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Abstract We review recent literature on atmospheric, surface
ocean and sea-ice observations and modeling results in the
Antarctic sector and relate the observed climatic trends with
the potential changes in the surface mass balance (SMB) of
the ice sheet since 1900. Estimates of regional scale SMB
distribution and trends remain subject to large uncertainties.
Approaches combining and comparing multiple satellite and
model-based assessments of ice sheet mass balance aim at
reducing these knowledge gaps. During the last decades, sig-
nificant changes in atmospheric circulation occurred around
Antarctica, due to the exceptional positive trend in the
Southern Annular Mode and to the climate variability ob-
served in the tropical Pacific at the end of the twentieth cen-
tury. Even though climate over the East Antarctic Ice-Sheet
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remained quite stable, a warming and precipitation increase
was observed over the West Antarctic Ice-Sheet and over the
West Antarctic Peninsula (AP) during the twentieth century.
However, the high regional climate variability overwhelms
climate changes associated to human drivers of global temper-
ature changes, as reflected by a slight recent decadal cooling
trend over the AP. Climate models still fail to accurately re-
produce the multi-decadal SMB trends at a regional scale, and
progress has to be achieved in reproducing atmospheric circu-
lation changes related to complex ocean/ice/atmosphere inter-
actions. Complex processes are also still insufficiently consid-
ered, such as (1) specific polar atmospheric processes (clouds,
drifting snow, and stable boundary layer physics), (2) surface
firn physics involved in the surface drag variations, or in firn
air depletion and albedo feedbacks. Finally, progress in reduc-
ing the uncertainties relative to projections of the future SMB
of Antarctica will largely depend on climate model capability
to correctly consider teleconnections with low and mid-lati-
tudes, and on the ability to correct them for biases, taking into
account the coupling between ocean, ice, and atmosphere in
high southern latitudes.

Keywords Surface mass balance - Antarctica - Climate
change - Regional modeling

Introduction

Antarctic climate and mass balance have been highlighted by
the fifth [IPCC assessment report (ARS) as one of the main
uncertainties both for the climate system [1] and for sea level
projections [2]. Consequences of mass balance changes in
Antarctica are of global importance, as they directly act on
the mean eustatic sea level increase [3], with societal conse-
quences and risks in coastal areas. Recent estimates of mass
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balance variations of Antarctica showed that the ice sheets
might become the main contributors to sea-level rise in the
coming decades [4, 5]. In this picture, the surface mass bal-
ance (SMB) of Antarctica plays an important role, as it con-
stitutes the only component that may significantly compensate
for the future sea level rise [2, 6-10]. Indeed, with a surface
area of 12.3 x 10® km?, the annual SMB of the grounded ice of
Antarctica represents a huge mass flux, which is expected to
increase in the future.

The SMB (inkg m Za ") at one point is defined as the sum
of mass gains and losses at the ice sheet surface:

SMB = PR + SU + TR + RU (1)

where PR is total precipitation (solid and liquid), SU is
surface sublimation, TR is drifting snow transport (including
erosion, deposition, and sublimation of drifting snow parti-
cles), and RU is the amount of liquid water from melt and rain
that is not retained or refrozen in the snowpack. Fluxes are
negative when mass is lost at the surface. Here, we examine
variations in regional climate over Antarctica and relate it to
potential changes involved in recent and future SMB varia-
tions. Finally, we present the ways forward to improve the
accuracy of the SMB estimates and forecasts.

Regional Climate
Recent Trends

The recent regional climatic trends and variability in
Antarctica have been related to atmospheric circulation chang-
es over the Southern Hemisphere [11]. These changes have
been associated with the strengthening of the Southern
Annular Mode (SAM) and with remote sources of climate
variability in particular in the tropical Pacific region (e.g.,
the ENSO [12-14], the Interdecadal Pacific Oscillation
(IPO) [15, 16]). These atmospheric circulation changes [14,
17] had large effects on the surface ocean circulation [18], on
sea ice concentration and extent [13], on ocean stratification
[19], and on basal ice-shelf melting [20-22]. However, strong
internal climate variability [11, 13, 14, 23] overwhelmed the
influence of observed forcings. An exception is the positive
trend in the Southern Annular Mode [11], the multiannual
mean of which recently reached its most positive phase over
the last millennium [24], as a consequence of hemispheric-
scale stratospheric ozone depletion and of increases in green-
house gas concentrations [24, 25].

