in REF, but very low net freezing rates
in FECO during 2000-2014 despite showing higher 2m-temperatures above the ocean.

The FECO simulations produce in total more polynyas in winter then REF (Fig. 5.4h), but
at the end of the century, the trend for total polynya area in the Weddell Sea reverses. In 2086-
2100 in FECO, total polynya area is approx. 5007 km? smaller than in REF. Locally however,
all four regions on the southern continental shelf increase in size and productivity in winter.
The only exception is Coats Land, where mean polynya size increases, sea-ice production
however reduces slightly. In summer the picture looks different. Here we find an increase of
the polynya areas in FECO compared to REF, except for the Filchner polynya, which nearly
vanishes compared to REF. While the summer polynya probability still decreases strongly
between 2000-2014 and 2086-2100, the mean total polynya area in the western Weddell Sea
in FECO is nearly double the size of REF during the same time span. The sectors with
the largest growth include the Coats Land and Brunt regions (Fig. 5.4m). The increase in

polynya areas in summer is also a result of higher summer temperatures.

5.4 Dense Shelf Water formation

It has been already shown above that under the high-emission scenario, water mass properties
are projected to change (DE LAVERGNE ET AL., 2014; NISSEN ET AL., 2022). The change
in density on the southern Weddell Sea continental shelf can be assessed within the water
mass transformation framework, which relates buoyancy fluxes to surface density and water
mass distribution. Total water mass transformation rates are largely positive in the southern
Weddell Sea (black line in Fig. 5.6a/c), showing the densification across large areas in this
region in REF and FECO. The peak densification causes a total flux of 7.39 Sv in 2000-
2014, which is nearly double the estimates from recent observations of DSW export from
the continental shelf in the Weddell Sea towards the abyss (4.5Sv+0.3; AKHOUDAS ET AL.,
2021). Sea-ice formation has the largest impact on the densification (dark blue dashed line
Fig. 5.6b), which is counteracted in part through freshwater input due to ice shelf basal
melting (dotted dark blue line in Fig. 5.6d). Evaporation and precipitation (E-P) only play
a secondary role in reducing the density (approx. 0.16 Sv).

Under the influence of the warming climate the reduced sea-ice formation causes a shift

in the density classes produced by sea-ice formation, decreasing the dense water formation by
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Figure 5.6: Surface water mass transformation rates (WMT) in Sverdrup (Sv) on the
southern Weddell Sea continental shelf (see area in map) in (a) REF in the time periods
2000-2014 (straight lines) and 2086-2100 (dotted lines). (b) Freshwater fluxes split into sea
ice, ice shelf and E-P (evaporation - precipitation) for the same time spans. (c) and (d) are
the same as (a) and (b) but for the FECO simulation.

approx. 3.12Sv (dotted black line in Fig. 5.6a). Densification through sea-ice flux decreases
by 30 % between 2000-2014, but freshwater flux by basal ice shelf melt remains stable. How-
ever, reducing density through E-P increases from 0.16 Sv to 0.22Sv, caused by rising air

temperatures.

The higher resolved atmosphere in the FECO simulations reduces the peak total DSW
formation in 2000-2014 to 5.85 Sv, which is closer to the observations. The produced density
(class) decreases from 1027.575 to 1027.45kgm 3 s~! (Fig. 5.6¢). These changes are caused by
higher melt rates on the continental shelf in summer compared to REF. The DSW formation
at the end of the century reduces in FECO to 4.43 Sv, which corresponds to a reduction of
24 %, which is far less than in REF, where the climate change over the 21st century causes a
reduction of DSW formation by 44 %. Reasons can again be found in the sea-ice formation,
the main driver for dense water formation on the southern Weddell Sea continental shelf
(Fig. 5.6d). Additionally, in FECO the increase of basal melt has a bigger influence on the
water mass transformation than in REF (dotted light blue line in Fig. 5.6d). Due to a sudden
increase in mWDW transport into Filchner Trough in 2093, larger amounts of warm water are
able to intrude into the Filchner Ice Shelf cavity, increasing basal melting. Such a scenario

does not occur in REF, where instead the melt water component decreases.
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5.5 Discussion

Using an ocean model forced with results from atmospheric simulations at two different
resolutions, we investigate the impact of atmospheric resolution on coastal polynyas in a
warming climate scenario. We find that the lower air temperatures in the high-resolution
experiment increase the overall sea-ice formation in the Weddell Sea but reduce polynya
areas in recent climate. At the end of the century, the higher sea-ice concentration in the
high-resolution experiment leads to a larger possibility for polynya formation than in the
low-resolution reference experiment.

The areas of the polynyas detected in the reference simulation during recent climate agree
largely with satellite-based polynya data (PAUL ET AL., 2015), sea-ice production in the
polynyas, however, is much higher in our model results than the observation-based estimates
suggest. In FECO, the smaller polynya areas also slightly reduce freezing rates of sea ice but
the change is insufficient to compensate for the apparent overestimation of sea-ice production
at Coats Land and the Brunt Ice Shelf front. The satellite-based polynya detection scheme
by PAUL ET AL. (2015). is based on ERA-Interim reanalysis data to calculate the surface
energy balance. STULIC ET AL. (2023) suggested that the warm bias in the ERA-Interim
data might cause a reduction of polynya area and sea-ice production, leading to low values in
PAuL ET AL. (2015). Another reason for the differing values in sea-ice production between
observations and our model results lies in the presence of A23a. This iceberg calved from
the Filchner-Ronne Ice Shelf in the 1986 and was stuck on the continental shelf for the
following 34 years until in 2020 it started moving again. According to MARKUS (1996),
the grounded iceberg increases sea-ice concentration at the Filchner Ice Shelf. Our model
does not include A23a, leading to lower sea-ice concentration and higher sea-ice production
at the Filchner Ice Shelf front. At the same time, polynyas develop on the lee side of the
grounded iceberg (MORALES MAQUEDA ET AL., 2004; PAUL ET AL., 2015), increasing sea-ice
production north of Berkner Island. STULIC ET AL. (2023) investigated the influence of the
iceberg on the polynya sea-ice formation in the region and showed that without the iceberg
sea-ice production at the Filchner Ice Shelf front is nearly three times as large as with the
iceberg, while sea-ice formation north of Berkner Island reduces significantly. The effect on
the polynya areas east of the Filchner Ice Shelf seems to be smaller and does not explain
the overestimation of sea-ice production in our model at Coats Land and the Brunt Ice Shelf
front. This overestimation of sea-ice production also needs to be taken into account when
evaluating the changes in polynya areas and sea-ice production at the end of the century.

At the end of the 21st century, the differences between the forcing data sets used in REF
and FECO are of similar magnitude and distribution as at the beginning of the century.
As an effect, polynyas in FECO are again slightly smaller than in REF, similar to the time
period 2000-2014. In contrast to the first period, Brunt area also produces smaller polynyas
in FECO than in REF. The generally lower sea-ice production, caused by the warmer climate
at the end of the century, causes density loss in the DSW on the continental shelf. In 2093,
the conditions for a regime shift in Filchner Trough are met in FECO, where mWDW enters
the trough as a near-bottom current, increasing temperatures in the Filchner Trough and,

when reaching the Filchner Ice Shelf, raising melt rates in the cavity. The overestimation of
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sea-ice production implies that in a simulation with a more realistic sea-ice representation, the
density loss on the continental shelf and particularly in Filchner Trough would progress even
faster, moving the regime shift forward in time. In TESKE ET AL. (2024b), the regime shift
in Filchner trough was projected to happen around 2075. The very-high emission scenario
SSP5-8.5 simulation by NISSEN ET AL. (2023) projected a possible regime shift to begin in
the 2080s.

The main drivers behind the differing polynya formation behaviour in REF and FECO
are the lower air temperatures and weaker wind fields in large areas of the Weddell Sea
in the CCLM forcing data. HAID ET AL. (2015) showed that large-scale wind patterns
have a stronger impact on polynya formation than local wind patterns in the Weddell Sea.
Our results agree with this. While CCLM produces stronger off-shore wind speeds at the
eastern Ronne Ice Shelf front, the Filchner Ice Shelf front and along the coast of Coats Land,
the additional local sea-ice formation is compensated by lower export of sea ice from the
continental shelf and higher sea-ice thickness and sea-ice concentration on the continental
shelf.

One area that stands out in the wind and temperature patterns in CCLM that differ
strongly from the AWI-CM data is the Filchner Ice Shelf front and the coast of Coats Land.
Here, stronger off-shore winds prevail in CCLM while air temperatures are higher by up
to 0.3°C. The higher resolution above Coats Land increases the roughness in the model.
The lower atmosphere in Antarctica has a more or less stable layering with a cold bottom
layer. Increased roughness of the terrain leads to stronger turbulent mixing of the lower
layer, increasing the 2m temperature used to force the ocean simulation. A secondary role
might by played by the representation of katabatic winds in the high-resolution CCLM. The
better representation of gradients focuses down-hill katabatic winds into smaller regions,
displaying them more precisely than AWI-CM. In AWI-CM, katabatic winds are broadened
and smoothed by the lower horizontal resolution, leading to cooling over larger areas above
the coastal waters. Thus AWI-CM has a cold bias, which is corrected in CCLM by the more
precise representation of local cold winds.

Our results confirm that the development of polynyas in the Weddell Sea depends on
the representation of the local orography in the atmospheric component of the model sys-
tem. Dynamic downscaling of atmospheric model results to a higher resolution improves the
representation of gradients in mountainous areas, influencing wind and temperature distribu-
tions above the ocean. For the future projections, lower air temperatures and weaker winds
in the high-resolution atmosphere simulation increase the sea-ice formation compared to the
low-resolution reference simulation. But despite higher sea-ice formation rates in polynyas,
a shift in the sea-ice melt regions onto the continental shelf in the high-resolution simulation
leads to the formation of lower-density water masses, creating conditions favourable for a

regime shift in Filchner Trough.
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The strong Antarctic Slope Front in the southern Weddell Sea limits the present-day
transport of modified Warm Deep Water onto the continental shelf and is associated with
a characteristic V-shape in the density structure all along the continental slope. The mech-
anisms controlling today’s V-shape are well studied, but its future development is not yet
well constrained. In this study, we run ocean model simulations for a 21st-century Shared
Socio-economic Pathways (SSP) 3-7.0 emission scenario forced with atmospheric model out-
put from simulations with a global climate model and from a higher-resolved regional atmo-
spheric model, respectively. We find that the resolution of the atmospheric model component
influences the simulated future transport of modified Warm Deep Water onto the continental
shelf through differences in the evolution of the depth and symmetry of the V-shape over the
21st century. In both simulations, reduced sea-ice formation and weakened Ekman down-
welling reduce the depth of the V-shape and increase the sensitivity of its position above the
slope to seasonal variations in sea-ice production and in the wind field. Using data from an
atmosphere model with higher resolution leads to an acceleration of the density redistribution
on the continental shelf, provoking a regime shift from cold to warm Filchner Trough through
a cross-slope current before the end of the 21st century. As cross-slope currents disturb the
continuity of the V-shape, we define a grade of connectivity to quantify the lateral integrity
of the V-shape along the continental slope. We find that the integrity of the V-shape reduces
with a delay of 3 months after a strong cross-slope current of modified Warm Deep Water
enters Filchner Trough. Our results also indicate that the SSP3-7.0 climate scenario may
have a higher potential for a regime shift than other ocean simulations for the same scen-
ario but with lower atmospheric resolution suggest. Atmospheric downscaling increases the
potential for a regime shift, dominated by warmer summer air temperatures. The Antarctic
Slope Front is temporarily disturbed by cross-slope currents but the primary reason for the

regime shift is the cross-slope density gradient.

6.1 The density distribution at the Filchner Trough sill

The Filchner Trough on the continental shelf in the southern Weddell Sea, Antarctica (Fig. 3.2),
is one of the key regions of Dense Shelf Water (DSW) export and therefore plays an important
role in the global ocean circulation (HEYWOOD ET AL., 2014). However, the Filchner Trough
is also a region where a southward current of modified Warm Deep Water (mWDW), the
local cooler derivative of Circumpolar Deep Water, may reach the Filchner ice shelf cavity
and significantly increase melt rates (DARELIUS ET AL., 2016; RYAN ET AL., 2020). Future
climate projections for different warming scenarios have shown that a regime shift from a
cold DSW-dominated to a warm mWDW-dominated Filchner Trough is possible during the
21st century (DAAE ET AL., 2020; HAID ET AL., 2023; NISSEN ET AL., 2023; TESKE ET AL.,
2024b; TIMMERMANN AND HELLMER, 2013). Numerous studies have demonstrated that the
density ratio between the continental shelf and the open ocean is critical in controlling the
on-shelf transport of relatively warm off-shore water (DAAE ET AL., 2020; HAID ET AL., 2023;
NISSEN ET AL., 2023). While a higher density of shelf waters prevents a warm inflow onto the
shelf, projections have shown the potential for a reversal of the density ratio (HAID ET AL.,
2023; NISSEN ET AL., 2023), allowing for mWDW transport onto the continental shelf.
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North of Filchner Trough above or near the continental shelf break sits the Antarctic
Slope Front (ASF), the frontal zone between coastal and open-ocean waters which is asso-
ciated with strong subsurface temperature and salinity gradients. Around Antarctica, the
structure of the ASF varies depending on hydrographic properties over the continental shelf
and shelf break, and can be classified into three groups: fresh shelf, warm shelf, and dense
shelf (THOMPSON ET AL., 2018). With its DSW production and export, the continental
shelf of the southern Weddell Sea is an example for a dense shelf. For dense shelves, density
surfaces tilt down southward towards the continental slope, but shoal again above the DSW
layer. This creates a characteristic V-shape running perpendicular to the continental slope
(see also Fig. 3.3a) which has been described in many studies (e.g., BAINES, 2009; GILL,
1973; Ou, 2007; THOMPSON ET AL., 2018). Variability in the V-shape has been linked to
variability in both DSW export and on-shelf transport of mWDW. While the northern arm
of the V-shape is formed by Ekman downwelling (SVERDRUP, 1954), the southern arm of
the V-shape is formed by entrainment of overlying surface water to the descending flow of
DSW (BAINES, 2009; GiLL, 1973). The V-shape shows seasonal variability in depth that has
been associated with variations in the along-shore wind strength (GRAHAM ET AL., 2013).
For example, a peak in wind strength in the southeastern Indian Ocean in April 2009 led to
increased mixing, on-shore Ekman transport and convergent downwelling on the continental
shelf near 113°E. Similar behaviour was observed in 2010 and 2011 (PENA-MOLINO ET AL.,
2016). Kipa (2011) showed in a numerical model experiment with an idealized set-up of
the Filchner Trough and the southern Weddell Sea that enhanced winds lead to a deepening
of the V-shape and a decrease of the ocean stratification near the continental shelf break.
The larger amount of lighter surface water at greater depth increases the density gradient
across the shelf break and enhances the overflow transport. In contrast, three-dimensional
eddy-resolving simulations by STEWART AND THOMPSON (2015a,b) showed nearly no sensit-
ivity of the DSW export to wind strength. Reanalysis of ship-based observations, argo floats
and data from marine mammals showed a steepening of the angle of the northern arm of
the V-shape in the southern Weddell Sea in winter and a flattening in summer (LE PAIH
ET AL., 2020; PAUTHENET ET AL., 2021). The seasonal variability of the V-shape and the
associated thermocline at the continental slope leads to seasonal pulses of mWDW flowing
into the Filchner Trough (ARTHUN ET AL., 2012; HELLMER ET AL., 2017). Several studies
have shown that an intensification of these seasonal pulses is a precursor for an impending re-
gime shift in the Filchner Trough (HELLMER ET AL., 2017; NAUGHTEN ET AL., 2021; TESKE
ET AL., 2024b).

Despite its importance for the on-shelf supply of heat governing Antarctic ice shelf melting,
only comparatively few studies with global ocean or climate models have focused on the
Antarctic Slope Current or the ASF due to the high resolution requirements to adequately
resolve coastal ocean dynamics (BEADLING ET AL., 2022; HUNEKE ET AL., 2022; MATHIOT
ET AL., 2011; STEWART ET AL., 2019). While only BEADLING ET AL. (2022) concentrated on
possible responses of the ocean to changes in the wind field and meltwater input in a future
climate, their model resolution of 100 km to 200 km is relatively coarse. MATHIOT ET AL.
(2011) showed that a downscaling of the atmospheric forcing to 40 km in a hindcast scenario

increases katabatic winds and increases the strength of the seasonal cycle in the wind and
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temperature fields. While modeling studies on different aspects that affect the Antarctic
Slope Current, like freshwater input or changes in the wind strength and direction are more
abundant, they often use idealized set-ups, regional models, or are only coarsely resolved
(DINNIMAN ET AL., 2012; HATTERMANN ET AL., 2014; Kipa, 2011; LOCKWOOD ET AL.,
2021; N@ST ET AL., 2011; ONG ET AL., 2023; ST-LAURENT ET AL., 2013). Previous studies
have described a possible regime shift in the Filchner Trough, but less attention has been paid
to the consequences that a shift in the current regime might have for the density structure at
the continental slope which is controlling the mWDW inflow into Filchner Trough (HELLMER
ET AL., 2012; NAUGHTEN ET AL., 2021; NISSEN ET AL., 2022, 2023, 2024; TIMMERMANN AND
HELLMER, 2013). The sensitivity of the ocean processes in response to the atmospheric forcing
was demonstrated by HATTERMANN ET AL. (2014), HAID ET AL. (2015) and DINNIMAN
ET AL. (2015). This leads us to the hypothesis that resolved mesoscale atmospheric processes
may intensify the seasonality of the V-shape, the on-shore mWDW transport and the export of
DSW in the Weddell Sea. Additionally, a finer atmospheric resolution produces more detailed
and more pronounced temperature and wind speed gradients mostly related to katabatic
winds and foehn wind (CAPE ET AL., 2015; ELVIDGE ET AL., 2014; MATHIOT ET AL., 2011;
VAN LIPZIG ET AL., 2004; VAN WESSEM ET AL., 2015).

The aim of this study is to explore the evolution of the V-shaped ASF in the southwestern
Weddell Sea in a warming climate (for study area see Fig. 3.2). By using ocean model
simulations forced with data from two atmosphere models with different grid resolutions, we
assess the processes governing the structure of the ASF and the transport of mWDW onto
the continental shelf. To reach that goal, we analyse (i) how the cross-slope structure of the
V-shape at the Filchner Trough sill develops in a high-emission climate scenario for the 21st
century in Chapters 6.2.2 and 6.3.1, (ii) the change in seasonal atmospheric variability and its
influence on the symmetry and structure of the V-shape (Chapters6.3.2 and 6.3.3), and (iii)
the longitudinal integrity of the V-shape as an indicator for the stability of the ASF and a
possible regime shift in the Filchner Trough in a warming climate (Chapter 6.4).

