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DISCUSSING AN EXTREME MOCK/WHAT-IF SCENARIO OVER
THE ANTARCTIC PENINSULA: THE EFFECT OF INTENSE MELT
ON SURFACE MASS BALANCE

DISCUSSION D’UN SCENARIO FICTIF EXTREME SUR LA PENINSULE
ANTARCTIQUE : EFFET D’UNE FONTE INTENSE SUR LE BILAN DE
MASSE EN SURFACE

Quentin GLAUDE, Thomas DETHINNE, Clara LAMBIN, Xavier FETTWEIS

Abstract

This discussion paper interprets the findings of a recent study comparing melt estimates from
the regional atmospheric model MAR, those derived from Automatic Weather Stations (AWS),
and microwave remote sensing images over the Antarctic Peninsula from 2019 to 2021. Our
interpretation reveals a paradox: MAR overestimates melt when compared to AWS-based melt
estimates, yet underestimates melt when compared to satellite imagery.

This discrepancy underscores a fundamental gap in our understanding of surface processes. To
illustrate the potential implications of this gap, we present a fictional (“what-if”’) scenario that
explores an extreme case of melting, based on parametrizations from Kittel et al., 2022, and
the outliers of Dethinne et al., 2023. We examine the potential impact on the ice sheet’s surface
mass balance (SMB), drawing parallels with the situation in Greenland during the 1990s, where
increased melt production had cascading effects on SMB.

Moreover, we highlight that the presence of liquid water at the surface of the snowpack can be
a precursor to significant destabilization processes over ice shelves, although this aspect is not
the focus of our current paper. By opening a debate on the accuracy and interpretation of melt
modeling, we aim to draw attention to the potential consequences of extreme melting events on
the Antarctic Ice Sheet’s SMB and stability.
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Résumé

Cet article interprete, sous forme d’une discussion générale, les résultats d’une étude récente
comparant les estimations de fonte du Modele Atmosphérique Régional (MAR), celles dérivées des
modeéles de stations météorologiques automatiques (AWS), et l'imagerie satellitaire micro-onde
sur la Péninsule Antarctique de 2019 a 2021. Notre interprétation révele un paradoxe : MAR
surestime la fonte par rapport a la fonte basée sur les AWS, mais sous-estime la fonte par rapport
a l'imagerie satellitaire.

Cette divergence souligne notre compréhension limitée des processus de surface. Pour en illustrer
les implications potentielles, nous présentons un scénario fictif (“what-if”’) qui explore un cas
extréme de fonte, basé sur les paramétrisations de Kittel et al., 2022, et les valeurs aberrantes
de I’étude de Dethinne et al., (2023). Nous examinons ['impact sur le bilan de masse en surface
(SMB) de la calotte glaciaire, en établissant des paralléles avec la situation au Groenland pen-
dant les années 1990, ou une augmentation de la production de fonte en surface a eu des effets
en cascade sur le SMB.

De plus, nous soulignons que la présence d’eau liquide a la surface du manteau neigeux peut étre
un précurseur de processus de déstabilisation significatifs sur les plateformes de glace, bien que cet
aspect ne soit pas [’objet de notre article. En ouvrant un débat sur la précision et | 'interprétation
de la modélisation de la fonte, nous visons a attiver [ attention sur les conséquences potentielles
des événements de fonte extréme sur la SMB et la stabilité de la calotte polaire antarctique.
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INTRODUCTION

The Antarctic Ice Sheet (AIS) holds significant
potential for contributing to global sea-level rise.
If completely melted, AIS has the potential to raise
the sea level by up to 56 meters, in addition to the
7-meter sea-level rise from the Greenland Ice Sheet
(GrIS) (Fretwell et al., 2013; Pfeffer et al., 2014).
The AIS presently contributes 0.6 mm/yr to sea
level, with projections indicating potentially a grea-
ter contribution in the future. Predictions suggest
arise of up to 1 meter in sea level by 2100 (IPCC,
2023), but these projections are characterized by
considerable uncertainties arising from incomplete
process understanding and limited high-resolution
data (Seroussi et al., 2020).