6.2 The shelf regions of the southern Weddell Sea

6.2.1 Present-day V-shape in the Weddell Sea (REF simulation)

The reference simulation REF shows a distinct wedge structure of the isopycnals above the
continental slope for the period 2010-2014, but details vary substantially across different
sectors of the Weddell Sea (Fig. 6.1). In the following, the potential density is always given
relative to 1000 kg m—3. At the coast of Dronning Maud Land (DML) in the eastern Weddell
Sea, a fresh-shelf region, the narrow continental shelf prevents the accumulation of large
amounts of DSW. Cold, fresh surface water is pushed towards the coast and subducted,
pressing down on the isopycnals of greater density (Fig. 6.1a). The planes of equal density
dip towards the continental shelf and the coast, forming only the northern arm of a V-shape.
The section at Filchner Trough (Fig. 6.1b), a dense-shelf region, shows a strongly pronounced
V-shape in which the 27.7 kg m™3 isopycnal is found at approx. 500 m greater depth above

the continental slope than on the continental shelf. The southern arm of the V-shape is
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pronounced in the Filchner Trough, as this is an area of DSW overflow (Fig. C.1). Further
to the west at the Ronne Trough (Fig. 6.1c), water of colder temperature reaches deeper
than at the Filchner Trough. However, the V-shape is less pronounced in the upper open
ocean, i.e., the region displays a less pronounced northern arm, due to the deepening of the
slope current along its path following the continental slope. At the Antarctic Peninsula in
the western Weddell Sea (Fig. 6.1d), a V-shape in the isolines is clearly visible only in the
temperature field and for the 27.7 kg m~3 isopycnal and higher-density but not for lower-
density isopycnals. In addition, mWDW at temperatures around -1°C can be found on the
continental Shelf and in the Larsen Ice Shelf cavity originating from Ronne Trough and
following the coast northward (Fig. C.1a). The Filchner Trough has previously been shown
to be an entrance point for mWDW to reach the Filchner Ronne ice shelf (e.g. FOLDVIK
ET AL., 1985; RYAN ET AL., 2017). Because of its particular relevance, we will focus on the

Filchner Trough in our further analysis.
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Figure 6.1: Potential temperature sections across the continental slope in the southern
Weddell Sea with isopycnals shown relative to 1000 kg m~2 for 27.4, 27.6 27.7 (orange) and
27.8 kg m~3 for the average over 2010-2014 in REF. a) Dronning Maud Land, b) Filchner
Trough, ¢) Ronne Trough, and d) Antarctic Peninsula. The continent and ice shelves (marked
in grey) are on the left-hand side for all panels. See Figure 3.2 for the exact locations of the
transects.

6.2.2 Present-day seasonality of the V-shape at Filchner Trough (REF
simulation)

Previous studies have shown that seasonal variations in the density distribution at the con-
tinental shelf break control the on-shore flow of mMWDW (e.g. TESKE ET AL., 2024b). During
the historical 2010-2014 time period in REF, the depth and steepness of the V-shape shows
seasonal variations (Fig. 6.2). More intense sea-ice formation on the continental shelf leads to
thicker sea-ice above the continental shelf (Fig. C.3) and stronger DSW export in winter and
spring than in summer and autumn, which pushes down the isopycnals at the continental
slope by approx. 50m (Fig. 6.2 a, b). This is consistent with observed variations in the
thermocline depth at the Filchner Trough sill (HATTERMANN, 2018), though with a smaller
amplitude than in the observations. Sea-ice melting during summer reduces the steepness
of the arm of the V-shape above the continental shelf (Fig. 6.2c). Subsequently, stronger
densification over the continental shelf through sea-ice formation in autumn strengthens the
southern arm again (Fig. 6.2d). Sea-ice formation in winter is particularly pronounced along
the coasts of the Weddell Sea (Fig. C.2e), while in summer most of the Weddell Sea is dom-
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inated by sea-ice melting (Fig. C.2i). Only a small band along the Filchner-Ronne Ice Shelf
edge produces sea ice year round, which - together with sea-ice deformation by tides and
variable winds - leads to a band of exceptionally thick sea ice north of Ronne Ice Shelf in
summer (Fig. C.3i).

The rise of the thermocline in summer also enables seasonal pulses of mMWDW to flow onto
the continental shelf (see also RYAN ET AL., 2020; TESKE ET AL., 2024b). The horizontal
temperature gradient in 300 m depth is strongest during winter - which is consistent with
observations (Fig. C.4; PAUTHENET ET AL., 2021) - however the northern arm of the V-
shape has its steepest angle during summer (blue line in Fig. C.5). During summer, reduced
DSW export (Fig. C.6) and weakened Ekman downwelling (see also Fig. 6.5) reduce the
depth of the V-shape compared to winter (Fig. 6.2c). The main mechanisms behind the
seasonal variations are thus the seasonal production of DSW and seasonally varying Ekman
downwelling. These mechanisms as found in the simulation agree with observations and
previous modelling studies (LE PAIH ET AL., 2020; PAUTHENET ET AL., 2021; PENA-MOLINO
ET AL., 2016; RYAN ET AL., 2020).
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Figure 6.2: Potential temperature in the 2010-2014 mean of the Filchner Trough sec-
tion in REF for winter (June-August), spring (September-November), summer (December-
February), and autumn (March-May). The colored (white) lines show the position of the
27.7 kgm ™3 (27.8 kgm~3) isopycnal in the respective season. Horizontal dotted line shows
the maximum depth of the 27.7 kgm ™3 isopycnal in winter. The continent and ice shelves
(marked in grey) are on the left-hand side for all panels. See Figure 3.2 for the exact locations
of the transects.

6.3 Effects of the atmosphere

6.3.1 Effect of a warming climate on the seasonally varying V-shape geo-
metry (REF simulation)

Over the 21st century, increased summer sea-ice melting and reduced freezing rates in winter
above the continental shelf (Fig. C.2) lead to freshening of the continental shelf and to a
density redistribution in the Filchner Trough and across the continental slope. While the
geometry of the V-shaped density distribution is mostly symmetrical in 2010-2014 (Fig. 6.2),
it becomes lopsided towards the end of the century in the REF simulation (Fig. 6.3). A
reduction of the density over large parts of the water column in Filchner Trough by up to
0.2 kgm ™2 between 2000 and 2100 reduces the vertical extent of the southern arm of the V-

shape. In addition, a shoaling of the slope current over the course of the century reduces the
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depth of the V-shape so that the yearly mean depth of the 27.8 kgm™2 isopycnal lifts from
approx. 992m to 791 m between 2010-2014 and 2096-2100 (dotted and dashed horizontal
lines in Fig. 6.3, respectively). Of all seasons, the V-shape reaches its deepest position in
summer by the end of the century (Fig. 6.3c), as opposed to in winter for the 2010-2014
period (Fig. 6.2).
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Figure 6.3: Potential temperature in the 2096-2100 mean of the Filchner Trough sec-
tion in REF for a) winter (June-August), b) spring (September-November), ¢) summer
(December-February), and d) autumn (March-May). The colored lines show the position of
the 27.55 kg m 3 isopycnal in the respective season, the white line the 27.8 kgm™2 isopycnal.
The gray line shows the position of the 27.7 kgm™3 from Fig. 6.2. The dotted (dashed)
horizontal gray line shows the mean depth of the 27.8 kgm™3 isopycnal in the multi-year
mean of 2010-2014 (2096-2100).

The change in sea-ice thickness and concentration (Fig. C.7a & b) during the 21st cen-
tury does not only lead to freshening of shelf waters, but also influences how the wind field
impacts the ocean surface. To isolate the relative effects of wind speed changes and changes
in sea-ice properties, we compute the wind stress curl from the 2m wind field assuming a
constant drag coefficient over ocean (C40=1.00e-3) and sea ice (C47=1.32e-3), weighted by
sea-ice concentration per grid cell. We find that an intensification of the wind field towards
the end of the century enhances existing wind stress curl patterns in winter (Fig. 6.4a-d),
while qualitatively the patterns remain largely unchanged. In contrast, considering the ocean
surface stress, i.e. taking the effect of the sea-ice cover into account, we find an alternating
pattern of negative and positive surface stress curl, corresponding to alternating areas of up-
and downwelling, respectively (Fig. 6.4e). With a reduction of winter sea-ice thickness by
up to 80 % compared to at the beginning of the century, some of the up- and downwelling
areas are redistributed. Regional variability is slightly reduced so that the surface stress curl
resembles the wind stress curl more closely at the end of the century. Similar changes in
the wind stress curl can be seen in spring and autumn (Fig. 6.4 b/d vs. f/h). In summer,
when the sea-ice thickness (Fig. C.2) and concentration (not shown) in the Filchner Trough
is already low between 2010 and 2014, a southward shift of the wind field increases areas of
downwelling above the continental slope. The impact of sea ice on the surface stress curl
is especially visible in autumn where in the 5-year average for March to May, the Filchner
Trough is covered approximately halfway by sea ice. South of approx. 76°S, sea ice creates
alternating patterns of positive and negative surface stress curl, while north of this, surface
stress curl closely resembles the wind stress curl (Fig. 6.4 d, h).

From the fact that in the comparison between 2096-2100 and 2010-2014 we find modified

patterns of spatial variability in the ocean surface stress curl (lower panels in Fig. 6.4) much
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more pronounced than in the wind stress curl (upper panels in Fig. 6.4), we conclude that
the long-term trend in up- and downwelling patterns is created by trends in the sea-ice cover
rather than in the wind field. The combination of reduced DSW export in winter and spring

and the enhanced wind stress impact on the ocean is then responsible for the change in the

seasonal variations of the V-shape.
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Figure 6.4: Wind stress curl (Nm™3), estimated from the 2m-wind field, in the 5-year
means of 2096-2100 (black line) and 2010-2014 (gray line) in REF above the Filcher Trough
section (see Fig. 1) for (a) winter (June-August), (b) spring (September-November), (c)
summer (December-February), and (d) autumn (March-May). (e)-(h) Same as (a)-(d) but
for surface stress curl on the liquid ocean from overlying atmosphere and sea ice. Positive
curl corresponds to downwelling.

6.3.2 Sensitivity of the Filchner Trough circulation to atmospheric forcing

The application of the regional higher-resolved CCLM forcing in FECO affects the transport
of mMWDW onto the continental shelf. Reduced freezing rates along the coasts in winter and
higher melt rates in summer (Fig. C.2) due to higher air temperatures (not shown) compared
to REF lead to an additional decrease of the Filchner Trough mean salinity by up to 0.2 psu
over the course of 10 years of transition time, converging to a new mean state for all three time
slices (Fig. 6.5d). Additionally, lower wind speeds in most of the southern Weddell Sea reduce
the wind stress on sea ice and ocean, except for some areas at the eastern Ronne Ice Shelf
Front and the Filchner Ice Shelf, where stronger off-shore winds dominate. In contrast to the
salinity, the mean potential temperature does not appear to be sensitive to the forcing change
(Fig. 6.5¢) in the transition time. In the FECO experiment, the circulation across the Filchner
Trough sill and in the trough experiences a regime shift that REF does not. In 2093, mWDW
enters the Filchner Trough as a near-bottom current across the sill, strongly increasing the
temperature in the trough (Fig. 6.5¢). This is not the first occasion for mWDW to influence
the temperature of the Filchner Trough. Over the course of the 21st century, REF shows
increasingly stronger seasonal pulses of mMWDW crossing into the Filchner Trough across the
shelf east of Filchner Trough and along the eastern slope of the trough (Fig. C.8). Over the

course of the reference simulation, we find an increase in the temperature of the mWDW
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Figure 6.5: Hovmoller diagram of the yearly mean temperature in Filchner Trough (see
Fig. 3.2) for (a) REF and (c) FECO. Colored lines show the relative temperature change of
the horizontally and vertically averaged temperature of the whole water column compared
to 2000. (b) & (d) Same as (a) & (c) but for salinity. Orange lines in (c¢) and (d) are the
same as the orange lines in (a) and (b), respectively. Red line marks the relative change of
the average temperature/salinity in FECO. Red vertical line: boundary between historical
and future climate scenario. Black vertical lines: boundary between transition time and
experiment in FECO.

pulses, originating in a warming of the slope current. The slope current shows a warming
trend of approx. 0.053°C per decade between 2000 and 2100. This agrees well with the
0.05°C per decade that were observed between 1980 and 2010 (SCHMIDTKO ET AL., 2014).
Previous studies have suggested that warmer and longer-lasting pulses can be a precursor
for a regime shift in the Filchner Trough from a DSW-dominated to a mWDW dominated
state (NISSEN ET AL., 2023; RYAN ET AL., 2020; TESKE ET AL., 2024b; TIMMERMANN AND
GOELLER, 2017; TIMMERMANN AND HELLMER, 2013), but despite the increase in the mean

temperature and the visible mWDW pulses, no sudden warming of the trough occurs in REF.

Before the regime shift in FECO, the reduced density of the upper 1000 m in the open
ocean leads to changes in the position and symmetry of the V-shape above the contin-
ental slope (Fig. 6.6). The comparison of the seasonal positions of the deepest point of
the 27.4 kgm~3 isopycnal in FECO for 2088-2092 (Fig. 6.6b) - chosen for its position at
depth above the continental slope at all times, but nearly no intersection with the surface
in REF - yields an additional horizontal component to the seasonal depth variation seen in
REF (Fig. 6.6a). This horizontal movement displaces the V-shape by approx. 50 km between
summer, when the deepest point of the V-shape is at its southernmost point, and winter.
The deepest point of the V-shape is closest to the sill in summer and furthest away in winter
(Fig. 6.6b). In addition, the V-shape reaches its deepest position in spring and summer,
while REF reaches the deepest point in winter and spring. The fresher water masses on the
continental shelf in FECO cause the southern arm of the V-shape to be very flat and to van-
ish during autumn (Fig. 6.6b, yellow curve). Stronger Ekman downwelling in autumn, but
a late onset of the freezing season lead to a situation that temporarily resembles fresh-shelf
regions like the Dronning Maud Land section (Fig. 6.1d), though sea-ice formation in winter

regularly restores the V-shape.
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Figure 6.6: Potential temperature in the 2088-2092 mean (5 years before regime shift in
FECO) in a) REF and b) FECO. Colored lines show the position of the 27.4 kg m~3 isopycnal.
c) and d) same as a) and b) but for 2096-2100.

6.3.3 Accelerated density redistribution with high-resolution atmospheric
forcing

The high-resolution atmospheric forcing does not only affect the slope front symmetry and
seasonality, but also accelerates the reduction of density over the 21st century compared
to REF (Fig. 6.7). The differences in the density evolution between REF and FECO are
particularly large in Filchner Trough (Fig6.7a). Here, the application of CCLM forcing
leads to a negative density trend between 2000 and 2092 that is 1.47 times larger than in
REF. Values after 2092 were excluded from the calculation due to the impact the regime
shift has on the density of the Filchner Trough. In contrast, above the continental slope
north of the Filchner Trough sill, the trend is slightly smaller in FECO than in REF (-

I as compared to -1.6 kgm~3 century~!; Fig. 6.7b). Separately assessing

1.5 kgm ™3 century~
the trends in temperature and salinity reveals that the density trend on the continental shelf
is driven by freshening, while the trend in the slope current is driven by a combination of
warming and freshening (Fig. C.9). From this we conclude that reduced sea-ice formation is
not the only factor influencing the density distribution across the continental slope, but the

dominating one for the existence of the V-shape.



58 CHAPTER 6. ACCELERATED DENSITY REORGANIZATION

£

S

=

2

) rgr = 0-17 century* ©

g m =-0.25 century ™

27.4 FECO | i . . |
2000 2020 2040 2060 2080 2100

density (kg/m3)

_ -1
Meer = —3.16 cer]turyi1
74 Meeco = - .15 centurly . ‘ ‘
2000 2020 2040 2060 2080 2100

—=— REF —— FECO

Figure 6.7: Linear regression of the annual mean potential density relative to 1000 kg m~3

over time in a) the Filchner Trough and b) at the Filchner Trough Sill at 636 m depth for
REF in blue and FECO in red. The slope of each linear fit is given in the figure. Data points
outlined in black were excluded from the calculation due to the regime shift in 2093. The
areas over which properties are averaged for the time series are indicated in Fig. 3.2.

6.4 Influence of cross-slope currents on the V-shaped density

distribution

With the onset of the near-bottom current of mWDW entering the Filchner Trough in FECO
in 2093, the V-shaped density distribution at the continental slope experiences pronounced
structural changes that lead to the loss of the southern arm of the V-shape. Visible as a
sudden increase in the average temperature in the Filchner Trough (Fig. 6.5¢), the inflow of
mWDW in FECO in 2093 brings the bottom density in the Filchner Trough closer to that
of the slope current. This has the effect of increasing the stratification of the water column.
In combination with low sea-ice formation rates and reduced mixing (not shown) during the
freezing season, the seasonal variations in the southern arm of the V-shape vanish at depths
below approx. 450m (Fig. 6.6d), in contrast to REF, where the V-shape is formed also at
greater depths (Fig. 6.6¢). Seasonal variations of the depth of the V-shape and the position
of the northern arm remain, however, the southern arm of the V-shape decreases strongly
in vertical extent. From a height difference in spring of approx. 200 m between the deepest
point of the V-shape and the shallowest point above the continental shelf, the 27.4kgm™3
isopycnal position reduces to a vertical range of approx. 80 m after the bottom current onset.
With the near-bottom inflow of mWDW into the trough, the sensitivity of the southern arm
of the V-shape to sea-ice formation is reduced, while the northern arm, which is created by

the wind, remains.

The timing of the intensified mWDW flux in FECO can be related directly to the density
gradient across the Filchner Sill and the depth of the thermocline at the sill. In FECO,
the thermocline remains above the Filchner Trough sill depth throughout the 15-year FECO
simulation and stays between 400 m to 600 m depths, while the thermocline in REF rises from

approx. 1000m in 2000 to 600 m depth over the course of the 21st century (last 15 years
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Figure 6.8: a) Depth of the thermocline at the Filchner Sill (horizontal line: sill depth at
636 m) and b) density ratio between the maximum density in Filchner Trough (pq4.) and
the mean density at the Filchner Trough sill (see Fig. 3.2) at 636 m depth (pe36m)-

shown in Fig. 6.8a). The sill depth of approx. 600m (horizontal gray line in Fig. 6.8a) is
only crossed occasionally and never for an extended period of time. Despite the thermocline
in FECO already reaching above the sill from the beginning of the time slice 2086-2100,
the warm near-bottom current is still only developing at a later date. This agrees with the
conclusions presented by HAID ET AL. (2023) suggesting that another key factor for or against
an inflow of mWDW onto the continental shelf in addition to the depth of the mWDW at
the slope is the density ratio between the dense water on the shelf and the slope current (see
also NISSEN ET AL., 2023).

The inflow of mWDW onto the continental shelf is not only visible in the cross-slope
density structure, but also as a disruption of the V-shape in along-slope direction. In both
simulations, the GOC at the Filchner Sill shows multiple minima between 2086 and 2100,
demonstrating phases of instability of the Antarctic Slope Front where the barrier across the
sill is weakened (Fig. 6.9). However, not all of the recognised events of a minimum GOC
are related to an increased flow of mWDW into the Filchner Trough. The comparison of the
southward mWDW (O >-0.8°C) transport in the Filchner trough across the central Filchner
Trough sill with the GOC in FECO shows a significant correlation with a lag of 3 months
(p=0.0005, r=0.35) between the maximum mWDW transport and a minimum of the GOC
after 2093 (Fig. 6.9). In REF, there is not only a lagged correlation between the inflow
of mWDW with the GOC (p=7e-7, r=0.36) but also weakly between the outflowing DSW
(0 <-0.8°C) and the GOC (p=0.0001, r=0.29), while FECO does not show this correlation
(p=0.27, r=0.08). The calculation of the GOC was performed for 250 m depth, where the
V-shape is present at all times, even when it is less pronounced. The changing circulation
patterns associated with the density reorganization on the shelf in FECO decouple the weak

correlation between the water export and GOC that can be found in REF.

6.5 Discussion

6.5.1 Drivers of the accelerated density redistribution: wind speed and

sea ice

Our results show that for the high-emission scenario SSP3-7.0, lower sea-ice production in a

simulation with high-resolution atmospheric forcing data accelerate the density redistribution
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Figure 6.9: a) Time series of the grade of connectivity (GOC) of the V-shaped density
structure above the continental slope at the Filchner Trough sill for REF (in blue) and
FECO (in red; for area outline see Fig. 3.2; for calculation see section 3.2.2). b) Southward
volume transport in Sv across Filchner Sill Central (see Fig. 3.2) of water masses mWDW
with a potential temperature of ©>-0.8°C and c) northward volume transport of DSW (©<-
0.8°C).

on the continental shelf of the southern Weddell Sea relative to a simulation with lower-
resolution atmospheric forcing. Subsequently, the accelerated density redistribution induces
a regime shift in the Filchner Trough area before the end of the 21st century. The regime shift
from a DSW-dominated to a mWDW-dominated state is accompanied by the near-loss of the
southern arm of the V-shaped density distribution at the continental slope that prominently
separates the shelf from the open ocean in today’s climate.

The main factors controlling the circulation regime in Filchner Trough are the wind
field and sea-ice production (TESKE ET AL., 2024b), which directly influence the density
distribution on the shelf. The on-shore transport of mWDW, which intensifies in the case
of a regime shift, strongly depends on the density ratio across the continental slope at the
Filchner Trough sill. This ratio changes faster in FECO than in REF, driven by an accelerated
freshening of the continental shelf in response to higher summer temperatures and weaker
wind speeds in CCLM. Higher summer air temperatures in FECO compared to REF lead to a
stronger decline and local melting of summer sea-ice. Since multi-year mean air temperatures
are actually lower in FECO than in REF, this emphasizes the importance of the seasonal
cycle.

Weaker wind speeds may have two effects: (i) smaller heat loss to the atmosphere, and
(ii) less wind-driven sea-ice transport. Both effects tend to reduce sea-ice production and
thus winter brine release in regions that are dominated by freezing and export of sea ice.
In contrast, stronger off-shore winds at the Filchner Ice Shelf front in FECO increase the
occurrence and width of coastal polynyas that locally cause higher sea-ice production rates.
While this could counteract some of the freshening of the Filchner Trough, the net effect

appears to be dominated by the weaker off-shore winds in the high-resolution atmosphere
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model.

In the historical time period between 2010 and 2014, REF produces a steeper, narrower
temperature and density gradient across the ASF at 300 m depth during winter than during
summer, which agrees with the assessment of the ASF by PAUTHENET ET AL. (2021). Ac-
cording to their study, the ASF forming the northern arm of the V-shape has the smallest
meridional extent during winter months, which translates to a strong temperature gradient.
The steepening is a result of stronger DSW export in winter. The entrainment of colder,
fresher surface water suppresses the isopycnal and forces the isopycnal and thermocline into
a steeper position. However, observational data for winter in the ice-covered southern Wed-
dell Sea are scarce, leading to high uncertainties in the assessment of the position and extent
of the ASF in the southern Weddell Sea. Additionally, Pauthenet et al. applied their ana-
lysis at 300 m at relatively shallow depths for the Weddell Sea, where the pycnocline extends
deeper than 380 m (THOMPSON ET AL., 2018). As Fig. 6.2 has shown, the isopycnals are
steeper in greater depth. It is therefore unclear if the shift in the minimum extent of 1.53°
of the distance between the -0.7°C and -0.3°C isotherms at 300m depth in winter during
2010-2014 of REF to a minimum extent of 5.41° in summer in 2096-2100 (Fig. C.4b) is an

effect of climate change and the shift in the front dynamics.

The decreasing wind strength over the 21st century in REF reduces the Ekman transport
and downwelling above the continental shelf. Multiple studies have shown that a strength-
ening and poleward shift of the westerlies and a weakening of the easterly winds above the
continental shelf will weaken the Ekman downwelling along the coast of the Weddell Sea
(NAUGHTEN ET AL., 2021; SPENCE ET AL., 2017; TESKE ET AL., 2024b). The indirect in-
fluence of the wind strength on the flow of Antarctic Surface Water and mWDW onto the
continental shelf has also been shown in previous studies (DINNIMAN ET AL., 2015; HAID
ET AL., 2015; HATTERMAN, 2018; HATTERMANN ET AL., 2014). In particular, HATTER-
MANN ET AL. (2014) described the weakening of shallow and the strengthening of deep inflow
towards the Fimbul ice shelf cavity in response to weaker easterly winds based on observa-
tions and modelling results. The projected reduced wind speed of the easterlies in our model
towards the end of the 21st century and the southward shift of the mid-latitude westerlies,
consistent with SPENCE ET AL. (2014) and GOYAL ET AL. (2021), broaden the V-shaped
density structure at the continental slope and reduce its depth in REF, as seen in Fig. 6.1.
The uplift of the thermocline due to weakened downwelling lifts mWDW closer to the sill
depth and slowly increases the amount of mWDW flowing into the Filchner Trough. A similar
signature is found when comparing results from FECO with those from REF: The generally
weaker wind speeds in the southern Weddell Sea in FECO than in REF weaken the Ekman
downwelling further, reducing the V-shape depth in comparison to REF. The reduced density
gradient weakens the barrier effect of the cross-slope gradient further and allows the strong

cross-slope current to develop towards the end of the century that does not develop in REF.
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6.5.2 Drivers of the accelerated density redistribution: cross-slope density
gradient

One of the main criteria for the potential of the current system in the Filchner Trough to
switch from a DSW-dominated state to the mWDW-dominated state is the density gradient
across the Filchner Trough sill as has been previously shown (HAID ET AL., 2023; NISSEN
ET AL., 2023; RYAN ET AL., 2017). A near-bottom current of mWDW onto the continental
shelf only develops once this gradient flattens out or reverses. Our results show that this
on-shelf current disrupts the V-structure at the slope, reducing the V-shape to the upper
450 m of the water column and warming the Filchner Trough. The horizontal distance of the
ASF (northern arm of the V-shape) to the continental slope varies over the year as shown
in an analysis of observational data by PAUTHENET ET AL. (2021). The introduction of the
GOC provides a metric for the stability of the ASF in areas of cross-slope transport in dense-
shelf areas. However, not all features of the V-shape of the ASF are included. The GOC is
useful to detect strong changes in the cross-slope density distribution that remove the dip in
the isopycnals or lead to a very large meridional displacement within the V-shape. What the
GOC is not able to do, is to differentiate between a lot of small displacements that just exceed
the distance threshold dj, and few very large meridional distances. Also, the selection of dj, as
a maximum displacement before it reduces the GOC influences the result. A distance larger
than ten times the grid size reduces the number of recognised events by 12.5 % compared to
a dy, of two times the grid size; with d;, 100 times the grid size, the number of recognised
events decreases by 29.1%. The three-month delay between intensified cross-slope currents
and a minimum event of the GOC at 250 m depth indicates a connection based on seasonal
cross-slope water transport. RYAN ET AL. (2017) showed that during winter intensified DSW
production and export suppress the isopycnals at the continental slope, reducing or stopping
on-shore transport of mWDW. This conclusion is back up by the lack of correlation in FECO
where DSW production is reduced compared to REF. The lack of non-delayed correlation
between cross-slope currents and the GOC indicates that an intensified bottom current does
not destabilize the ASF in shallower than sill depth. This also implies that a (hypothetical)
decreasing trend in the GOC cannot be regarded as an indicator that a cold-to-warm regime

shift in Filchner Trough is about to occur in the near future.

Comparison to other studies

Considering our results in the context of other scenario simulations for the 21st century, it
becomes clear that the choice of atmospheric forcing data has a strong impact on the suscept-
ibility of Filchner Trough to undergo a regime shift before 2100. Previous future projections
produced a tipping of the Filchner Trough circulation in very high-emission scenarios (e.g.,
SSP5-8.5 or similar; NISSEN ET AL., 2023; TIMMERMANN AND HELLMER, 2013) or idealized
scenarios (e.g., 1pctCO2 scenario; NAUGHTEN ET AL., 2021). Ocean simulations with lower
emission scenarios generally did not produce a regime shift (NISSEN ET AL., 2023; TIMMER-
MANN AND HELLMER, 2013), except in case of a coupled atmospheric component (TESKE
ET AL., 2024b, regime shift in SSP3-7.0 and SSP5-8.5 scenarios). While our reference sim-

ulation for the emission scenario SSP3-7.0 does not produce a regime shift during the 21st
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century, downscaling of the atmosphere in FECO induces a strong mWDW inflow before
the end of the 21st century. We therefore conclude that the potential for a regime shift
in a warming climate in the SSP3-7.0 scenario might be higher than suggested by previous
studies using relatively low-resolution atmospheric forcing (NISSEN ET AL., 2023). With the
currently implemented policies, global warming is projected to be between 2.2°C and 3.5°C
by 2100, which corresponds to the warming projected for the SSP2-4.5 (2.1°C-3.5°C) and
SSP3-7.0 (2.8°C-4.6°C) scenarios (IPCC, 2023). Our results thus highlight the importance
of developing a better understanding of the potential implications for vulnerable climate
components like the Antarctic Slope Front and the Filchner Trough in the current climate

development.

6.5.3 Limitations and caveats

Several studies have suggested that eddies play an important role in the transport of Cir-
cumpolar Deep Water across the continental shelf break (N@ST ET AL., 2011; STEWART AND
THOMPSON, 2015a). Our model is not eddy-resolving, but it has an eddy-permitting grid
resolution on the Weddell Sea continental shelf (~3-12 km). It has been proposed by N@sT
ET AL. (2011) that freshening of the shelf can lead to increased eddy kinetic energy which
drives onshore cross-ASF eddy transport. The resolution of approx. 12km at the continental
slope in our model grid might lead to an underrepresentation of eddies, the Rossby radius
in the southern Weddell Sea being 2-5km. With reduced eddy presence, the model might
underestimate cross-slope volume transport. An underrepresentation of eddy-driven on-shore
transport of mWDW would mean a greater depth of the V-shape as the lack of mesoscale ed-
dies reduces the relaxation of the isopycnals above the continental slope (DETTLING ET AL.,
2024). As a result, the temperatures on the continental shelf would be underestimated. A
shallower V-shape at the continental slope in a simulation with an adequate eddy represent-
ation might lead to an earlier regime shift of the Filchner Trough due to the lower density
gradient into the shelf and the higher connectivity between the slope current and the Filchner
Trough through the sloping isopycnals.

We have presented model results indicating the future evolution of the density distribution
across the Filchner Trough sill, a key property of the Antarctic Slope Front in the Southern
Weddell Sea. The reference simulation REF and the experiment simulation FECO with down-
scaled atmospheric forcing both reproduce the typical V-shaped density distribution that is
formed by interplay of Ekman downwelling and Dense Shelf Water export in the southern
Weddell Sea. Sea ice loss in the warming climate of the SSP3-7.0 emission scenario decreases
the density on the continental shelf and flattens the southern arm of the V-shape in REF and
FECO. This causes an increased sensitivity of the density distribution on the continental shelf
to seasonal wind speed variations. Using results from a regional, high-resolution atmosphere
model as forcing, we find an acceleration of the density redistribution on the continental shelf,
which leads to a regime shift with modified Warm Deep Water entering Filchner Trough before
the end of the 21st century for the high emission scenario SSP3-7.0. Colder air temperatures
in the multi-year mean are more than outweighed by the warmer summer air temperatures

of the regionally down-scaled atmosphere, accelerating density loss on the continental shelf,
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which ultimately leads to a regime shift from a cold Dense Shelf Water dominated Filchner
Trough to a warm, modified Warm Deep Water dominated trough in 2093. The criterion
of spatial coherency of the V-shape along the continental slope, quantified by the grade of
connectivity, is not usable as a tool to predict an imminent regime shift because the southward
transport of modified Warm Deep Water is, contrary to our expectations, not a result of a
weakening of the slope front, but instead leads to a temporary disturbance of the ASF and
the associated V-shape. While the density minimum is completely restored after disruption
in present-day climate, in a warming climate the distinct V-shape remains confined to the
upper ocean. Due to the geostrophic nature of the Antarctic Slope Current, the flattening
of the northern arm of the V-shape and stronger seasonality will affect the transport of the
slope current and the transport of heat towards the peninsula and onto the continental shelf
in the future.

The accelerated density redistribution by the high-resolution atmospheric data and the
resulting regime shift show that the potential for a regime shift in the Filchner Trough
in the SSP3-7.0 scenarios is higher than previously published ocean simulations of the same
scenario suggest. With the current climate policies, the projected 21st-century global warming
lies within the potential range of the SSP3-7.0 scenario, increasing the urgency to better

understand and represent vulnerable climate components.



CHAPTER

SEVEN

FINAL CONSIDERATIONS

7.1 Summary

In this thesis, the impact of changing atmospheric conditions on the sea-ice formation in
the southern Weddell Sea and on the ocean circulation in Filchner Trough was analyzed.
For this purpose, in addition to a historical coupled climate simulation for the years 2000
to 2014, one low (SSP1-2.6), medium (SSP2-4.5), high (SSP3-7.0) and very high (SSP5-8.5)
emission scenario were analyzed with regard to changing characteristics of the southward
transport of mWDW into Filchner Trough, and its drivers. To further look into the influence
of atmospheric conditions on sea ice and the underlying ocean, global ocean simulations forced
with atmospheric data from the coupled climate simulation (high emission scenario SSP3-
7.0, low resolution) and with a dynamically downscaled data set with higher model resolution
for the same scenario were performed. In the following, I will summarize the results of the

previous chapters in light of the research objectives stated in Chapter 1:

1. Assessment of atmospheric conditions, oceanic processes and sea-ice production gov-

erning on-shore heat transport in climate runs of present climate

The previous chapters have presented three simulations that cover the historical period of
recent climate from 2000 to 2014: the coupled climate simulation for CMIP6, the ocean sim-
ulation REF (forced with atmospheric output from the coupled climate model) and the ocean
simulation FECO (forced with data from the high-resolution atmosphere model CCLM). Of
these three, the coupled climate simulation reproduces the seasonal pulsing character of sea-
sonal southward mWDW transport seen in observations the best. While REF and FECO also
produce on-shore transport of mWDW of similar volume, the seasonal signal is very weak
compared to the coupled climate simulation. In Chapter 4, the main drivers for mWDW
transport have been found to be local sea-ice formation and a shoaling thermocline at the
continental slope, agreeing well with other modeling studies and observations (DAAE ET AL.,
2020; DARELIUS ET AL., 2016; MORRISON ET AL., 2020; RYAN ET AL., 2020). The variab-
ility is less pronounced in the standalone ocean simulations, the higher density on the shelf

preventing strong mWDW pulses. It has also been shown that the thermocline depth at
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the continental slope is suppressed by local downwelling related to the surface stress curl
(Chapters 4 & 6). With atmospheric data with lower wind speeds (FECO), this leads to
a relaxation of the thermocline. Generally, it was found that the processes governing the
southward heat transport into Filchner Trough could be produced in coupled climate as well

as standalone ocean simulations.

2. Assessment of changes in atmospheric conditions, oceanic processes and sea-ice produc-

tion in climate model simulations for a suite of future emission scenarios

It has been shown in Chapter 4 that the development of the Filchner Trough hydrography
and dynamics strongly depend on the forcing scenario. The process of warm water intrusions
in Filchner Trough has been assessed in coupled climate simulations within the hierarchy of
four climate scenarios. Of the four scenarios, the high and very high emission scenarios SSP3-
7.0 and SSP5-8.5 produce a regime shift in the Filchner Trough that will lead to increasing
melt rates at the ice shelves and accelerated ice sheet mass loss. The regime shift is driven
by density loss on the continental shelf and a strong shoaling of the thermocline at the
continental slope, lifting mWDW above the Filchner Trough sill. In Chapter 6, is has also
been demonstrated that the ocean simulation REF, which is forced with data from the SSP3-
7.0 scenario, does not produce the regime shift. Instead, the temperature development showed
a gradual increase over the whole 21st century.

In Chapter 4, three phases of ocean climate change in Filchner Trough were defined:
I. The Filchner Trough is filled with cold, dense shelf water with seasonal phases of weak
inflow of mWDW. II. The Filchner Trough is increasingly dominated by pulses of mWDW
while salinity in the trough slowly declines. III. The mean temperature in the trough rises
permanently above -1°C and the trough is mostly filled with mWDW. These phases can also
be identified in the REF simulation, which shows an increase in the duration and warmth of
mWDW pulses but does not reach Phase III. The warmer and longer pulses are caused by the
decrease in density especially in the upper part of the water column through reduced sea-ice
formation and increased melting on the continental shelf, the uplift of the thermocline above
sill depth allowing southward mWDW transport. However, the density loss on the shelf is not
large enough to tip the density scale as defined by HAID ET AL. (2023) in favor of the off-shore
mWDW. The density on the continental shelf is mainly influenced by salinity. The comparison
of the shelf water salinity in the Filchner Trough between the coupled climate simulation
(Fig. A.1) and REF (Fig. 6.7) shows that the salinity in REF is generally higher over the
whole simulation than in the coupled climate simulation. The main mechanism behind the
density and salinity changes on the continental shelves can be found in the differences in sea-
ice formation. Comparison of polynya size and productivity in Chapter 5 have shown much
higher sea-ice production rates in REF compared to the coupled climate simulation for the
same scenario, resulting in higher brine rejection rates and a denser DSW on the continental
shelf. Due to increased radiative forcing in the SSP3-7.0, lower amounts of sea ice are formed
in the Weddell Sea towards the end of the century. In contrast to REF, the ocean simulation
with downscaled atmospheric forcing (FECO) has been found to produce a regime shift in
the Filchner Trough (Chapter 6). While the three time slices that were performed for this

simulation do not produce a continuous temperature record for Filchner Trough for the 21st
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century, Fig. 6.3 shows the increase in the duration and temperature of the mWDW pulses
shallower than 500 m. The simulation reaches Phase III in 2093, when a near-bottom current
develops and transports large amounts of heat/mWDW into the trough, caused by a stronger
density loss than in REF.

The regime shift is associated with a strong near-bottom current of mWDW crossing the
continental slope into the trough. In an attempt to find an early indicator for an imminent
regime shift, in Chapter 6 we established the grade of connectivity (GOC) as a spatial in-
dicator for the coherence of the Antarctica Slope Front. However, a weakening of the slope
front in the upper 300 m of the water column is not a cause for a cross slope current, but
instead only for a temporary disturbance following the current crossing the slope. The GOC

as defined in this study is thus not applicable as an early warning system for a regime shift.

3. Assessment of oceanic processes and sea-ice production in response to changes in at-

mospheric meso-scale processes

To assess the influence of meso-scale atmospheric processes on sea-ice production in polynyas
on the continental shelf of the southern Weddell Sea and on the southward heat transport
into Filchner Trough, Chapter 5 & 6 analyzed the ocean simulations REF and FECO. It has
been shown that the application of data from a high-resolution atmosphere model in FECO
provokes a regime shift at the end of the century. Chapter 5 also demonstrated the changes
to the atmosphere caused by the dynamic downscaling, the more detailed representation of
local orography leading to lower 2-m temperatures and lower wind speeds over large regions
of the Weddell Sea. This has the effect of generally increasing sea-ice formation north of the
continental shelf, but decreasing sea-ice formation rates in the polynyas on the continental
shelf. Towards the end of the century, the changes in the forcing even lead to a redistribution
of melting and freezing regions, leading to an even stronger freshening of the continental
shelf. Comparison of the shelf salinity between FECO and the coupled climate simulation of
SSP3-7.0 shows that the freshening on the shelf places FECO closer to the coupled climate

simulation relative to REF, creating the necessary conditions for a regime shift in FECO.