Seroussi et al. (2020) highlighted the absence of
consensus regarding future ice sheet mass change
estimates due to disparities in representing physi-
cal processes. The necessity for a comprehensive
assessment of surface meltwater and its drainage is
emphasized to comprehend the influence of water
movement across the ice surface. Despite extensive
research in Greenland, the broader comprehen-
sion of Antarctic-wide surface hydrology and its
evolutionary trajectory remains limited. Within a
warming climate, the potential acceleration of ice-
mass loss from Antarctica is underscored, driven
by intricate positive feedback loops interlinking ex-
posed rock extent, ice sheet melting, and thinning.
This interplay is compounded by the interrelated
effects of melting and wind erosion, leading to a
lowering of the ice surface, expansion of exposed
rock areas, and consequent blue-ice formation
(Seroussi et al., 2020).

While the Surface Mass Balance (SMB), the diffe-
rence between accumulation and ablation factors, of
the AIS has remained relatively stable, the surface
melt, particularly over the ice shelves, is expected
to increase, potentially leading to significant desta-
bilization processes (Favier & Pattyn, 2015; Furst et
al., 2016; Gilbert & Kittel, 2021). Currently, most of
the mass loss of the AIS comes from ice discharge
and ice shelves basal melting, driven by enhanced
ice flows in certain parts of the AIS that are in
contact with warm, salty, subsurface circumpolar
deep water (Vaughan et al., 2006).

Overall, the AIS mass is projected to increase, par-
ticularly due to snowfall, but could be offset when

warming exceeds 2.5°C (Kittel et al.,2021). While
snowfall events exhibit a linear relationship with
surface temperature, runoff displays an exponen-
tial response, and the equilibrium between these
processes can be achieved. However, Bell et al.
(2018) identified a mitigating feedback mechanism:
enhanced snowfall could thicken the firn layer on
both ice sheets and shelves, thereby boosting its
ability to infiltrate, store, and refreeze meltwater.

Our current understanding of Antarctic hydrology
remains limited, posing challenges to predicting
future hydrological patterns (Kingslake et al.,
2017). With surface melt increasing, ice shelves
tend to weaken. Bell et al. (2018) revealed three
key “modes” of this melt-related destabilization.
First, low-albedo regions like exposed rock
formations (nunataks), ‘blue ice’, and lakes on
ice sheets experience enhanced direct surface
ablation due to the albedo feedback, reducing
the reflection of incoming shortwave radiation
compared to adjacent snow or ice surfaces. Se-
cond, connections between ice surface hydrology
and the ice-sheet base alter ice dynamics through
modified basal thermal and hydrologic conditions,
often via lakes draining into fractures, rivers into
moulins, and firn aquifers into fractures. Third,
on the floating ice shelves of Antarctica, water
accumulates in surface depressions, which are
influenced by factors such as basal crevassing and
ocean melting. As water fills these depressions,
enhanced lake-bottom ablation and the flexural
response of the floating ice to the water load dee-
pen the basin. Concurrently, water-filled fractures
can vertically propagate, potentially leading to
through-ice fractures. As a consequence of ice
shelves’ thinning and collapse, they are less able
to constrain the ice flows by buttressing, which
will eventually lead to an increase in ice flow
velocity and consequently in mass loss (Paolo
et al.,2015).

Finally, a part of the uncertainty can be attributed
to local atmospheric processes. In particular, at-
mospheric rivers, characterized by concentrated
water vapor fluxes, play a significant role in me-
ridional moisture transport. Atmospheric rivers
contribute to solid and liquid precipitations in
East Antarctica and influence surface melt events,
affecting the surface mass balance either positively
or negatively (Wille et al., 2019). These events
also contribute to the prevalence of wet snow at
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high altitudes. Notably, the random nature of these
events contributes to climate variability from year
to year.

In the following discussion, we would like to ex-
plore the discrepancies in the way melt is estimated
from a regional atmospheric model, Automatic
Weather Station (AWS), and passive microwave
and scatterometer satellites, over the Antarctic
Peninsula from 2019 to 2021, and draw some
conclusions with regards to the current literature
in this matter.

I. MELT ESTIMATES: MODEL VS.
WEATHER STATION VS. SATELLITES

There are multiple ways to characterize melt in
Antarctica. First, we can estimate it from weather
stations and use an inverse modeling approach.
The approach computes the surface energy balance
and derives the corresponding amount of melt flux
(Jakobs et al., 2020). Another approach is using
a regional climate model with a dynamical snow
component, such as MAR (Mod¢le Atmosphérique
Régional, see Supplementary). This model is forced
at its boundaries using Earth System Models and
derives atmospheric and surface states at each pixel
for each time step, which includes the amount of
water within the first layers of the snowpack (Kit-
tel et al., 2021). Finally, Earth Observation (EO)
from satellite images, and microwave sensors in

particular, are highly sensitive to the presence of
liquid water. Because of rapid signal saturation,
simple methods only detect binary wet-snow
masks (Picard et al., 2022), but have the double
advantage of large coverage, high resolution and
short revisit time.

Our study underlines a paradox in the comparison
of melt estimates from MAR and AWS (see Sup-
plementary for data and simulation descriptions).
While MAR overrepresented melt when compared
to AWS-based melt (Figure 1, left), it underrepre-
sented melt when compared to satellite imagery
(Figure 1, right). In Figure 1 (left), melt estimated
by climate models and energy-balanced-based
estimates from AWS diverge, with MAR overes-
timating the melt fluxes in comparison to AWS by
more than 30%.

The discrepancy between the model and the in-
tegration of EO-based data within the model is
significant, as the introduction of EO-based melt
products drastically increases the number of melt
days over ice shelves (Figure 1, right). More spe-
cifically, Larsen ice shelves are presumably prone
to more melt than what the model alone estimates.

The comparison of modeled melt extent from MAR
and observed melt extent from active and passive
microwave spaceborne sensors further highlights
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Figure 1. (left) Comparison between surface melt production modeled by the regional climate model MAR and
the surface melt production modeled by automatic weather stations (AWS) [millimeter Water Equivalent - mmWE/
day]. (right) Difference in the number of melt days between MAR with assimilation of satellite images and MAR
without assimilation over the Antarctic Peninsula for the 2019-2020 melt season as done in Dethinne ef al., (2023).
A positive value indicates that the integration of satellite images increases the number of melt days in the model.
The details of the simulation and AWS data are presented in the Supplementary section.
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the discrepancies in melt estimates (Figure 1, right).
The significant differences observed between the
two methods of estimation underscore the need
for further investigation and refinement of our melt
modeling techniques (Dethinne ef al., 2023).

Similarly, Figure 2 displays the melt extent from
MAR compared to satellites, where important diffe-
rences are observed. It also shows the different results
from sensor to sensor, encouraging multi-frequency
approaches to analyze the spectral signature of the
wet snow. In particular, microwaves have a pene-
tration depth depending on the frequency, meaning
that a lower frequency microwave sensor (such as
ASCAT) can see subsurface liquid water content
while a higher frequency sensor (ASMR?2) detects no
presence of water. This can be observed by ASCAT
detecting significant liquid water content later at
the end of the melt season, probably at a depth not
observable by the higher frequency AMSR?2 sensor.
This difference between RCM and satellites is not
tied to MAR. Kingslake et al. already showed in
2017 that RACMO, another state-of-the art RCM
(van Wessem et al., 2018), could underestimate
the liquid water content on the Amery ice shelf
by several orders of magnitude. He also exposed
the lack of association of these models to blue ice
or exposed rock, accounting for this difference.
In general, RCMs tend to model much less water
than what high-resolution satellites are observing,
pointing out the need for better refining surface
hydrology in regional models.
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Figure 2. Comparison between modeled melt extent
from the regional climate model MAR (version 3.12)
and observed melt extent from passive microwave space-
borne sensors over the Antarctic Peninsula.