We conclude that the future evolution of hydrography in and around Filchner Trough, i.e.
in a key region of ocean-ice sheet interaction that - despite its regional character - is relevant
literally on a global scale, is determined by the trajectory of future climate change, with the
atmosphere being the dominant component. A tipping point in the ocean and the Antarctic
ice sheet can only be avoided if ambitious climate change mitigation steps are taken. With the
current climate policies, the projected 21st-century global warming lies within the potential
range of the SSP3-7.0 scenario. In the SSP3-7.0 scenario the applied atmospheric data plays
a deciding role in the tipping behaviour of the Filchner Trough. The propensity for a regime
shift is larger with highly resolved atmospheric data than with the coarser data set. Given
that most previous projections are based on coarse-scale atmosphere models, our results also
indicate that the potential for a regime shift or tipping point in the Filchner Trough may be
higher than previously suggested.
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7.2 Outlook

To accurately project or predict the fate of the Antarctic Ice Sheet, we need to understand all
mechanisms involved in the heat transport towards its vulnerable ice shelves. The primary
reason for a regime shift or tipping point is the reversal of the cross-slope density gradient,
but its development depends on the climate scenario and the representation of atmospheric
processes. In this thesis, only the influences of atmospheric processes on the on-shore heat
transport and the structural changes at the Antarctic Slope Front at the Filchner Trough
sill were covered. To improve the process representation in the ocean, additional dynamical
components need to be considered. It has been established that tides have a large influence on
heat transport onto the shelf and specifically into the ice shelf cavities of the southern Weddell
Sea (HAUSMANN ET AL., 2020; STEWART ET AL., 2019). The influence of eddy overturning
of the Antarctic Slope Front has also been recognised as an important component of on-shore
heat transport (HUNEKE ET AL., 2022; N@ST ET AL., 2011). The model grids used in our
simulations permit the development of eddies, but they do not reach a resolution that is
sufficient to fully resolve them. In order to improve the current results and obtain realistic
predictions or robust projections for ocean dynamics and hydrography on the continental
shelves of the southern Weddell Sea in a warming climate, these components need to be
integrated into the model. Lastly, the available long-term observations of the Filchner Trough
are limited, hampering our knowledge of the actual pathways onto and on the continental
shelf of the southern Weddell Sea. The results of this thesis show that a substantial part
of the seasonal heat transport crosses onto the continental shelf via the eastern slope of the
Filchner Trough, and even via the eastern shelf directly. However, long-term observations do
only cover a very small section of this area. Additionally, the western slope of the Filchner
Trough is not covered by long-term observations at all, which are needed to cover all branches

of the local ocean circulation in and around the Filchner Trough.
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APPENDIX

A

SUPPLEMENTARY MATERIAL TO CHAPTER 4

Table A.1: Phase transitions in different simulations. This table shows the beginning
year of the Phases II and III for each simulation, defined by the criteria described in section

"Three phases of climate change'.

II I I 11
hist1/SSP1-2.6 1997 - hist3/SSP3-7.0_3 2018 2059
hist1/SSP2-4.5 1997 2097 | hist4/SSP3-7.0_4 2012 2068
hist1/SSP3-7.0_1 1997 2075 | hist5/SSP3-7.0_5 1974 2074
hist2/SSP3-7.0_2 2016 2070 | hist1/SSP5-8.5 1997 2075
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Figure A.1l: Simulated salinity evolution in Filchner Trough for four climate
scenarios. Hovmoeller plot of the yearly mean salinity in the Filchner Trough from the year
2000 to 2100, with the average salinity change in the Filchner Trough relative to 2000. The
vertical red lines divide the timeline into the historical simulations (before 2015) and the
future climate scenarios (from 2015 onward). Green lines mark the phase boundaries. For
exact values see Supplementary Table 1.
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Figure A.2: Volume transport in the historical simulation. a) Volume transport
in the Weddell Gyre. b) Cumulative volume transport along the prime meridian. The data
contains the average of the last 15 years of the historical simulation hist! (from 2000 to 2014).
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Figure A.3: Bottom density and mean velocity in the historical simulation. The

bottom density is presented as the background color. The vertically averaged velocity is

shown as white arrows on top. The data contains the average of the last 15 years of the

historical simulation hist! (from 2000 to 2014).
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Figure A.4: Simulated salinity distribution and evolution in the southern Weddell
Sea. (a) Salinity in a 15-year average of the ensemble mean of the historical scenario (2000 to
2014) at sections 33°W, 38°W, 73.8°S and 76°S with differences to observational data (values
on flags) and the standard deviation within each key area (color of flags). Arrows show main
slope current of WDW and mWDW flowing along the continental shelf break and onto the
shelf (Color of the arrow does not represent salinity of the water mass). (b) Change in salinity
in the 15-year average 2086 to 2100 to (a) in the ensemble mean of SSP3-7.0.
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Figure A.5: Potential temperature along section A. Monthly averaged potential tem-
perature along section A through the Filchner Trough in the historical simulation hist1 for
February from 2000 to 2008 (White lines at -1.8°C).
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Figure A.6: Change in the wind field. a) Shaded area shows the wind speed difference
in winter (June to August) between the 15-year mean of the historical period in hist1l from
2000 to 2014, and the last 15 years of the SSP5-8.5 scenario (2086-2100). Arrows depict
the average wind direction per 15 years; their length indicates the vector mean wind speed.
Discrepancies between differences in the vector mean and the wind speed mean indicate a
higher variability in SSP5-8.5. The red and yellow line show the transition line between wind
from the east and wind from the west. b) Same as a) but for summer (January to March).
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Figure A.7: Density, transport and mixed layer depth on the continental shelf in
SSP5-8.5. a) Average density in the Filchner Trough and on the eastern continental shelf.
White line shows the maximum Mixed Layer Depth for each year. The yellow curve shows the
mean potential temperature in the Filchner Trough as defined in Fig. 1 of the manuscript.
b) Yearly averaged southward volume transport of water masses with © > —1°C across the
Filchner Sill as shown in the insert.
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Figure A.8: Net surface heat flux (SSP5-8.5). Time series of yearly averaged net heat
flux at the ocean surface (or the sea ice surface, wherever present), averaged over the Weddell
Sea between 65°W and 0°W, and 80°S and 60°S.
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Figure A.9: Coordinates and depth of temperature data used for validation. Key
areas: central Filchner Trough (FT), Filchner Sill (FS), Filchner Trough at the Filchner
ice shelf edge (FIS), Eastern Continental Shelf east of the Filchner Trough (ECS), Western
Continental Shelf west of the Filchner Trough (WCS), and Off-Shore north of the continental
shelf (OS). Data points over which the average value difference between observational data
and model data has been calculated per area have been outlined in red.
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Figure B.1: Mean 2m temperature difference FECO-REF for 2000-2014 in the regions of
(a) the Antarctic Peninsula, (b) The Filchner Ronne Ice Shelf front, and (c) the Brunt and
Riiser-Larsen Ice Shelf front. The black line shows the position of the coast line in CCLM,
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Figure B.2: a) Difference between the wind speed in the 5 year means of 2096-2100 to
2010-2014 in REF in winter and b) in summer. Red (yellow) line shows the position of the
boundary between easterly and westerly winds in the 2010-2014 (2096-2100) mean.
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Figure B.3: Average sea ice freezing (a) and melting (b) distribution of the sea ice in REF
in the 2000-2014 mean and (c) and (d) for 2086-2100. (e) to (h) show the same as (a) to (d)
but for FECO.



(a) %104

polynya area (km?)

winter

®) 10

polynya area (km2)

O L L 1 L
2000 2020 2040 2060 2080 2100

B:PolArea,

x10%

summer

0 n L L L
2000 2020 2040 2060 2080 2100

93

Figure B.4: (a) Yearly mean winter time polynya area in the Weddell Sea (averaged over
May to September) with trend line in red. (b) is the same as (a) but for summer (December

to February).
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Figure C.1: Bottom density and mean ocean velocity (whole water column) in REF (2010-
2014) at the Antarctic Peninsula (a) and on the southern Weddell Sea continental shelf (b).
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Figure C.3: Mean sea-ice thickness in REF for (a) 2010-2014, and (c) 2096-2100. (b) Mean
sea-ice thickness difference between FECO and REF in (b) 2010-2014 and (d) 2096-2100.
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Figure C.4: Temperature at 300 m depth zonally averaged along the Filchner Trough section
between 75°S and 66°S (see Fig.1) in REF (2010-2014) with the distance between the -0.3°C
and -0.7°C isotherms (marked in red) in degree in blue for (a) REF (2010-2014), (b) REF
(2096-2100), and FECO (2096-2100).
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Figure C.5: Potential mean temperature in 2010-2014 in REF. Colored lines show the
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Figure C.6: Zonal velocity in ms™! along the Filchner Trough section (see Fig.1) for (a)
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Subsurface warming in the Antarctica’'s Weddell
Sea can be avoided by reaching the 2°C
warming target
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Recently, seasonal pulses of modified Warm Deep Water have been observed near the
Filchner Ice Shelf front in the Weddell Sea, Antarctica. Here, we investigate the temperature
evolution of subsurface waters in the Filchner Trough under four future scenarios of carbon
dioxide emissions using the climate model AWI-CM. Our model simulates these warm
intrusions, suggests more frequent pulses in a warmer climate, and supports the potential for
a regime shift from cold to warm Filchner Trough in two high-emission scenarios. The regime
shift is governed in particular by decreasing local sea ice formation and a shoaling thermo-
cline. Cavity circulation is not critical in triggering the change. Consequences would include
increased ice shelf basal melting, reduced buttressing of fast-flowing ice streams, loss of
grounded ice and an acceleration of global sea level rise. According to our simulations, the
regime shift can be avoided and the Filchner Trough warming can be restricted to 0.5°C by
reaching the 2 °C climate goal.
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change. The Antarctic ice sheet holds an ice volume

equivalent to 58 m of sea level risel, but loses mass at an
accelerating rate?. Melting of the Antarctic ice sheet is dominated
by melting at the base of the ice shelves, bodies of ice fringing the
ice sheet and floating on the Southern Ocean?. While most of the
ice sheet mass loss currently occurs in the Amundsen Sea*,
where the cavities are filled with relatively warm water of deep-
ocean origin®’, it has been suggested that a tipping point with a
regime shift from cold to warm waters in the cavity and a dra-
matic increase of melt rates may exist for Filchner Ronne Ice Shelf
in the Weddell Sea®.

The continental shelf of the Weddell Sea is one of the main
areas of dense shelf water production which is a precursor of
Antarctic Bottom Water (AABW) and an important part of the
global ocean circulation®. Any changes to the water masses on the
continental shelf can therefore have far-reaching consequences
not only for the global sea level, but also for the global over-
turning circulation.

If such a regime shift occurs, basal melting is bound to increase
substantially, causing a reduction of buttressing to the flow of
grounded ice!? and an additional contribution to global sea-level
rise. Model simulations with ocean/ice shelf models and pre-
scribed atmospheric boundary conditions suggest that the
occurrence of this regime shift and the magnitude of the anomaly
are sensitive to the evolution of the future atmospherel 112, Pulses
of warm water®!! and a freshening of the continental shelf and
Filchner-Ronne ice shelf cavity have been suggested to be pre-
cursors of the eventual tipping.

The circulation in the southern Weddell Sea is dominated by
the Antarctic Coastal Current transporting Warm Deep Water
(WDW; 0°C to 0.8°C) westwards along the continental shelf
break. Mixing with overlying Winter Water (WW) forms mod-
ified Warm Deep Water (mWDW; © <0°C). At 74.5°S, the
current branches, one arm following the shelf break and the other
flowing onto the continental shelf, for example at 28°W13,
32°W%14 and 44°W>, thereby entering the Filchner Trough. At
the Filchner Sill, Dense Shelf Water (DSW), formed by brine
rejection through sea ice formation above the continental shelf,
and Ice Shelf Water (ISW) originating from the Filchner ice shelf

S ea-level rise is one of the pressing topics of future climate

S

~ N

Ice shelf

Soss

N

cavity, leave the continental shelf®. They mix with overlying WW
and mWDW while sinking along the continental slope. The water
masses formed on the way down are Weddell Sea Deep Water
(WDSW) and Weddell Sea Bottom Water (WSBW!6; Fig. 1).
WSBW remains in the Weddell Sea, confined by the ocean ridges
fringing the Weddell Basin. WSDW, in contrast, leaves the
Weddell Sea towards the north, feeding the Antarctic Bottom
Water in the process!”.

The mWDW flux onto the continental shelf experiences sea-
sonal variability. It is strongest at the shelf break in summer and
autumn (February - April) and weakens in winter!3. The mWDW
current then follows the eastern slope of the Filchner Trough
southward. March to June, it reaches 76°S'8, and only a short time
later 77°S and 78°S!°. By that time its temperature has been
reduced to -1.6 °C. Observations, limited as they are, have until
now only shown mWDW to be present on the continental shelf
seasonally®>13-14, however increased shoaling of the WDW in the
southern Weddell Sea?Y, and unprecedented variations in the
Weddell Sea sea ice?! might cause changes in the future.

In 2013, mWDW was observed at 78°S near the calving front of
the Filchner Ice Shelf!'®, which was then attributed to an uplift of
the thermocline at the continental shelf break and an unusually
strong coastal current. During the period of extended inflow of
mWDW from February to October in 2017, the maximum
temperature of the mWDW current was higher by approximately
0.5°C compared to temperatures previously observed at the
eastern flank of the Filchner Trough?2.

In numerical model studies, pulses of warm water on the
continental shelf and mWDW reaching the ice shelf front have
been identified as precursors to a regime shift in the Weddell Sea.
They become more frequent in a warming climate and may at
some point irreversibly enter the continental shelf and fill the
Filchner Ice Shelf cavern, drastically increasing basal melt
rates®11:12:23 This situation compared to the situation in the past
is schematically shown in Fig. 1. Ice shelf mass loss reduces the
buttressing effect of the ice shelf and enhances the flow of
grounded ice towards the ocean!?, thus contributing to global sea
level rise. Another precursor that has recently been identified is
freshening of the continental shelf due to reduced sea ice pro-
duction and increased local sea ice melting!?. This flips the

Ice shelf
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Fig. 1 Present and potential future circulation on the continental shelf. Schematic representation of circulation patterns in the Filchner Trough and the
Filchner Ronne Ice Shelf cavity illustrating the regime shift assessed in this study. Today: Trough and cavity are filled with cold shelf water masses. Future:
mWDW branches of the slope current, warming the trough and cavity. Graphic created by Alfred Wegener Institute and Martin Kiinsting. The Alfred
Wegener Institute provides permission to reuse it (source: Alfred-Wegener-Institut / Martin Kinsting (CC-BY 4.0)).
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Fig. 2 Study area. Model topography and the outlines of the Filchner
Trough (FT) and the area around 70°S (570) that have been used for mean
calculations. The blue line represents section A. While the definition of S70
uses a simple latitude/longitude criterion, a polygon of surface grid nodes is
used as a perimeter for the FT area. The bold black dot at 31.5°W 76°S
indicates the location of the mooring AWI254 that is referred to in Fig. 63°.
The green area contours the grid nodes over which temperature was
averaged for the comparison to AWI254 in Fig. 6.

density gradients between the DSW in the Ronne Depression and
the Filchner Ronne Ice Shelf cavity, as well as between the
mWDW at the continental shelf break and the ISW leaving the
ice shelf cavity. The changes lead to a reverse of the flow direction
in the cavity. In these previous studies, this phenomenon has been
simulated in regional and/or uncoupled model configurations
considering ice shelf cavities and/or with idealised forcing
scenarios.

While the connection between the flow of mWDW in Filchner
Trough and the increase of basal melt rates in the ice shelf cavity
is well understood?, if and when the mWDW actually enters the
trough has so far been only weakly constrained. This is the gap
that we aim to fill. In this study, we analyse a suite of simulations
performed with the AWI Climate Model (AWI-CM) for the
Coupled Model Intercomparison Project (CMIP6) of the 6th
Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC)?42°. AWI-CM is a global coupled climate model
with an eddy-permitting ocean component. The simulations were
specifically designed to make projections of possible future cli-
mate evolution?® rather than for specific case studies. Like other
CMIP6 models, AWI-CM does not include ice shelf cavities or
tides, but it features a horizontal ocean resolution of around 10
km in parts of the Southern Ocean, which is one of the highest in
the CMIP6 model suite. The simulations include an ensemble of
five historical simulations (histl to hist5, 1850-2014), and four
climate scenarios with forcing derived from Shared Socio-
economic Pathways?’(SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5)
covering 2015 to 2100. SSP3-7.0 also has five ensemble members.

We evaluate the distribution of mWDW in the southern
Weddell Sea (Fig. 2) between 2000 and 2014 in the historical
simulations, and we examine seasonal and long-term changers in
the transport patterns of mWDW in Filchner Trough and attri-
bute their divergent evolution to the spread between the different
climate scenarios. We also show that for high-emission scenarios
the Filchner Trough experiences a regime shift where the mean
temperature in the trough can rise by 2 °C until 2100. However,
the regime shift can be avoided by limiting global warming to 2 °C
or below.

Results

Three phases of climate change. The analysis of the historical
simulation and the four different climate scenarios shows the
occurrence of pulses of warm mWDW similar to contemporary

observations. The pulses have changing characteristics that allow
for the definition of three phases. The beginning of each indivi-
dual phase depends on the climate scenario (Supplementary
Table 1).

I. During the historical simulations (e.g. histI in Fig. 3a), the
Filchner Trough is filled with cold, dense shelf water with
regular phases of weak warming during winter due to a
seasonally enlarged (but still weak) inflow of mWDW.

II. The beginning of the second phase is defined as the point in
time when the mean temperature in Filchner Trough rises
above the long-term mean of 1850-2014, i.e. when the
annual mean temperature in the trough lies above the mean
plus the standard deviation from phase I for longer than
two consecutive years. Over the course of this phase,
temperature in the Filchner Trough is increasingly
dominated by pulses of mWDW (Fig. 3a), while salinity
in the trough slowly declines (Fig. 3b).

II. The last phase begins when the mean temperature in the
trough rises permanently above —1°C. In this state, the
trough is mostly filled with mWDW and the seasonal signal
has vanished. The mitigation scenario SSP1-2.6 is the only
scenario that does not reach this state (Fig. 4, Supplemen-
tary Fig. 1).

During Phase I, the average temperature in Filchner Trough
stays low near —1.8°C and only shows seasonal warming by
typically less than 0.25°C relative to the 1850-1900 mean,
reaching no higher than —1.5°C (Fig. 4). During Phase II, the
average maximum temperature of the current reaching the
Filchner Trough over all scenarios is increased to
—0.41°C+0.36 °C (sampled at transect A, see Fig. 2). The longer
the pulse lasts, the warmer the water that is registered in the
trough, e.g the pulse in histl lasting from 2008 to 2012 reaches a
peak temperature that is 0.68 °C warmer (potential temperature of
—0.19°C) compared to 2007 at its core along transect A. Most
shorter warm water pulses show a lower temperature than this
and remain below the temperature increase of 0.5°C described
by Ryan et al22. All our climate projections show increasing
numbers of mWDW pulses entering the Filchner Trough during
the second phase (Fig. 4). The frequency of these pulses stays
relatively constant until 2050.