II. WHAT-IF SCENARIO: AN EXTREME
CASE OF MELTING

Given prior discussions, due to the uncertainties
surrounding precise measurements of surface
meltwater, it may be beneficial to consider a hy-
pothetical scenario (“what-if””). This would involve
exploring an extreme melt event and analyzing its
potential consequences.

Based on parametrizations from Kittel et al., 2022,
and the outliers of Dethinne et al., 2023, we present
afictional scenario where surface meltwater in MAR
amplifies drastically (by roughly a factor of four —see
Figure 3). It’s crucial to note that each snow or firn
layer can retain a maximum of 5% water (variable
among models). When the density of the underlying
snow approaches 830 kg/m?, water beyond this
threshold percolates down. Excess surface water
that might typically form melt ponds is deemed as
runoff. The consequence of this modeling scheme
is that important levels of surface meltwater led to
a rise in snowpack density, indicating saturation,
and culminating in a negative cumulative surface
mass balance over the melting season (Figure 3).
Moreover, such an event should also impact on the
next melting seasons, which is not discussed here.

Additionally, as highlighted by Kuipers et al.,
2014, such a saturation in the firn layer is a pre-
cursor to hydrofracturing. This situation is exacer-
bated in the case of successive years of intensified
melt events, compromising the firn’s ability to
maintain its air content and its capacity to hold
liquid water. Paired with increased rainfall, these
compound events are prone to increase in future
simulations (Kittel ef al., 2021), with a (near-)li-
near increase in precipitation with air temperature
and an exponential increase of surface meltwater
production (Trusel et al., 2015).

III. POTENTIAL IMPLICATIONS AND
FUTURE RESEARCH

Historically, the Antarctic Peninsula (AP) has
experienced atmospheric warming that surpasses
Antarctic averages, resulting in melting levels
not seen over the past millennium in its northeast.
This accelerated melting has expanded meltwater
ponding, leading to hydrofracturing, a dominant
cause of the area’s ice shelf collapses. In 2015,
Trusel et al. pose an insightful question: if other
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Figure 3. Evolution of essential snowpack variables for the period 2019-2020 over the Antarctic Peninsula. a) Melt;
b) Runoff; ¢) Snow density; d) Surface Mass Balance. Blue = forced extreme melt simulations, and its sensitivity

range as outlay; Red = reference case.

ice shelves encounter conditions similar to those
preceding the collapse of Larsen A and B, might
they face a similar fate?

The potential impact of extreme melting events
on the Antarctic Ice Sheet’s SMB should open
discussions about our current representation of
melt. We can draw parallels with the situation in
Greenland during the 1990s, where rapid changes
in atmospheric conditions induced increased melt
production, which had cascading effects on SMB
(Noel et al., 2017). In addition to this direct SMB
contribution, the presence of liquid water at the
surface of the snowpack can be a precursor to si-
gnificant destabilization processes over ice shelves
(Banwell et al., 2021).

However, it is important to note that our current
understanding of these processes is limited, and

largely depends on observations on the Antarctic
Peninsula. There are still many unanswered questions
about the long-term consequences of melting events
and snowpack saturation on ice shelf stability, and
upstream grounded ice (Donat-Magnin ef al., 2021;
van Wessem et al., 2023). Moreover, accurate SMB
observations are scarce, given the need for extensive
spatial and temporal coverage, exacerbated by the
harsh Antarctic environment. More specifically, our
current interpretation of Antarctic hydrology is pri-
marily derived from satellite and airborne imagery,
highlighting a pressing need for more comprehensive
field-based observations (Bell et al., 2018).