In the second half of the 21st century, the multiyear intrusions
of mMWDW increase in length and frequency depending on the
forcing scenario. While SSP1-2.6 remains in Phase II and returns
to its DSW-filled state after each pulse (Fig. 4a), the SSP2-
4.5 scenario transitions into Phase IIT during the last four years of
the simulation with a warmer state than the SSP1-2.6 but colder
than the temperatures reached in SSP3-7.0 or SSP5-8.5 (Fig. 4b).
It is unclear if the warm state would be maintained or the trough
would return to a colder temperature if the scenario continued
beyond the year 2100. In the SSP3-7.0 ensemble and in SSP5-8.5,
the trough clearly shifts to a consistently warmer state (Fig. 4c-h).
In these two higher-emission climate projections, the Filchner
Trough in Phase III stays warm and is filled with mWDW. For
this particular aspect, results from the SSP5-8.5 lie within the
spread of the SSP3-7.0 ensemble.

The observation of an especially warm and prolonged mWDW
presence on the continental shelf during 201722 suggests that the
Filchner Trough in reality is either on the brink of transitioning
or it has already transitioned into Phase II.

Evaluation of circulation characteristics

Present mean state. A particular feature of our climate model
simulations is that for a global coupled climate model, many
aspects of the results of the historical simulations for the period
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2000-2014 are in remarkably good agreement with observations
in key areas around the Filchner Trough (Fig. 5a, Supplementary
Fig. 4a, for the definition of key areas see Methods and Supple-
mentary Fig. 9). Due to the high variability of the water mass
properties on the continental shelf and the fact that model years
in a climate model do not reflect the actual year-to-year evolu-
tion, a direct comparison of the model results with hydrographic
measurements taken as a snapshot or over a short period of time
is difficult. The position and strength of the modeled mWDW
current shows a strong interannual variability (Supplementary
Fig. 5) that can cover the true variations only with regard to their
statistical properties. However, the temperature and salinity dis-
tributions in key areas show a similar pattern in the model results
as in observations, indicating that the model can reproduce the
main features and processes that define the circulation in the
Weddell Sea, even without ice shelf cavities (Fig. 5, Supplemen-
tary Fig. 4a). The most important water masses and circulation

features in the western Weddell Sea, except for Ice Shelf Water
(ISW), can be clearly identified. The simulations do not produce
ISW due to the absence of ice shelf cavities in the model grid. The
coldest water mass in the Filchner Trough has in-situ surface
freezing temperature (approx. —1.9 °C). However, all other water
mass properties compare well with observations even quantita-
tively (Fig. 5a, Supplementary Fig. 4a).

Large-scale circulation features two cyclonic cells forming the
Weddell Gyre (Supplementary Fig. 2a) as has been suggested by
earlier model studies?8. The volume transport of the simulated
Weddell Gyre is 46 Sv at the Prime Meridian and thus similar to
observational data?>30 (Supplementary Fig. 2b). Transport by the
ACC across 60°W amounts to 170 Sv and is therefore on the high
side of observation-based estimates (e.g., 107-161 Sv in Drake
Passage®!32). The Antarctic Slope Current transports mWDW
with a potential temperature 8> 0 °C along the continental slope
southward (Fig. 5a). The main current turns west at about 74°S
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and follows the continental slope towards the Antarctic Peninsula
(Supplementary Fig. 3). A side current branches off and cooler
mWDW flows onto the continental shelf east of Filchner Trough
and along the trough’s eastern slope, indicated by a warm
signature with temperatures between —0.5°C and 0°C on the
eastern continental shelf, and approximately —1.5°C over the
eastern slope of Filchner Trough (Fig. 5a), similar to the
observations described by®. In the 15-year mean, this southern
branch can be traced south to 76°S (Fig. 5a). The simulation
reproduces WSDW and WSBW in the Weddell Sea with
temperatures between —0.8°C and 0°C, and Antarctic surface
water with temperatures below —1.5°C and the lowest salinity
values in the central Weddell Sea (S < 34.3; Fig. 5a, Supplemen-
tary Fig. 4a).

The ensemble mean of the historical simulation is a close
match for observational data in key areas in and around Filchner
Trough33-38. In the central Filchner Trough (FT), at the Filchner
ice shelf front (FIS), on the continental shelf west of the trough
(WCS) and off-shore over the continental slope (OS), the mean
ensemble temperature deviates by 0.06 °C or less from observa-
tion data (flags in Fig. 5a). The standard deviation in each of the
key region shows that the largest variations in the deviation
between model and observations are found at the off-shore
location, caused by a varying depth of the ASF. The largest
positive temperature bias can be found on the eastern shelf and
on the eastern slope of the Filchner Trough, areas that are subject
to strong annual and interannual variability due to the varying
mWDW flux. This area is 0.36 +0.36 °C warmer in the model
average than in the observations. The bottom salinity of the
ensemble mean ranges from 34.33 on the Berkner Shelf to 34.58
in the Filchner Trough and deviates by 0.12+0.06 psu from

0 0.25

0.5

Sstd of flags (Model - Observation
0.75

-1 0 1
pot. temperature (°C)

observations (Supplementary Fig. 4a). The model trough is filled
with DSW with a minimum simulated temperature of —1.9 °C.
Generally, the model results are slightly warmer and fresher on
the continental shelf than observational data suggest.

The circulation on the shelf agrees well with observed patterns
in most areas outside of the ice shelf cavities®4. We identify three
major areas of dense water overflow: the Filchner Sill, the center
of the southern Weddell Sea continental shelf at approx. 47°W,
and north of the Ronne Trough (Supplementary Fig. 3). Because
of the lack of an ice shelf cavity, High Salinity Shelf Water/DSW
produced in the Ronne Trough flows northward towards the
Antarctic Peninsula and not through the cavity towards the
Filchner Trough3°:40,

Seasonality. Phase I (as defined above) is characterized by a
seasonal influx of varying length of mWDW into Filchner
Trough, which increases the mean temperature in the trough
during winter. The model results show the main transport of
mWDW into the Filchner Trough taking place via the continental
shelf east of the Filchner Trough (Fig. 5a, Supplementary Fig. 3),
while occasionally smaller currents enter the trough over the
central and western depression (Supplementary Fig. 5), repro-
ducing observed patterns!31441, The warm water takes several
months to travel from the slope southward before going west,
down the slope into the trough.

The seasonal influx of mMWDW onto the shelf east of Filchner
Trough and along the eastern slope of the trough was reported to
be the strongest during February to June and weaker during the
spring and summer months!3181942. Mooring data (AWI254)
from 31.5°W 76°S shows the warming onset caused by mWDW
during late March, early April (Fig. 6a,3¢). However, Ryan et al.!8

AN’

- 1
Apot. temperature (°C)

Fig. 5 Simulated potential temperature distribution and evolution in the southern Weddell Sea. a Potential temperature in a 15-year average of the
ensemble mean of the historical scenario (2000 to 2014) at the sea floor and at sections along 33°W, 38°W, 73.8°S and 76°S with differences to
observational data (flags,33-37). Arrows indicate the slope current of WDW and mWDW flowing along the continental shelf break and onto the shelf.
Upper colorbar: standard deviation of difference of model data to observational data in averaged key areas (flag color), lower colorbar: potential
temperature along sections and sea floor. b Change in potential temperature in the 15-year average 2086 to 2100 compared to a) in the ensemble mean of
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Fig. 7 Mean seasonal cycle across Transect A. The line plot in blue shows
the sea surface elevation (ssh in m). The panel below shows the meridional
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for the simulated monthly means of 2000-2014. Positive numbers for the
velocity (i.e. reddish colors) indicate northward flow.

reported the presence of mWDW at 31°W already starting in
January. To compare the model output to the mooring
observations, we compute an area-weighted temperature average
over the area outlined in Fig. 2. We see similar behaviour in the
simulation as in the observations (Fig. 6b). MWDW generally
starts to arrive at 76°S during March, however as the examples
show, the onset can vary by several months and in strength. The
timing of the maximum temperature varies between February and
June!®22, and so does the timing in the simulations.

During April to August the model results show an intensifica-
tion of the northbound transport of DSW along the western slope
of the Filchner Trough (Fig. 7), caused by a higher sea ice
production over Berkner Shelf in autumn and winter. Morrison et
al.#3 proposed that northward DSW transport in a canyon or
trough leads to a gradient in sea surface height due to the
replacement of less dense water along the western canyon slope
with DSW. This creates a barotropic pressure gradient which
drives more lighter AASW and mWDW from the northeast into
the trough*3(their schematic in Fig. 5A). Given that our model
results show similar characteristics in the density distribution
across the Filchner Trough and a difference in sea surface height
between eastern and western slope of the trough (Fig. 7), we
conclude that the mechanism proposed by Morrison et al.#3 offers
a plausible explanation for the timing and structure of the
seasonal mMWDW inflow both in the model and in reality. The
intensification of the north-bound transport and the simulta-
neously increased presence of denser water in autumn strengthen
the pressure gradient across the trough and bring more mWDW
into the trough, leading to the observed seasonal increase in
temperature.

As an additional component, the depth of the thermocline at
the continental slope also shows a weak seasonal oscillation. It
rises during spring and summer, and deepens during autumn and
winter. This facilitates the flow of mWDW onto the continental
shelf during summer, when the thermocline is at its shallowest.
The mWDW then takes two to three months to reach the
Filchner Trough.

Future evolution. During the climate projections for the 21st
century, the characteristics of the water mass filling the Filchner
Trough change significantly. Some of these changes can already
be observed at the end of the historical simulations when the
Filchner Trough reaches Phase II. Causes for these changes can be
found in the local sea ice formation as well as upstream, and in
the position and temperature of the Antarctic Slope Current. The
mechanism behind the increased presence of mWDW on the
shelf is different from the one responsible for the seasonal var-
iation. It will be described in the following.

Changes in Filchner Trough. In the emission scenario SSP3-7.0,
the mean water temperature in Filchner Trough is warmer by
approx. 2 °C (Fig. 8a) and saltier by less than 0.2 psu (Supple-
mentary Figs. 1c-g and 4b) by the end of the century, showing
the permanent presence of mWDW. Salinity of near-surface
water on the continental shelf, however, has decreased by up to
0.8 psu, following a decrease in sea ice formation (Fig. 8a).
Further changes occur along the continental slope, where the
slope current warms by up to 1°C (Figs. 5b and 8a). The high-
emission scenario SSP5-8.5 shows similar warming patterns
with an even further increase in bottom temperature on the
continental shelf at the Berkner Bank and north of the Ronne
Trough (temperature anomaly between 1.5°C and 1.8°C).
The mitigation scenarios SSP1-2.6 and SSP2-4.5 show a similar
distribution of warming water, but the temperature rise in
Filchner Trough is limited to 1 °C or less. The average salinity in
Filchner Trough increases in SSP3-7.0 and SSP5-8.5 where
mWDW, with a higher salinity than the fresher DSW, is
registered permanently in the Filchner Trough (Fig. 3b, Sup-
plementary Figs. 1c-h and 4b).

In all scenarios, the increase of the average temperature in the
Filchner Trough accelerates during Phase II. During the 2030s,
the average temperature in the trough for the ensemble mean of
SSP3-7.0 rises from —1.75 °C to —1.6 °C (thick red line in Fig. 8a),
while the temperature in SSP1-2.6 (thin red line in Fig. 8a)
decreases slightly. Starting from 2040, the average temperature in
the Filchner Trough in SSP3-7.0 rises quickly and reaches 0.3°C
in 2100, 2 °C warmer compared to 2000. This goes hand in hand
with a strong decrease of sea-ice formation in the area of Filchner
Trough beginning in the early 2030s (thick dark blue line in
Fig. 8a). In 2000, the model produces on average approx. 2.4 m/yr
of sea ice at the Filchner Trough. Towards the end of the century,
this reduces to 1.6 m/yr. Changes in the mean temperature in
Filchner Trough in the lowest-emission scenario SSP1-2.6 are
comparably small. Compared to 2000, mean temperature in
SSP1-2.6 increases by 0.15°C until 2050 similar to the higher-
emission scenarios, but in contrast to those, the temperature rises
only by 0.5 °C compared to 2000 until 2100. Sea ice formation in
the Filchner Trough area does not decrease at all in SSP1-2.6
(thin dark blue line in Fig. 8a).

Changes upstream of Filchner Trough. While the temperature in
Filchner Trough begins to rise in the 2030s and is scenario-
sensitive with regard to magnitude and timing of the warming,
the temperature of the slope current upstream of the Filchner
Trough transporting mWDW towards the southern continental
shelf increases over the whole simulation, independent of the
climate scenario (orange lines in Fig. 8a). In all four scenarios, the
average temperature at the bottom of the slope current at about
70°S increases from —0.45 °C in 2000 to —0.1 °C in 2100 (0.03°C
per decade), which is a smaller trend than the CDW warming of
approx. 0.05 °C per decade that was observed in the Weddell Sea
from 1980 to 201020. However, the shoaling of the thermocline is
scenario-dependent with 10 m per decade in SSP3-7.0 and 7 m
per decade in SSP1-2.6 (black lines in Fig. 8c).
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The shoaling of the thermocline is consistent with observa-
tions, but the rate is lower than the 30 m per decade suggested
from observations in the Weddell Sea?’. The change in depth of
the thermocline relates directly to the reduced down-welling at
the continental slope (more negative average surface stress curl,
gray line in Fig. 8c), caused by weakening Easterlies and a
southward displacement of the transition zone between Wester-
lies and Easterlies above the Weddell Sea during January to
March (Supplementary Fig. 6a). The wind field above the
Weddell Sea gains strength during July to August (Supplementary
Fig. 6b), while during January to March, the 15-year average wind
speed above the continental shelf east of 15°W is reduced by 0.5
m/s between 2000-2014 and 2086-2100.

a)

The decreasing sea ice formation over the Filchner Sill and
growing differences between the climate projections become
visible in the sea ice extent during the second half of the 21st
century (Figs. 8 and 9). Until 2050, the spread between the
different scenarios (Fig. 9a, b) is not larger than the spread
between the different ensemble members for the SSP3-7.0 scenario
(Fig. 9¢, d).

In SSP5-8.5, summer sea ice shrinks until only a small area in
the southwestern Weddell Sea remains ice-covered. Average
summer sea ice thickness reduces in the Weddell Sea by up to 1.3
m. In contrast to the other scenarios, SSP1-2.6 shows no further
area loss in summer sea ice after 2050 (Fig. 9a). While the sea ice
extent in the southeastern Weddell Sea reaches 73°S for 2000 to
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2014, ice coverage reduces with increasingly warmer climate until
the sea-ice cover in the southern Weddell Sea is confined in
summer to south of 74°S by 2050 (Fig. 9). Summer sea ice extent
reduces in SSP5-8.5 by =76% in the Weddell Sea from 3.69 x 10°
km? to 0.88 x 10° km2. The sea ice opens first along the eastern
coast of the Weddell Sea, clearing the Filchner Trough of summer
sea ice. By the end of the projected time period, the Filchner
Trough is only partly ice-covered (SSP1-2.6, SSP2-4.5) or
completely ice-free in summer (SSP3-7.0, SSP5-8.5). The winter
sea ice extent by contrast shows far less variability. The largest
changes in September sea ice occur in SSP5-8.5 towards the end
of the century. But even though the sea ice extends as far north
during the period of 2086 to 2100 as it did in the beginning of the
simulation, sea ice freezing rates during winter are much lower,
causing a decrease in sea ice thickness by up to 1 m in September
compared to the historical period and reducing the amount of sea
ice melting in summer.

Changes of seasonality. Over the course of Phase II after 2050, the
seasonal variation in Filchner Trough temperature decreases
more or less strongly, depending on the climate scenario (Fig. 10).
The weaker seasonal signal is particularly pronounced in SSP3-7.0
and SSP5-8.5 (Fig. 10), but it can also be found during a brief
period in 2089 and 2090 in SSP1-2.6 (Fig. 10a). The connection of
the seasonality and the local sea ice formation becomes only clear
when the sea ice formation is particularly low. In SSP5-8.5, this is
the case 2050 onward Fig. 10b). Before that, a decrease in sea ice
formation rate does not coincide with lower seasonality. The
permanent loss of the seasonal signal marks the transition from
Phase II to Phase III as defined above.

Discussion and Conclusions

The present study shows that over the course of this century
strong changes in the hydrography of the Filchner Trough are
imminent. Already in the present climate, warm water pulses
reach the Filchner ice shelf front both in the model simulations
presented here and according to observations!®2241. The com-
parability between the historical simulations and observations
gives confidence into our model projections for the future climate
evolution.

It should be noted that in the current simulations ice shelf
cavities are not considered. Previous specialized ocean model
simulations with ice shelf cavities (e.g.312) showed the same three
modes as our CMIP6 simulations: seasonal warm water only in
Phase I, intermittent warm water pulses in Phase II (and in
present-day climate), and persistent warm water in Phase III,

8

occurring in future climate scenarios with strong emission of
greenhouse gases. This implies that cavity circulation is not a
critical component in triggering the simulated changes in the
Filchner Trough hydrography. Instead, reduced sea ice formation
and changing wind fields play a major role. This concurs with the
results from Naughten et al.!2, who showed that the intrusion of
mWDW into the ice shelf cavity can only happen after the density
on the continental shelf has reduced to a critical value, therefore
sea ice formation on the shelf has a larger direct impact on the
mWDW flux than any processes below the ice shelves.

The amount of heat that reaches the Filchner Trough depends
on two factors: The amount of southward transport of (m)WDW
onto the continental shelf and the grade of modification of the
WDW by vertical mixing through DSW formation (Supplemen-
tary Fig. 7). Of these two, the first factor depends on the density
gradient between the continental shelf waters and the slope cur-
rent, and on the depth of the ASF at the continental slope. The
grade of modification depends on the depth and intensity of
convection and thus primarily on the rate of sea ice formation.
However, DSW formation also influences the density gradient at
the shelf edge and thus the on-shelf transport. A clear separation
between the two processes is therefore not possible, but we
conclude that sea ice formation plays a dominant role in gov-
erning the mWDW transport into the trough.

As a caveat, we note that in reality density of the water masses
on the continental shelf is clearly influenced by the ISW outflow
from under the ice shelf, which may have an impact on the timing
of the regime shift we find in the high-emission scenarios. Given
that ice shelf melting is a source of freshwater, it could be argued
that adding ice shelves to our simulation would reduce the density
of water masses on the continental shelf, potentially accelerating
the regime shift towards a warm continental shelf. But then, given
the very low temperatures of ISW, the mixing product of ISW and
(m)WDW is a very dense water mass known to contribute to
WSBW formation. A denser watermass on the shelf would
potentially delay the regime shift. Which of these effects dom-
inates is not obvious to us, but we note that they counteract each
other, which mitigates a potential bias caused by the missing ice
shelves in our simulations. A similar case can be made for the fact
that we neglect the freshwater input from the ice shelves in the
eastern Weddell Sea, upstream of Filchner Trough. In the pre-
sence of these ice shelf cavities, we would expect a stronger
stratification over the shelf break, strengthening the Antarctic
Slope Front (ASF) and reducing the mWDW flux onto the shelf.
However, increased freshening of the shelf water masses might
also a) cause baroclinic instabilities and thus an uplift of the
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thermocline*#%> and b) reduce the density gradient between the
continental shelf and the Filchner-Ronne ice shelf cavity. Whe-
ther the ice shelves in the eastern Weddell Sea rather facilitate or
inhibit the flow of warm water into the Filchner Trough is
therefore not clear and needs to be addressed in a follow-
up study.

While sea ice is the main driver behind the variations of
mWDW transport onto the shelf and into the Filchner Trough,
the model underestimates summer sea ice extent in the Antarctic,
but slightly overestimates the winter sea ice extent?®. The smaller
sea ice area in summer might increase heat uptake during the
warmest part of the year, creating a feedback loop of warmer sea
surface temperatures decreasing and delaying sea ice formation.
This would decrease the modification of WDW so that water
closer in temperature to WDW reaches the trough and might
cause an overestimation of simulated warming in Filchner
Trough in SSP3-7.0 and SSP5-8.5. On the other hand, a reduced
summer sea ice extent leads to additional sea ice formation in fall
and thus additional salt input (similarly to the processes in coastal
polynyas), potentially compensating or even overcompensating
for the effect of too strong heat uptake in summer.

Despite the caveats outlined above, and given that the sign of
the bias each of them could create is not obvious in all cases, we
are confident that our main findings are robust. We find a
decrease of ASF depth over the course of the high-emission
scenario simulations that might facilitate the warm water influx to
the Filchner Trough, notably in combination with pronounced
density changes on the shelf. The receding sea ice and reduced
freezing rates on the continental shelf in a warming climate cause
the DSW in the Filchner Trough to freshen, reducing the inten-
sity of vertical mixing between DSW and the underlying mWDW.
A decline in density on the shelf weakens the density gradient at
the continental shelf break and allows mWDW to flow into the
trough!146. This effect is especially large in the high-emission
scenarios. Because the sea ice formation mostly depends on
atmospheric processes, the differences in forcing in the SSP sce-
narios heavily impact changes in sea ice formation rates in the
Weddell Sea.

The uplift of the ASF above the continental shelf in turn is
caused by changing wind fields, reducing downwelling at the
continental slope by lessening the coastward Ekman transport by
easterly winds from January to March. Stronger westerly winds
above the central Weddell Sea and a southward shift of the
transition zone between Westerlies and Easterlies further decrease
areas of downwelling along the coast. The wind above the con-
tinental shelf east and north of the Filchner Trough has a much
higher westward component during the summer months of the
high-emission scenarios SSP3-7.0 and SSP5-8.5 in 2086-2100
compared to 2000-2014. Even though the lower sea ice con-
centration in the high emission scenarios should increase the
wind stress on the ocean, the effect is balanced by weaker wind
during summer, a northwest-going wind field during the fol-
lowing months promoting upwelling along the coast, and reduced
erosion of mMWDW on the continental shelf by sea ice formation
during the following autumn and winter.

There is a clear seasonality in the mWDW influx both in our
model simulations and according to Darelius et al.l® as well
as Ryan et al.!322, While Ryan et al2? attribute the seasonal
inflow of mMWDW to an inflow of freshened shelf waters from the
coast of Dronning Maud Land, causing baroclinic instabilities and
lifting the thermocline, we mainly attribute this seasonal inflow to
the autumn maximum in local sea-ice production. According
to Morrison et al.43, sea ice formation causes increased DSW
production and northbound transport in the Filchner Trough and
establishes a pressure gradient across the trough that fosters the
near-surface inflow of mWDW.

The sea ice decrease towards the end of the century in the high-
emission scenarios, especially in thickness, is caused by the
increased heat flux from the atmosphere. Higher CO,-con-
centration in the atmosphere escalates the greenhouse gas effect
and changes the heat flux in the western Weddell Sea from net
heat loss to heat gain (Supplementary Fig. 8), warming the ocean
and reducing sea ice formation. The southward displacement of
the wind belt, stronger variability of the wind fields and
strengthening of the wind field increase the off-shore sea ice
transport and cause stronger sea ice deformation, which could
potentially increase sea ice formation rates. However, weakening
easterlies above the continental shelf in the eastern Weddell Sea
during summer and a stronger heat flux towards the ocean
counteract this effect, increase sea surface temperature and lead to
thinning of the sea ice in the Weddell Sea. The driving factor
behind the reduced sea ice formation is therefore not the wind
but the increased heat flux at the surface during the climate
scenarios.

Towards the end of the century, the general decrease in sea ice
formation in the simulations leads to a decrease in the strength of
the seasonal signal of the mWDW. The reduction of the density
of the DSW outflow along the western slope of the Filchner
Trough causes a weakening of the across-trough pressure gradient
during winter. The reduced sea ice production weakens the
convection in winter, when in the present state the flow of
mWDW is eroded by deep vertical mixing triggered by sea ice
formation. Together with the uplift of the thermocline above the
continental shelf break (Fig. 8b), the weaker winds during the
following summer months prolong the time where mWDW
intrusions are possible, leading to a year-round presence of
mWDW on the shelf. A regime shift occurs when DSW pro-
duction in the Filchner Trough and surrounding continental shelf
is not sufficient anymore to erode the inflow of mWDW into the
trough during winter and spring. This point is reached between
2070 and 2080 in the high-emission scenarios SSP3-7.0 and SSP5-
8.5, confirming the timing suggested by previous numerical
model simulations with different, prescribed atmospheric
forcing10:11,23:46,

An important finding in our model results is that sea ice for-
mation and extent, temperature in Filchner Trough and depth of
the ASF all really start to differentiate between the different SSP
scenarios in the 2040s. The slope current temperature even does
not vary between the scenarios at all until 2100. This indicates
that any endeavors to change the course of the current and future
climate development will only start to show results in 20 to 30
years or later. If we as humanity do not change our habit of
emitting greenhouse gases soon, the pulses of warm water
reaching the continental shelf could be replaced by a permanent
warm water flow (according to the strong emission scenarios
SSP3-7.0 and SSP5-8.5). The presence of this warm water is
bound to increase ice shelf basal melt, leading to a thinning of the
ice shelf, a reduced buttressing to the ice flow, and additional sea-
level rise. If a marine ice sheet instability is triggered, this process
is self-sustained and can accelerate even if the original pertur-
bation (here: the warm water inflow) is removed. If we do make
the effort to restrict greenhouse gas emissions substantially, we
could preserve the state of intermittent pulses of warm water
reaching the continental shelf and possibly restrict ice shelf
melting. According to our findings, a regime shift towards a warm
cavity under Filchner Ronne Ice Shelf with strongly increased
basal melt rates and an increased contribution to global sea-level
rise can only be sustainably avoided by reaching the 2 °C (SSP1-
2.6) climate goal. With the SSP2-4.5 scenario, restricting the
global warming to 3°C, no regime shift to a permanent warm
inflow occurs in our simulation until 2100, but the water in
Filchner Trough still warms by 1 °C in this scenario. Whether this
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may still trigger a marine ice sheet instability or leads to the
crossing of any tipping point with a large impact on global sea-
level rise is a topic of ongoing research.

Methods

Model. The simulations were performed with the AWI Climate
Model (AWI-CM). It is a coupled model consisting of the Finite
Element Sea ice-Ocean Model (FESOM v.1.4) and the atmo-
spheric model ECHAMS, developed by the Max Planck Institute
for Meteorology in Hamburg. The components are coupled via
the OASIS3-MCT coupler. The ocean-sea ice model FESOM uses
unstructured meshes which allow for a variable grid resolution in
highly dynamic regions. More information on FESOM is pro-
vided by Wang et al.¥’. ECHAMSG6 is a spectral atmospheric
model#8, which was used without any additional modifications or
tuning. For more information on the performance of AWI-CM
see ref. 25:49:50,

The ocean grid ‘MR’ used in the simulations has a medium
resolution with a resolution distribution following the strategy
proposed by Sein et al.>1:>2, The resolution is locally increased in
areas of high sea surface height variability derived from satellite
data and ranges between 8 km and 80 km>3->°. The horizontal
resolution in the Weddell Sea varies between 12 km and 40 km.
While eddy transport is not resolved, the eddy parameterization
has been proven to work well with the mesh resolution used here,
producing isopycnals very similar to atlas data®®. The grid has 46
unevenly spaced layers with a minimum layer thickness of 10 m
near the surface and a maximum spacing of 250 m at the bottom.
The mesh does not include ice shelf cavities. Tides are not
explicitly calculated, but the effect of barotropic tides is included
in the calculation of the Richardson number as proposed by*”>>7.

The atmosphere component uses the resolution of T127L95.
T127 stands for the spectral truncation of wave number 127,
which corresponds to approximately 100 km horizontal resolu-
tion in the tropics and higher resolution towards the poles. The
atmosphere has 95 unevenly spaced layers with lower spacing of
the levels near the surface and wider spacing towards the top of
the atmosphere.

AWI-CM participated in the sixth round of the Coupled Model
Intercomparison Project (CMIP6). The simulations include a
historical forcing simulation and four subsequent climate
simulations with forcing derived from Shared Socioeconomic
Pathways (SSP)?4%7. For the historical scenario, five ensemble
members were simulated. Preceding the start of the historical
simulations a spin-up period was computed. This includes 10
years ocean-only simulation, 500 years of pre-industrial control
spin-up with constant pre-industrial forcing and 500 years of
piControl from which the historical simulations were branched
off in the years 150 (hist1), 175 (hist2), 200 (hist3), 225 (hist4) and
250 (hist5). The future climate simulations were performed for
the scenarios SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Only
SSP3-7.0 has 5 ensemble members*>. The scenarios SSP1-2.6,
SSP2-4.5, SSP5-8.5 and the first member of SSP3-7.0 started from
2014 of histl. The other ensemble members 2 to 5 of SSP3-7.0
were branched off the corresponding historical ensemble
members.

Validation. To validate the model results we use a data set that
has been compiled from in-situ observations by Mathias v. Caspel
(pers. comm. 2022). The data set includes salinity and potential
temperature from the years 199533, 20133438, 20163>3¢ and
201837 at depths between 100 m and 1200 m in different areas of
the southern Weddell Sea. We choose six key areas as shown in
Supplementary Fig. 9 for validation: central Filchner Trough
(FT), Filchner Sill (ES), the Filchner Trough at the Filchner ice

shelf edge (FIS), the continental shelf east of the Filchner Trough
(ECS), the continental shelf west of the Filchner Trough (WCS),
and at 74°S off-shore of the continental shelf (OS). The locations
were chosen to be representative for specific water masses.

We interpolated the model results vertically for temperature
and salinity onto the greatest depth at each observation location,
and interpolated between the three nearest horizontal grid points.
The resulting temperature and salinity values were then
compared to the observational data. From these differences we
calculated the average difference and standard deviation in each
key area, displayed in the flags of Fig. 5a and Supplementary
Fig. 4a.

Calculation of diagnostic properties. The ASF is defined as the
boundary between the continental shelf water masses and the
denser and warmer (m)WDW of the slope current. To identify
this boundary, we use the thermocline and pycnocline between
the two water masses. The model data was selected for the area
around 70°S as depicted in Fig. 8b. For each mesh layer, the data
was then averaged in twelve equidistant bins approximately
parallel to the coastline. The temperature and density gradients
were calculated between the mesh layers, and the depth with the
highest gradient between bins selected as the depth of the ASF.
The temperature at the slope was calculated by averaging the
temperature of the bottom bins. As this includes the surface layer
and the bottom temperature at greater depth, the result under-
estimates the real slope current temperature.

To calculate a measure for the seasonal variability of the
mWDW influx into the Filchner Trough, we choose section A
approximately perpendicular to the main axis of the Filchner
Trough, ranging from 75.95°S 37.31°'W to 76.54°S 30.66°W
(Fig. 2). Along this profile, the spatial maximum of the monthly
mean temperature was selected. The seasonal variability was then
computed as the difference between the temporal maximum and
temporal minimum of the spatial maximum temperature
per year.

Data availability

All data are available on the Earth System Grid Federation (ESGF): http://esgf-data.dkrz.
de/search/cmip6-dkrz/?mip_era=CMIP6&activity_id=CMIP&institution_id=
AWI&source_id=AWI-CM-1-1-MR38. A processed minimum data set can be accessed
under https://doi.org/10.5281/zenodo.10552405.

Code availability

The code for AWI-CM can be accessed from the esm-tool at https://github.com/esm-
tools/esm_tools after registration with the MPI-ESM user forum (last access 16.09.2022).
The Matlab codes used for the analysis of the model output will be made available upon
request to the corresponding author.
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Abstract.

The strong Antarctic Slope Front in the southern Weddell Sea limits the present-day transport of modified Warm Deep Water
onto the continental shelf and is associated with a characteristic V-shape in the density structure all along the continental slope.
The mechanisms controlling today’s V-shape are well studied, but its future development is not yet well constrained. In this
study, we run ocean model simulations for a 21st-century Shared Socio-economic Pathways (SSP) 3-7.0 emission scenario
forced with atmospheric model output from simulations with a global climate model and from a higher-resolved regional
atmospheric model, respectively. We find that the resolution of the atmospheric model component influences the simulated
future transport of modified Warm Deep Water onto the continental shelf through differences in the evolution of the depth
and symmetry of the V-shape over the 21st century. In both simulations, reduced sea-ice formation and weakened Ekman
downwelling reduce the depth of the V-shape and increase the sensitivity of its position above the slope to seasonal variations
in sea-ice production and in the wind field. Using data from an atmosphere model with higher resolution leads to an acceleration
of the density redistribution on the continental shelf, provoking a regime shift from cold to warm Filchner Trough through a
cross-slope current before the end of the 21st century. As cross-slope currents disturb the continuity of the V-shape, we define
a grade of connectivity to quantify the lateral integrity of the V-shape along the continental slope. We find that the integrity of
the V-shape reduces with a delay of 3 months after a strong cross-slope current of modified Warm Deep Water enters Filchner
Trough. Our results also indicate that the SSP3-7.0 climate scenario may have a higher potential for a regime shift than other
ocean simulations for the same scenario but with lower atmospheric resolution suggest. Atmospheric downscaling increases the
potential for a regime shift, dominated by warmer summer air temperatures. The Antarctic Slope Front is temporarily disturbed

by cross-slope currents but the primary reason for the regime shift is the cross-slope density gradient.
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1 Introduction

The Filchner Trough on the continental shelf in the southern Weddell Sea, Antarctica (Fig. 1), is one of the key regions of
Dense Shelf Water (DSW) export and therefore plays an important role in the global ocean circulation (Heywood et al.,
2014). However, the Filchner Trough is also a region where a southward current of modified Warm Deep Water (mWDW),
the local cooler derivative of Circumpolar Deep Water, may reach the Filchner ice shelf cavity and significantly increase melt
rates (Darelius et al., 2016; Ryan et al., 2020). Future climate projections for different warming scenarios have shown that a
regime shift from a cold DSW-dominated to a warm mWDW-dominated Filchner Trough is possible during the 21st century
(Timmermann and Hellmer, 2013; Daae et al., 2020; Haid et al., 2023; Nissen et al., 2023; Teske et al., 2024). Numerous
studies have demonstrated that the density ratio between the continental shelf and the open ocean is critical in controlling the
on-shelf transport of relatively warm off-shore water (Daae et al., 2020; Haid et al., 2023; Nissen et al., 2023). While a higher
density of shelf waters prevents a warm inflow onto the shelf, projections have shown the potential for a reversal of the density
ratio (Haid et al., 2023; Nissen et al., 2023), allowing for mWDW transport onto the continental shelf.

North of Filchner Trough above or near the continental shelf break sits the Antarctic Slope Front (ASF), the frontal zone
between coastal and open-ocean waters which is associated with strong subsurface temperature and salinity gradients. Around
Antarctica, the structure of the ASF varies depending on hydrographic properties over the continental shelf and shelf break, and
can be classified into three groups: fresh shelf, warm shelf, and dense shelf (Thompson et al., 2018). With its DSW production
and export, the continental shelf of the southern Weddell Sea is an example for a dense shelf. For dense shelves, density
surfaces tilt down southward towards the continental slope, but shoal again above the DSW layer. This creates a characteristic
V-shape running perpendicular to the continental slope (see also Fig. 2a) which has been described in many studies (e.g., Gill,
1973; Ou, 2007; Baines, 2009; Thompson et al., 2018).

Variability in the V-shape has been linked to variability in both DSW export and on-shelf transport of mWDW. While the
northern arm of the V-shape is formed by Ekman downwelling (Sverdrup, 1954), the southern arm of the V-shape is formed
by entrainment of overlying surface water to the descending flow of DSW (Gill, 1973; Baines, 2009). The V-shape shows
seasonal variability in depth that has been associated with variations in the along-shore wind strength (Graham et al., 2013).
For example, a peak in wind strength in the southeastern Indian Ocean in April 2009 led to increased mixing, on-shore Ekman
transport and convergent downwelling on the continental shelf near 113°E. Similar behaviour was observed in 2010 and 2011
(Pefia-Molino et al., 2016). Kida (2011) showed in a numerical model experiment with an idealized set-up of the Filchner
Trough and the southern Weddell Sea that enhanced winds lead to a deepening of the V-shape and a decrease of the ocean
stratification near the continental shelf break. The larger amount of lighter surface water at greater depth increases the density
gradient across the shelf break and enhances the overflow transport. In contrast, three-dimensional eddy-resolving simulations
by Stewart & Thompson (Stewart and Thompson, 2015a, b) showed nearly no sensitivity of the DSW export to wind strength.
Reanalysis of ship-based observations, argo floats and data from marine mammals showed a steepening of the angle of the
northern arm of the V-shape in the southern Weddell Sea in winter and a flattening in summer (Pauthenet et al., 2021; Le Paih

et al., 2020). The seasonal variability of the V-shape and the associated thermocline at the continental slope leads to seasonal
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pulses of mWDW flowing into the Filchner Trough (Arthun et al., 2012; Hellmer et al., 2017). Several studies have shown that
an intensification of these seasonal pulses is a precursor for an impending regime shift in the Filchner Trough (Hellmer et al.,
2017; Naughten et al., 2021; Teske et al., 2024).

Despite its importance for the on-shelf supply of heat governing Antarctic ice shelf melting, only comparatively few studies
with global ocean or climate models have focused on the Antarctic Slope Current or the ASF due to the high resolution
requirements to adequately resolve coastal ocean dynamics (Mathiot et al., 2011; Stewart et al., 2019; Beadling et al., 2022;
Huneke et al., 2022). While only Beadling et al. (2022) concentrated on possible responses of the ocean to changes in the wind
field and meltwater input in a future climate, their model resolution of 100 km to 200 km is relatively coarse. Mathiot et al.
(2011) showed that a downscaling of the atmospheric forcing to 40 km in a hindcast scenario increases katabatic winds and
increases the strength of the seasonal cycle in the wind and temperature fields. While modeling studies on different aspects that
affect the Antarctic Slope Current, like freshwater input or changes in the wind strength and direction are more abundant, they
often use idealized set-ups, regional models, or are only coarsely resolved (Kida, 2011; Ngst et al., 2011; Dinniman et al., 2012;
St-Laurent et al., 2013; Hattermann et al., 2014; Lockwood et al., 2021; Ong et al., 2023). Previous studies have described a
possible regime shift in the Filchner Trough, but less attention has been paid to the consequences that a shift in the current
regime might have for the density structure at the continental slope which is controlling the mWDW inflow into Filchner Trough
(Hellmer et al., 2012; Timmermann and Hellmer, 2013; Naughten et al., 2021; Nissen et al., 2022, 2023, 2024). The sensitivity
of the ocean processes in response to the atmospheric forcing was demonstrated by Hattermann et al. (2014), Haid et al. (2015)
and Dinniman et al. (2015). This leads us to the hypothesis that resolved mesoscale atmospheric processes may intensify the
seasonality of the V-shape, the on-shore mWDW transport and the export of DSW in the Weddell Sea. Additionally, a finer
atmospheric resolution produces more detailed and more pronounced temperature and wind speed gradients mostly related to
katabatic winds and foehn wind (Van Lipzig et al., 2004; Mathiot et al., 2011; Van Wessem et al., 2015; Elvidge et al., 2014;
Cape et al., 2015).