Among the “known unknowns”, we can cite the
discrepancies between albedo over bare ice in
MAR compared to satellite data (Antwerpen et
al., 2022). Over fresh snow, albedo representation
between the different regional climate models also
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greatly differs, for present and future climate, as
demonstrated within the European H2020 PRO-
TECT project. Albedo has a great influence on
the surface energy balance and consequently on
melt production. This is particularly important as
surface albedo plays an important role in control-
ling Antarctic surface melt, with low-albedo areas
like blue ice and nunataks facilitating melting by
absorbing solar energy. This process, enhanced by
melting and wind erosion, enlarges exposed rock
areas, establishing a coupling between melting,
rock exposure, and blue-ice formation (Kingslake
etal.,2017).

This position is shared by Kittel et al. (2021),
acknowledging MAR limitations, and recognizing
the influence of present (but undetectable) biases
on future projections and the need for thorough
climate evaluation. Unrepresented processes like
melt-elevation feedback and changing surface
geometry contribute to their uncertainties. The
study’s findings underscore the intricate balance of
Antarctica’s SMB and the imperative of accurate
representation in climate models.

In this context, the concept of “what-if”” presented
here is to be taken with a grain of salt, because the
simulations we produced were based on historical
reanalysis data, with tweaks on the regional climate
model MAR related to its EO-data assimilation
module. Nevertheless, our study highlights and
confirms the complex interactions between melt
production, snowpack density, and runoff, empha-
sizing the importance of ongoing research in this
area. These “what-if” scenarios are encouraged and
increasingly made possible in the context of the
development of regional Digital Twin initiatives
(https://dte-antarctica.org), in order to investigate
hypothetical situations and assess their conse-
quences (Gourmelen et al., 2023).

From a forward-looking standpoint, understanding
meltwater accumulation on ice shelves and the
impact of large-scale drainage emerges as a criti-
cal aspect of forecasting future ice-sheet stability.
Given the non-linear relationship between melt
rates in Antarctica and atmospheric temperature,
known as «melt—temperature nonlinearity», mi-
nor inaccuracies in modeling present-day climate
could lead to considerable biases in forecasting
future meltwater production (Bell ef al., 2018). In
particular, underestimation of meltwater production

over current climate could significantly dampen the
melt increase with rising temperatures while over
current climate, models and observations compare
well, as melt is fully absorbed by the snowpack.

We note that some regions of Antarctica’s surface
hydrology appear to be mirroring Greenland’s
present-day ablation and percolation zones. The
comparison reveals that projected melt rates in
Antarctica by century’s end align with current melt
rates observed in Greenland (Bell ef al., 2018).
Notably, the Antarctic Peninsula may experience
intensified melt akin to that of Greenland’s lower
ablation zone. While we can draw some similarities
between the current GrlS and future AIS (referred to
as “Greenlandification” - Mottram et al., 2021), the
characteristics of these two ice sheets are distinct,
and direct comparisons may have limitations.

By opening a debate on the accuracy and interpreta-
tion of surface meltwater modeling, we aim to draw
attention to these questions and highlight the need
for further research in this area. Studies underscore
the importance of improving our observations and
modeling capabilities, leveraging Earth Observa-
tion, and advancing climate models to enhance
our understanding of ice sheet processes and the
associated impacts on the cryosphere.

The concurrent development of observational ca-
pabilities and advancements in climate modeling
and cryospheric research is a notable symbiosis.
By analyzing model uncertainties via Earth Obser-
vation techniques, a more nuanced understanding
of the complex ice sheet processes that govern
the cryosphere and its implications is revealed. In
this context, the upcoming launch of the passive
microwave CIMR satellite, Europe’s answer to the
Japanese AMSR2 and American SSMIS satellites,
is a promising indication of ESA’s future directions.
This launch complements the current Copernicus
constellation of synthetic aperture radar satellites,
all aimed at enhancing our understanding of Earth’s
evolving dynamics.