The aim of this study is to explore the evolution of the V-shaped ASF in the southwestern Weddell Sea in a warming climate
(for study area see Fig. 1). By using ocean model simulations forced with data from two atmosphere models with different
grid resolutions, we assess the processes governing the structure of the ASF and the transport of mWDW onto the continental
shelf. To reach that goal, we analyse (i) how the cross-slope structure of the V-shape at the Filchner Trough sill develops in a
high-emission climate scenario for the 21st century in Chapters 3.2 and 3.3, (ii) the change in seasonal atmospheric variability
and its influence on the symmetry and structure of the V-shape (Chapters 3.4 and 3.5), and (iii) the longitudinal integrity of the
V-shape as an indicator for the stability of the ASF and a possible regime shift in the Filchner Trough in a warming climate
(Chapter 3.6).
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Figure 1. a) FESOM bottom topography in the Southern Ocean, study area in the Weddell Sea (red line) and perimeter of the COSMO-
Climate Model (CCLM) domain (green line). b) Location of areas and c) sections used in the analysis of this study. Areas shaded in white

represent ice shelves.

2 Methods
2.1 The ocean model FESOM

For this study, we performed ocean model simulations with the Finite Element Sea-ice Ocean Model FESOM-1.4 (Wang et al.,
2014). FESOM is a global ocean general circulation model based on unstructured-mesh methods coupled with a dynamic-
thermodynamic sea ice component, also including a representation of ice-shelf cavities (Timmermann et al., 2012; Wang et al.,
2014; Danilov et al., 2015). The interaction between the ocean and ice shelves is governed by the three-equation system that
describes the flux of heat and fresh water through an exchange-controlling boundary layer (Hellmer and Olbers, 1989; Holland
and Jenkins, 1999). The variable horizontal resolution of the ocean mesh ranges from (minimum) 4 km around Antarctica and
its adjacent ice shelf cavities, via 25km at 75°S in the Weddell Sea, to 250km at the equator. In the vertical, the mesh has
99 depth levels (z-levels) of varying thickness (Gurses et al., 2019; Nissen et al., 2023). Here, we perform two ocean model
simulations forced with atmospheric data from either a global climate model ("REF" simulation throughout the paper) or a
higher-resolved regional atmospheric model (referred to as the "FECO" simulation) which will be described in more detail in

the following section.
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2.2 The atmospheric forcing data

The FESOM reference simulation (REF) is forced with global atmospheric data created with the AWI Climate Model (AWI-
CM), a coupled global climate model using FESOM1.4 as the ocean model and ECHAM®6.3.04p1 as the atmospheric model
component, as a contribution to phase 6 of the Coupled Model Intercomparison Project (CMIP6; Semmler et al., 2020). The
atmospheric data resolution ranges from approx. 27 km to 52 km in zonal direction and corresponds to approx. 100km in
meridional direction. Our ocean model simulation is initialized in the year 2000 with FESOM output from Nissen et al. (2023)
and is driven by 3-hourly atmospheric output of the historical AWI-CM simulation for the period 2000 to 2014 and of the
future Shared Socio-economic Pathways (SSP) 3-7.0 emission scenario (Meinshausen et al., 2020) projection for 2015 to
2100, identical to Nissen et al. (2023).

The FESOM FECO simulation is forced with a regional atmospheric forcing data set which was created with the COnsortium
for Small-scale MOdeling - CLimate Mode model (COSMO-CLM or CCLM; Steger and Bucchignani, 2020; Zentek and
Heinemann, 2020), a regional non-hydrostatic atmospheric model with terrain-following vertical coordinates at a horizontal
resolution of 15km. The used CCLM is a polar-adapted version including improved parameterizations for sea ice and the
stable boundary layer (see Heinemann et al., 2022, for more details). The model is used in a forecast mode with daily re-
initialization and a spin-up of 12 hours. The CCLM domain reaches the northernmost corners at approx. 50°S (Fig. 1a). At
its lateral boundaries, it is driven by the global AWI-CM data sets described above. Sea ice concentration and thickness are
initially taken from FESOM data of the AWI-CM simulation, but are modified by the parameterizations of grid-scale and sub-
grid-scale ice in leads and polynyas. For use as forcing for the global ocean model FESOM, the CCLM output is merged with
the global AWI-CM atmospheric output. The merging follows the procedure from Haid et al. (2015) and uses a transition zone
of 2° to linearly interpolate between the global AWI-CM data and the regional CCLM data. South of this 2° boundary only
CCLM data is applied as forcing, while only AWI-CM data is used outside the CCLM domain. Inside the transition zone, the
weighted average depending on the distance to the CCLM domain boundary is used. CCLM data are available for the three
timeslices 2000-2014, 2036-2050, and 2086-2100. The following quantities are used from the downscaled CCLM simulations:
2m-temperature, 10m-wind, downward longwave and shortwave radiation at the ocean surface, mean sea level pressure, 2m
specific humidity and total precipitation. We ran FESOM simulations forced with CCLM (henceforth called FECO) for each
of the three time slices, each preceded by 10 years of spin-up, already driven by the CCLM data (2000-2009, 2036-2045, and
2086-2095, respectively). The spin-ups were branched off the REF simulation in 2000, 2036, and 2086, respectively.

2.3 Grade of Connectivity

We define the grade of connectivity (GOC) as a metric describing the coherency of the V-shape along the continental slope
in a selected sector (here the Filchner Trough Sill, see Fig 1b). Motivated by the link between the V-shape and DSW export
from the Weddell Sea continental shelf (Gill, 1973; Baines, 2009; Nissen et al., 2022) and on-shelf mWDW transport (Ngst
et al., 2011; Stewart and Thompson, 2015a; Thompson et al., 2018), this metric quantifies the modification (or erosion) of the

V-shape structure in response to cross-slope currents. The GOC is defined as the normalized zonal mean of the north-south
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Figure 2. Section across Filchner Trough sill of the horizontal potential density distribution relative to the level-wise horizontal minimum
density in December 2000 to illustrate the connection between the V-shaped density distribution and the grade of connectivity as defined in
section 2.3. Isolines depict the potential density in kg m™~ relative to 1000 kg m ™. The red dot marks the location of the minimum density
difference at 250 m depth, the horizontal line the position of the level presented in (b). (b) Horizontal projection of the density difference at
250 m depth with bottom isobaths. Red dots mark the location of the meridional minimum in longitudinal increments of 0.1°. The red line

marks the location of the section shown in panel (a).

variations of the deepest point of the V-shape in a horizontal plane. To calculate the GOC, we first interpolate the model data
from the unstructured grid to a regular grid with a resolution of 0.1° through linear interpolation between FESOM grid points.
As a second step, to find the meridional position y,, of the deepest point of the V-shape for each longitude coordinate, we find
the horizontal density minimum at the chosen depth by searching for the maximum density difference at 250 m depth compared
to the northern border of the selected area (here 72.69°S; Fig. 2). Ay, then denotes the absolute meridional distance from the

neighboring v,,. The average GOC is then calculated from monthly mean model output as

1, if Ay, <d
GOC=lZ f Ay r (1)
" n AdyLna ’Lf Ayn>dL

where n is the number of grid cells in zonal direction, and the distance threshold d;, = 0.2° is the maximum distance that
counts two neighbouring density minima as connected. In summary, the GOC is defined as the normalized zonal mean of the
north-south variations of the deepest point of the V-shape in a horizontal plane. We normalize by n so that it gives a number

between 0 and 1, with lower values indicating a less coherent V-shape along the continental slope and a value of 1 indicating a
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V-shape without disruptions in longitudinal direction. As such, the GOC allows for a quantitative description of the slope front

stability and a quantitative assessment of how this relates to, e.g., on-shelf transport of mWDW.

3 Results
3.1 Present-day V-shape in the Weddell Sea (REF simulation)

The reference simulation REF shows a distinct wedge structure of the isopycnals above the continental slope for the period
2010-2014, but details vary substantially across different sectors of the Weddell Sea (Fig. 3). In the following, the potential
density is always given relative to 1000 kg m—3. At the coast of Dronning Maud Land (DML) in the eastern Weddell Sea, a
fresh-shelf region, the narrow continental shelf prevents the accumulation of large amounts of DSW. Cold, fresh surface water
is pushed towards the coast and subducted, pressing down on the isopycnals of greater density (Fig. 3a). The planes of equal
density dip towards the continental shelf and the coast, forming only the northern arm of a V-shape. The section at Filchner
Trough (Fig. 3b), a dense-shelf region, shows a strongly pronounced V-shape in which the 27.7 kg m~2 isopycnal is found
at approx. 500 m greater depth above the continental slope than on the continental shelf. The southern arm of the V-shape is
pronounced in the Filchner Trough, as this is an area of DSW overflow (Fig. S1). Further to the west at the Ronne Trough
(Fig. 3c), water of colder temperature reaches deeper than at the Filchner Trough. However, the V-shape is less pronounced
in the upper open ocean, i.e., the region displays a less pronounced northern arm, due to the deepening of the slope current
along its path following the continental slope. At the Antarctic Peninsula in the western Weddell Sea (Fig. 3d), a V-shape in
the isolines is clearly visible only in the temperature field and for the 27.7 kg m—2 isopycnal and higher-density but not for
lower-density isopycnals. In addition, mWDW at temperatures around -1°C can be found on the continental Shelf and in the
Larsen Ice Shelf cavity originating from Ronne Trough and following the coast northward (Fig. S1a). The Filchner Trough has
previously been shown to be an entrance point for mWDW to reach the Filchner Ronne ice shelf (e.g. Foldvik et al., 1985;

Ryan et al., 2017). Because of its particular relevance, we will focus on the Filchner Trough in our further analysis.
3.2 Present-day seasonality of the V-shape at Filchner Trough (REF simulation)

Previous studies have shown that seasonal variations in the density distribution at the continental shelf break control the on-
shore flow of mWDW (e.g. Teske et al., 2024). During the historical 2010-2014 time period in REF, the depth and steepness
of the V-shape shows seasonal variations (Fig.4). More intense sea-ice formation on the continental shelf leads to thicker
sea-ice above the continental shelf (Fig.S3) and stronger DSW export in winter and spring than in summer and autumn,
which pushes down the isopycnals at the continental slope by approx. 5S0m (Fig.4 a, b). This is consistent with observed
variations in the thermocline depth at the Filchner Trough sill (Hattermann, 2018), though with a smaller amplitude than
in the observations. Sea-ice melting during summer reduces the steepness of the arm of the V-shape above the continental
shelf (Fig. 4c). Subsequently, stronger densification over the continental shelf through sea-ice formation in autumn strengthens

the southern arm again (Fig. 4d). Sea-ice formation in winter is particularly pronounced along the coasts of the Weddell Sea
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Figure 3. Potential temperature sections across the continental slope in the southern Weddell Sea with isopycnals shown relative to
1000 kg m~2 for 27.4, 27.6 27.7 (orange) and 27.8 kg m ™2 for the average over 2010-2014 in REF. a) Dronning Maud Land, b) Filch-
ner Trough, ¢) Ronne Trough, and d) Antarctic Peninsula. The continent and ice shelves (marked in grey) are on the left-hand side for all

panels. See Figure 1 for the exact locations of the transects.

(Fig. S2e), while in summer most of the Weddell Sea is dominated by sea-ice melting (Fig. S2i). Only a small band along the
Filchner-Ronne Ice Shelf edge produces sea ice year round, which - together with sea-ice deformation by tides and variable
winds - leads to a band of exceptionally thick sea ice north of Ronne Ice Shelf in summer (Fig. S3i).

The rise of the thermocline in summer also enables seasonal pulses of mWDW to flow onto the continental shelf (see also
Ryan et al., 2020; Teske et al., 2024). The horizontal temperature gradient in 300 m depth is strongest during winter - which is
consistent with observations (Fig. S4; Pauthenet et al., 2021) - however the northern arm of the V-shape has its steepest angle
during summer (blue line in Fig. S5). During summer, reduced DSW export (Fig. S6) and weakened Ekman downwelling (see
also Fig. 7) reduce the depth of the V-shape compared to winter (Fig. 4c). The main mechanisms behind the seasonal variations
are thus the seasonal production of DSW and seasonally varying Ekman downwelling. These mechanisms as found in the
simulation agree with observations and previous modelling studies (Pefia-Molino et al., 2016; Le Paih et al., 2020; Pauthenet
et al., 2021; Ryan et al., 2020).

3.3 Effect of a warming climate on the seasonally varying V-shape geometry (REF simulation)

Over the 21st century, increased summer sea-ice melting and reduced freezing rates in winter above the continental shelf
(Fig.S2) lead to freshening of the continental shelf and to a density redistribution in the Filchner Trough and across the
continental slope. While the geometry of the V-shaped density distribution is mostly symmetrical in 2010-2014 (Fig.4), it
becomes lopsided towards the end of the century in the REF simulation (Fig. 5). A reduction of the density over large parts of
the water column in Filchner Trough by up to 0.2 kg m~3 between 2000 and 2100 reduces the vertical extent of the southern
arm of the V-shape. In addition, a shoaling of the slope current over the course of the century reduces the depth of the V-shape
so that the yearly mean depth of the 27.8 kg m~2 isopycnal lifts from approx. 992 m to 791 m between 2010-2014 and 2096-
2100 (dotted and dashed horizontal lines in Fig. 5, respectively). Of all seasons, the V-shape reaches its deepest position in

summer by the end of the century (Fig. 5c¢), as opposed to in winter for the 2010-2014 period (Fig. 4).
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Figure 5. Potential temperature in the 2096-2100 mean of the Filchner Trough section in REF for a) winter (June-August), b) spring

(September-November), c¢) summer (December-February), and d) autumn (March-May). The colored lines show the position of the
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27.55 kgm™? isopycnal in the respective season, the white line the 27.8 kgm™* isopycnal. The gray line shows the position of the

27.7 kgm~* from Fig. 4. The dotted (dashed) horizontal gray line shows the mean depth of the 27.8 kgm ™2 isopycnal in the multi-year
mean of 2010-2014 (2096-2100).

The change in sea-ice thickness and concentration (Fig. S7a & b) during the 21st century does not only lead to freshening
of shelf waters, but also influences how the wind field impacts the ocean surface. To isolate the relative effects of wind speed
changes and changes in sea-ice properties, we compute the wind stress curl from the 2m wind field assuming a constant drag
coefficient over ocean (C 40=1.00e-3) and sea ice (C 4y=1.32e-3), weighted by sea ice concentration per grid cell. We find that
an intensification of the wind field towards the end of the century enhances existing wind stress curl patterns in winter (Fig. 6a-
d), while qualitatively the patterns remain largely unchanged. In contrast, considering the ocean surface stress, i.e. taking the
effect of the sea-ice cover into account, we find an alternating pattern of negative and positive surface stress curl, corresponding

to alternating areas of up- and downwelling, respectively (Fig. 6e). With a reduction of winter sea-ice thickness by up to 80%
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compared to at the beginning of the century, some of the up- and downwelling areas are redistributed. Regional variability is
slightly reduced so that the surface stress curl resembles the wind stress curl more closely at the end of the century. Similar
changes in the wind stress curl can be seen in spring and autumn (Fig. 6 b/d vs. f/h). In summer, when the sea-ice thickness
(Fig. S2) and concentration (not shown) in the Filchner Trough is already low between 2010 and 2014, a southward shift of
the wind field increases areas of downwelling above the continental slope. The impact of sea ice on the surface stress curl
is especially visible in autumn where in the 5-year average for March to May, the Filchner Trough is covered approximately
halfway by sea ice. South of approx. 76°S, sea ice creates alternating patterns of positive and negative surface stress curl, while
north of this, surface stress curl closely resembles the wind stress curl (Fig. 6 d, h).

From the fact that in the comparison between 2096-2100 and 2010-2014 we find modified patterns of spatial variability
in the ocean surface stress curl (lower panels in Fig. 6) much more pronounced than in the wind stress curl (upper panels in
Fig. 6), we conclude that the long-term trend in up- and downwelling patterns is created by trends in the sea ice cover rather
than in the wind field. The combination of reduced DSW export in winter and spring and the enhanced wind stress impact on

the ocean is then responsible for the change in the seasonal variations of the V-shape.

latitude latitude latitude latitude
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Figure 6. Wind stress curl (N m~?), estimated from the 2m-wind field, in the 5-year means of 2096-2100 (black line) and 2010-2014 (gray
line) in REF above the Filcher Trough section (see Fig. 1) for (a) winter (June-August), (b) spring (September-November), (¢) summer
(December-February), and (d) autumn (March-May). (e)-(h) Same as (a)-(d) but for surface stress curl on the liquid ocean from overlying

atmosphere and sea ice. Positive curl corresponds to downwelling.
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Figure 7. Hovmoller diagram of the yearly mean temperature in Filchner Trough (see Fig. 1) for (a) REF and (c) FECO. Colored lines show
the relative temperature change of the horizontally and vertically averaged temperature of the whole water column compared to 2000. (b) &
(d) Same as (a) & (c) but for salinity. Orange lines in (c) and (d) are the same as the orange lines in (a) and (b), respectively. Red line marks
the relative change of the average temperature/salinity in FECO. Red vertical line: boundary between historical and future climate scenario.

Black vertical lines: boundary between transition time and experiment in FECO.

3.4 Sensitivity of the Filchner Trough circulation to atmospheric forcing

The application of the regional higher-resolved CCLM forcing in FECO affects the transport of mWDW onto the continental
shelf. Reduced freezing rates along the coasts in winter and higher melt rates in summer (Fig. S2) due to higher air temperatures
(not shown) compared to REF lead to an additional decrease of the Filchner Trough mean salinity by up to 0.2 psu over the
course of 10 years of transition time, converging to a new mean state for all three time slices (Fig.7d). Additionally, lower
wind speeds in most of the southern Weddell Sea reduce the wind stress on sea ice and ocean, except for some areas at the
eastern Ronne Ice Shelf Front and the Filchner Ice Shelf, where stronger off-shore winds dominate. In contrast to the salinity,
the mean potential temperature does not appear to be sensitive to the forcing change (Fig. 7c) in the transition time. In the
FECO experiment, the circulation across the Filchner Trough sill and in the trough experiences a regime shift that REF does
not. In 2093, mWDW enters the Filchner Trough as a near-bottom current across the sill, strongly increasing the temperature
in the trough (Fig. 7c). This is not the first occasion for mWDW to influence the temperature of the Filchner Trough. Over
the course of the 21st century, REF shows increasingly stronger seasonal pulses of mWDW crossing into the Filchner Trough
across the shelf east of Filchner Trough and along the eastern slope of the trough (Fig. S8). Over the course of the reference
simulation, we find an increase in the temperature of the mWDW pulses, originating in a warming of the slope current. The
slope current shows a warming trend of approx. 0.053°C per decade between 2000 and 2100. This agrees well with the 0.05°C
per decade that were observed between 1980 and 2010 (Schmidtko et al., 2014). Previous studies have suggested that warmer

and longer-lasting pulses can be a precursor for a regime shift in the Filchner Trough from a DSW-dominated to a mWDW
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dominated state (Timmermann and Hellmer, 2013; Timmermann and Goeller, 2017; Ryan et al., 2020; Nissen et al., 2023;
Teske et al., 2024), but despite the increase in the mean temperature and the visible mWDW pulses, no sudden warming of the
trough occurs in REF.