IV.SUPPLEMENTARY: MODELS AND EO
DATA

A. Automatic Weather Stations

The Wisconsin AWS 2B system records meteo-
rological parameters in Antarctica. Some stations
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are distributed across the Antarctic Peninsula:
AWS 14 (67.02°S, -61.5°E), from Jan ‘09 to
Jun ‘15; AWS 15 (67.57°S, -62.15°E), from Jan
‘09 to May “14; AWS 17 in Larsen C Ice Shelf
(65.93°S, -61.85°E), from Feb ‘11 to Mar “16;
and AWS 18 in the Larsen B Ice Shelf (66.4°S,
-63.73°E), from Nov ‘14 to Sep ‘18. They cap-
ture data on air temperature, air pressure, wind
speed and direction, relative humidity, snow
accumulation, water temperature, and surface
energy components, from which melt rates are
determined (Jackobs et al., 2020).

B. Model used for illustrations

In this paper, we primarily employed results from
the regional climate model MAR - Modéle Atmos-
phérique Régional, although results from RACMO
were also part of the discussion (Kingslake et al.,
2017). MAR (version 3.12, Lambin et al. 2023) is
a specialized regional climate model extensively
used in polar research. It is built on the hydrostatic
approximation of the primitive equations (Gallée
and Schayes, 1994) and incorporates a microphy-
sics module managing five separate water entities,
thereby contributing to the atmospheric heat and
moisture balance (Gallée, 1995).

The model includes a radiative transfer scheme
akin to the ECMWF ERA-40 reanalysis (Morcrette,
2002) and the SISVAT (Soil Ice Snow Vegetation
Atmosphere Transfer) module, which models mass
and energy exchanges between the atmosphere and
the surface (De Ridder and Gallée, 1998). Based
on the CROCUS snow model (Brun et al., 1992),
it provides a detailed representation of snow me-
tamorphism across multiple layers, as extensively
used in this paper.

MAR also calculates dynamic surface albedo, ad-
justing for various factors such as snow properties
and cloud presence (Tedesco et al., 2016). MAR
includes atmospheric and sea surface conditions
as model drivers, adding detailed physics to the
atmospheric and surface levels.

C. Simulation Characteristics

The MAR was set with a horizontal resolution of
7.5km, 6-hourly forced by ERA-5 reanalysis data,
over a time period from 2019 to 2021, with an initial
spin-up period of 2 years for the atmosphere and

snowpack. The representation of the snowpack is
discretized in 30 layers representing the first 20
meters of the upper layers of the ice sheet, with
a variable vertical resolution (upper layers being
thinner than deeper ones). This reference simu-
lation is then compared to EO-based assimilated
simulations. These simulations utilize wet-snow
masks, which allow for adjustments in the model’s
dynamics. The application of these masks assumes
them as ground truth and modifies the model’s
snowpack temperature accordingly, either warming
itup or cooling it down to align with satellite obser-
vations. The detailed description of the EO-based
data is provided in the following section, while the
assimilation techniques employed are elaborated
on in Dethinne ef al., 2023. The simulations consi-
dered in this paper were discarded in the paper of
Dethinne et al., 2023, but instead discussed here,
as part of a “what-if” scenario.

D. Remote Sensing Data

The study incorporates data from two sensors:
the Advanced Microwave Scanning Radiometer 2
(AMSR?2) and the Advanced Scatterometer (AS-
CAT). AMSR2, part of the GCOM-W1, provides
daily polar region observations. Using the 18.7
GHz channel data, we created two wet-snow masks
by separately processing the satellite’s ascending
and descending paths. ASCAT, on the MetOp satel-
lites, offers a backscattering coefficient at 4.45-km
resolution.

Wet-snow detection algorithms are described in
Dethinne et al. 2023. For both sensors, wet-snow
masks are interpolated onto the MAR grid, with
each grid pixel state determined based on the most
common condition in the corresponding satellite
mask area.
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