Before the regime shift in FECO, the reduced density of the upper 1000 m in the open ocean leads to changes in the position
and symmetry of the V-shape above the continental slope (Fig. 8). The comparison of the seasonal positions of the deepest
point of the 27.4 kg m~2 isopycnal in FECO for 2088-2092 (Fig. 8b) - chosen for its position at depth above the continental
slope at all times, but nearly no intersection with the surface in REF - yields an additional horizontal component to the seasonal
depth variation seen in REF (Fig. 8a). This horizontal movement displaces the V-shape by approx. 50 km between summer,
when the deepest point of the V-shape is at its southernmost point, and winter. The deepest point of the V-shape is closest to
the sill in summer and furthest away in winter (Fig. 8b). In addition, the V-shape reaches its deepest position in spring and
summer, while REF reaches the deepest point in winter and spring. The fresher water masses on the continental shelf in FECO
cause the southern arm of the V-shape to be very flat and to vanish during autumn (Fig. 8b, yellow curve). Stronger Ekman
downwelling in autumn, but a late onset of the freezing season lead to a situation that temporarily resembles fresh-shelf regions

like the Dronning Maud Land section (Fig. 3d), though sea-ice formation in winter regularly restores the V-shape.
3.5 Accelerated density redistribution with high-resolution atmospheric forcing

The high-resolution atmospheric forcing does not only affect the slope front symmetry and seasonality, but also accelerates the
reduction of density over the 21st century compared to REF (Fig. 9). The differences in the density evolution between REF and
FECO are particularly large in Filchner Trough (Fig 9a). Here, the application of CCLM forcing leads to a negative density trend
between 2000 and 2092 that is 1.47 times larger than in REF. Values after 2092 were excluded from the calculation due to the
impact the regime shift has on the density of the Filchner Trough. In contrast, above the continental slope north of the Filchner
Trough sill, the trend is slightly smaller in FECO than in REF (-1.5 kg m 3 century ! as compared to -1.6 kgm~—3 century —*;
Fig. 9b). Separately assessing the trends in temperature and salinity reveals that the density trend on the continental shelf is
driven by freshening, while the trend in the slope current is driven by a combination of warming and freshening (Fig. S9). From
this we conclude that reduced sea-ice formation is not the only factor influencing the density distribution across the continental

slope, but the dominating one for the existence of the V-shape.
3.6 Influence of cross-slope currents on the V-shaped density distribution

With the onset of the near-bottom current of mWDW entering the Filchner Trough in FECO in 2093, the V-shaped density
distribution at the continental slope experiences pronounced structural changes that lead to the loss of the southern arm of the V-
shape. Visible as a sudden increase in the average temperature in the Filchner Trough (Fig. 7c), the inflow of mWDW in FECO
in 2093 brings the bottom density in the Filchner Trough closer to that of the slope current. This has the effect of increasing
the stratification of the water column. In combination with low sea-ice formation rates and reduced mixing (not shown) during
the freezing season, the seasonal variations in the southern arm of the V-shape vanish at depths below approx. 450 m (Fig. 8d),

in contrast to REF, where the V-shape is formed also at greater depths (Fig. 8c). Seasonal variations of the depth of the V-shape
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Figure 8. Potential temperature in the 2088-2092 mean (5 years before regime shift in FECO) in a) REF and b) FECO. Colored lines show
the position of the 27.4 kg m ™2 isopycnal. ¢) and d) same as a) and b) but for 2096-2100.

and the position of the northern arm remain, however, the southern arm of the V-shape decreases strongly in vertical extent.
From a height difference in spring of approx. 200 m between the deepest point of the V-shape and the shallowest point above
the continental shelf, the 27.4 kgm~—? isopycnal position reduces to a vertical range of approx. 80 m after the bottom current
onset. With the near-bottom inflow of mWDW into the trough, the sensitivity of the southern arm of the V-shape to sea ice
formation is reduced, while the northern arm, which is created by the wind, remains.

The timing of the intensified mWDW flux in FECO can be related directly to the density gradient across the Filchner Sill and
the depth of the thermocline at the sill. In FECO, the thermocline remains above the Filchner Trough sill depth throughout the
15-year FECO simulation and stays between 400 m to 600 m depths, while the thermocline in REF rises from approx. 1000 m
in 2000 to 600 m depth over the course of the 21st century (last 15 years shown in Fig. 10a). The sill depth of approx. 600 m
(horizontal gray line in Fig. 10a) is only crossed occasionally and never for an extended period of time. Despite the thermocline
in FECO already reaching above the sill from the beginning of the time slice 2086-2100, the warm near-bottom current is still

only developing at a later date. This agrees with the conclusions presented by Haid et al. (2023) suggesting that another key
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Figure 9. Linear regression of the annual mean potential density relative to 1000 kg m~ over time in a) the Filchner Trough and b) at the
Filchner Trough Sill at 636 m depth for REF in blue and FECO in red. The slope of each linear fit is given in the figure. Data points outlined
in black were excluded from the calculation due to the regime shift in 2093. The areas over which properties are averaged for the time series

are indicated in Fig. 1.
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Figure 10. a) Depth of the thermocline at the Filchner Sill (horizontal line: sill depth at 636 m) and b) density ratio between the maximum
density in Filchner Trough (pyq.) and the mean density at the Filchner Trough sill (see Fig. 1) at 636 m depth (p636:m ).

factor for or against an inflow of mWDW onto the continental shelf in addition to the depth of the mWDW at the slope is the
density ratio between the dense water on the shelf and the slope current (see also Nissen et al., 2023).

The inflow of mMWDW onto the continental shelf is not only visible in the cross-slope density structure, but also as a disrup-
tion of the V-shape in along-slope direction. In both simulations, the GOC at the Filchner Sill shows multiple minima between

280 2086 and 2100, demonstrating phases of instability of the Antarctic Slope Front where the barrier across the sill is weakened
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(Fig. 11). However, not all of the recognised events of a minimum GOC are related to an increased flow of mWDW into the
Filchner Trough. The comparison of the southward mWDW (O >-0.8°C) transport in the Filchner trough across the central
Filchner Trough sill with the GOC in FECO shows a significant correlation with a lag of 3 months (p=0.0005, r=0.35) between
the maximum mWDW transport and a minimum of the GOC after 2093 (Fig. 11). In REF, there is not only a lagged correlation
between the inflow of mWDW with the GOC (p=7e-7, r=0.36) but also weakly between the outflowing DSW (6 <-0.8°C) and
the GOC (p=0.0001, r=0.29), while FECO does not show this correlation (p=0.27, r=0.08). The calculation of the GOC was
performed for 250 m depth, where the V-shape is present at all times, even when it is less pronounced. The changing circula-
tion patterns associated with the density reorganization on the shelf in FECO decouple the weak correlation between the water

export and GOC that can be found in REF.
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Figure 11. a) Time series of the grade of connectivity (GOC) of the V-shaped density structure above the continental slope at the Filchner
Trough sill for REF (in blue) and FECO (in red; for area outline see Fig. 1; for calculation see section 2.3). b) Southward volume transport
in Sv across Filchner Sill Central (see Fig. 1) of water masses mWDW with a potential temperature of ©>-0.8°C and c) northward volume

transport of DSW (©<-0.8°C).
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4 Discussion
4.1 Drivers of the accelerated density redistribution: wind speed and sea ice

Our results show that for the high-emission scenario SSP3-7.0, lower sea-ice production in a simulation with high-resolution
atmospheric forcing data accelerate the density redistribution on the continental shelf of the southern Weddell Sea relative to
a simulation with lower-resolution atmospheric forcing. Subsequently, the accelerated density redistribution induces a regime
shift in the Filchner Trough area before the end of the 21st century. The regime shift from a DSW-dominated to a mWDW-
dominated state is accompanied by the near-loss of the southern arm of the V-shaped density distribution at the continental
slope that prominently separates the shelf from the open ocean in today’s climate.

The main factors controlling the circulation regime in Filchner Trough are the wind field and sea-ice production (Teske et al.,
2024), which directly influence the density distribution on the shelf. The on-shore transport of mWDW, which intensifies in
the case of a regime shift, strongly depends on the density ratio across the continental slope at the Filchner Trough sill. This
ratio changes faster in FECO than in REF, driven by an accelerated freshening of the continental shelf in response to higher
summer temperatures and weaker wind speeds in CCLM. Higher summer air temperatures in FECO compared to REF lead to
a stronger decline and local melting of summer sea-ice. Since multi-year mean air temperatures are actually lower in FECO
than in REEF, this emphasizes the importance of the seasonal cycle.

Weaker wind speeds may have two effects: (i) smaller heat loss to the atmosphere, and (ii) less wind-driven sea-ice transport.
Both effects tend to reduce sea-ice production and thus winter brine release in regions that are dominated by freezing and export
of sea ice. In contrast, stronger off-shore winds at the Filchner Ice Shelf front in FECO increase the occurrence and width of
coastal polynyas that locally cause higher sea-ice production rates. While this could counteract some of the freshening of
the Filchner Trough, the net effect appears to be dominated by the weaker off-shore winds in the high-resolution atmosphere
model.

In the historical time period between 2010 and 2014, REF produces a steeper, narrower temperature and density gradient
across the ASF at 300 m depth during winter than during summer, which agrees with the assessment of the ASF by Pauthenet
et al. (2021). According to their study, the ASF forming the northern arm of the V-shape has the smallest meridional extent
during winter months, which translates to a strong temperature gradient. The steepening is a result of stronger DSW export in
winter. The entrainment of colder, fresher surface water suppresses the isopycnal and forces the isopycnal and thermocline into
a steeper position. However, observational data for winter in the ice-covered southern Weddell Sea are scarce, leading to high
uncertainties in the assessment of the position and extent of the ASF in the southern Weddell Sea. Additionally, Pauthenet et al.
(2021) applied their analysis at 300 m at relatively shallow depths for the Weddell Sea, where the pycnocline extends deeper
than 380 m (Thompson et al., 2018). As Fig. 4 has shown, the isopycnals are steeper in greater depth. It is therefore unclear
if the shift in the minimum extent of 1.53° of the distance between the -0.7°C and -0.3°C isotherms at 300 m depth in winter
during 2010-2014 of REF to a minimum extent of 5.41° in summer in 2096-2100 (Fig. S4b) is an effect of climate change and

the shift in the front dynamics.
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The decreasing wind strength over the 21st century in REF reduces the Ekman transport and downwelling above the con-
tinental shelf. Multiple studies have shown that a strengthening and poleward shift of the westerlies and a weakening of the
easterly winds above the continental shelf will weaken the Ekman downwelling along the coast of the Weddell Sea (Spence
et al., 2017; Naughten et al., 2021; Teske et al., 2024). The indirect influence of the wind strength on the flow of Antarctic
Surface Water and mWDW onto the continental shelf has also been shown in previous studies (Hattermann et al., 2014; Din-
niman et al., 2015; Haid et al., 2015; Hatterman, 2018). In particular, Hattermann et al. (2014) described the weakening of
shallow and the strengthening of deep inflow towards the Fimbul ice shelf cavity in response to weaker easterly winds based
on observations and modelling results. The projected reduced wind speed of the easterlies in our model towards the end of the
21st century and the southward shift of the mid-latitude westerlies, consistent with Spence et al. (2014) and Goyal et al. (2021),
broaden the V-shaped density structure at the continental slope and reduce its depth in REF, as seen in Fig. 3. The uplift of the
thermocline due to weakened downwelling lifts mWDW closer to the sill depth and slowly increases the amount of mWDW
flowing into the Filchner Trough. A similar signature is found when comparing results from FECO with those from REF: The
generally weaker wind speeds in the southern Weddell Sea in FECO than in REF weaken the Ekman downwelling further,
reducing the V-shape depth in comparison to REF. The reduced density gradient weakens the barrier effect of the cross-slope
gradient further and allows the strong cross-slope current to develop towards the end of the century that does not develop in

REF.
4.2 Drivers of the accelerated density redistribution: cross-slope density gradient

One of the main criteria for the potential of the current system in the Filchner Trough to switch from a DSW-dominated state to
the mWDW-dominated state is the density gradient across the Filchner Trough sill as has been previously shown (Ryan et al.,
2017; Haid et al., 2023; Nissen et al., 2023). A near-bottom current of mWDW onto the continental shelf only develops once
this gradient flattens out or reverses. Our results show that this on-shelf current disrupts the V-structure at the slope, reducing
the V-shape to the upper 450 m of the water column and warming the Filchner Trough. The horizontal distance of the ASF
(northern arm of the V-shape) to the continental slope varies over the year as shown in an analysis of observational data by
Pauthenet et al. (2021). The introduction of the GOC provides a metric for the stability of the ASF in areas of cross-slope
transport in dense-shelf areas. However, not all features of the V-shape of the ASF are included. The GOC is useful to detect
strong changes in the cross-slope density distribution that remove the dip in the isopycnals or lead to a very large meridional
displacement within the V-shape. What the GOC is not able to do, is to differentiate between a lot of small displacements
that just exceed the distance threshold d; and few very large meridional distances. Also, the selection of d;, as a maximum
displacement before it reduces the GOC influences the result. A distance larger than ten times the grid size reduces the number
of recognised events by 12.5% compared to a d;, of two times the grid size; with d;, 100 times the grid size, the number of
recognised events decreases by 29.1%. The three-month delay between intensified cross-slope currents and a minimum event
of the GOC at 250 m depth indicates a connection based on seasonal cross-slope water transport. Ryan et al. (2017) showed
that during winter intensified DSW production and export suppress the isopycnals at the continental slope, reducing or stopping

on-shore transport of mWDW. This conclusion is back up by the lack of correlation in FECO where DSW production is reduced
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compared to REF. The lack of non-delayed correlation between cross-slope currents and the GOC indicates that an intensified
bottom current does not destabilize the ASF in shallower than sill depth. This also implies that a (hypothetical) decreasing
trend in the GOC cannot be regarded as an indicator that a cold-to-warm regime shift in Filchner Trough is about to occur in

the near future.
4.3 Comparison to other studies

Considering our results in the context of other scenario simulations for the 21st century, it becomes clear that the choice of
atmospheric forcing data has a strong impact on the susceptibility of Filchner Trough to undergo a regime shift before 2100.
Previous future projections produced a tipping of the Filchner Trough circulation in very high-emission scenarios (e.g., SSP5-
8.5 or similar; Timmermann and Hellmer, 2013; Nissen et al., 2023) or idealized scenarios (e.g., 1pctCO2 scenario; Naughten
et al., 2021). Ocean simulations with lower emission scenarios generally did not produce a regime shift (Timmermann and
Hellmer, 2013; Nissen et al., 2023), except in case of a coupled atmospheric component (Teske et al., 2024, regime shift
in SSP3-7.0 and SSP5-8.5 scenarios). While our reference simulation for the emission scenario SSP3-7.0 does not produce a
regime shift during the 21st century, downscaling of the atmosphere in FECO induces a strong mWDW inflow before the end of
the 21st century. We therefore conclude that the potential for a regime shift in a warming climate in the SSP3-7.0 scenario might
be higher than suggested by previous studies using relatively low-resolution atmospheric forcing (Nissen et al., 2023). With the
currently implemented policies, global warming is projected to be between 2.2°C and 3.5°C by 2100, which corresponds to the
warming projected for the SSP2-4.5 (2.1°C-3.5°C) and SSP3-7.0 (2.8°C-4.6°C) scenarios (Calvin et al., 2023). Our results thus
highlight the importance of developing a better understanding of the potential implications for vulnerable climate components

like the Antarctic Slope Front and the Filchner Trough in the current climate development.
4.4 Limitations and caveats

Several studies have suggested that eddies play an important role in the transport of Circumpolar Deep Water across the
continental shelf break (Ngst et al., 2011; Stewart and Thompson, 2015a). Our model is not eddy-resolving, but it has an eddy-
permitting grid resolution on the Weddell Sea continental shelf (~3-12 km). It has been proposed by Ngst et al. (2011) that
freshening of the shelf can lead to increased eddy kinetic energy which drives onshore cross-ASF eddy transport. The resolution
of approx. 12 km at the continental slope in our model grid might lead to an underrepresentation of eddies, the Rossby radius
in the southern Weddell Sea being 2-5km. With reduced eddy presence, the model might underestimate cross-slope volume
transport. An underrepresentation of eddy-driven on-shore transport of mWDW would mean a greater depth of the V-shape
as the lack of mesoscale eddies reduces the relaxation of the isopycnals above the continental slope (Dettling et al., 2024).
As a result, the temperatures on the continental shelf would be underestimated. A shallower V-shape at the continental slope
in a simulation with an adequate eddy representation might lead to an earlier regime shift of the Filchner Trough due to the
lower density gradient into the shelf and the higher connectivity between the slope current and the Filchner Trough through the

sloping isopycnals.
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5 Conclusions

390 We have presented model results indicating the future evolution of the density distribution across the Filchner Trough sill, a
key property of the Antarctic Slope Front in the Southern Weddell Sea. The reference simulation REF and the experiment sim-
ulation FECO with down-scaled atmospheric forcing both reproduce the typical V-shaped density distribution that is formed
by interplay of Ekman downwelling and Dense Shelf Water export in the southern Weddell Sea. Sea ice loss in the warming
climate of the SSP3-7.0 emission scenario decreases the density on the continental shelf and flattens the southern arm of the

395 V-shape in REF and FECO. This causes an increased sensitivity of the density distribution on the continental shelf to seasonal
wind speed variations. Using results from a regional, high-resolution atmosphere model as forcing, we find an acceleration
of the density redistribution on the continental shelf, which leads to a regime shift with modified Warm Deep Water entering
Filchner Trough before the end of the 21st century for the high emission scenario SSP3-7.0. Colder air temperatures in the
multi-year mean are more than outweighed by the warmer summer air temperatures of the regionally down-scaled atmosphere,

400 accelerating density loss on the continental shelf, which ultimately leads to a regime shift from a cold Dense Shelf Water dom-
inated Filchner Trough to a warm, modified Warm Deep Water dominated trough in 2093. The criterion of spatial coherency of
the V-shape along the continental slope, quantified by the grade of connectivity, is not usable as a tool to predict an imminent
regime shift because the southward transport of modified Warm Deep Water is, contrary to our expectations, not a result of
a weakening of the slope front, but instead leads to a temporary disturbance of the ASF and the associated V-shape. While

405 the density minimum is completely restored after disruption in present-day climate, in a warming climate the distinct V-shape
remains confined to the upper ocean. Due to the geostrophic nature of the Antarctic Slope Current, the flattening of the northern
arm of the V-shape and stronger seasonality will affect the transport of the slope current and the transport of heat towards the
peninsula and onto the continental shelf in the future.

The accelerated density redistribution by the high-resolution atmospheric data and the resulting regime shift show that

410 the potential for a regime shift in the Filchner Trough in the SSP3-7.0 scenarios is higher than previously published ocean
simulations of the same scenario suggest. With the current climate policies, the projected 21st-century global warming lies
within the potential range of the SSP3-7.0 scenario, increasing the urgency to better understand and represent vulnerable

climate components.

Code and data availability. The code for FESOM can be accessed from the esm-tool at https://github.com/esm-tools/esm_tools (last access
415 01.08.2024). The Matlab codes used for the analysis of the model output will be made available upon request to the corresponding author.
The CCLM model is available from the CCLM community website: https://clmcom.scrollhelp.site/clm-community (last access: 07 August
2024). CCLM data are available in the DKRZ long-term archive: https://hdl.handle.net/21.14106/cb44£718061ed8e9cdeb574d51113b64ec781564
(last access: 07 August 2024, (Zentek and Heinemann, 2023)).
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