Regional atmospheric changes were largely associated with
the SAM and with variability sources in the tropics, both being
partly linked [26], with impact particularly over the west
Antarctic Ice Sheet (AIS) [11, 27]. The increasing SAM index
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resulted in a southward shift of the mid-latitude westerly
winds in the southern Indian Ocean [17], along the Antarctic
Peninsula (AP) [14, 28] and over west Antarctica [12, 27].
This led to a greater flow of mild, north-westerly air associated
to a surface warming through west Antarctica [27]. Onto the
AP, this was associated with a significant warming during the
second half of the twentieth century, which was amplified on
the north-eastern side by a foehn effect [28], but which has
slowed markedly in the past 1015 years [14], changes being
largely related to internal climate variability. Associated with
changes caused by the SAM in the westerlies, higher sea sur-
face temperatures (SST) in the central tropical Pacific (El Nifio
and positive IPO situation) were also described as source of
enhanced atmospheric Rossby wave trains [14, 29], leading to
higher onshore winds (warm advection) over West Antarctica
(for instance to Marie Byrd Land) [27]. A strong surface air
warming was thus observed over the West AIS
(2.18 £ 1.25 °C increase during 1958-2010 at Byrd Station
[27,30]), while East Antarctica did not exhibit any significant
trend as a whole [31].

The enhancement of westerly winds led to more northward
Ekman transport of cold sub-Antarctic surface waters, leading
to sea surface cooling and a subsurface warming of the ocean
[11, 13, 32] except in the Weddell, Bellingshausen, and
Amundsen Seas and in the southeast Indian Ocean sector
[33]. More precisely, a large expansion of the sea ice extent
occurred in the Ross Sea sector as part of a 100-year trend with
the highest absolute values occurring at the end of the twenti-
eth century [34]. This was partly compensated by large reduc-
tions in the Amundsen—Bellingshausen seas, around the
Antarctic Peninsula and in the southeast Indian Ocean [11].
The recent sea ice decline in the Bellingshausen Sea is also
unusual in the context of the past ~ 100 years [35, 36]. Over
1979-2013, the annual mean total Antarctic sea ice extent
increased at a rate of 195 x 10°> km? per decade [13]. The
signal is dominated by the trend over the Ross Sea
(119 x 10° km?® per decade) that is strong but still largely
within the bounds of natural variability. Although it is tightly
associated to observed atmospheric circulation changes, the
sea-ice expansion was also attributed to increased meltwater
input caused by glacier wastage, which has contributed to
freshening of the Southern Ocean and stabilization of the wa-
ter column and less vertical ocean heat flux [37-39]. In any
case, changes in the sea ice extent are within the internal
variability, and an analysis of CMIP5 coupled model outputs
[40] suggests that ozone depletion was not the driver of a
positive Antarctic sea-ice trend.

Atmospheric changes and sea ice concentration varia-
tions are mutually dependent and frequently associated
with changes in the tropical Pacific. For instance,
Meehl et al. [16] suggested that the IPO can dominate
regional atmospheric circulation and sea-ice trends in the
Antarctic region at the decadal timescale. Changes in sea
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ice extent are crucial for SMB of Antarctica because
more open water leads to enhanced evaporation and
moisture availability in the atmospheric column [8, 41].
As an example, the changes in sea level pressure in the
Amundsen Sea region enhanced the meridional transport
of moist air to the coast of Ellsworth Land (West
Antarctica), leading to increased snow accumulation in
this region [12], whereas colder airflow was observed
offshore in the Ross Sea sector. A detailed account of
atmospheric circulation changes in the Amundsen Sea
area and their impact on Antarctic climate can be found
in Raphael et al. [42].

Nevertheless, the warming and the moisture flux variability
cannot be fully explained by either SAM or ENSO, even in the
pacific sector at the Gomez site and along the coast of West
Antarctica [12, 14], because particular regional settings may
overwhelm the large-scale teleconnections with the tropical
Pacific. For instance, Li et al. [43] demonstrated that a surface
warming in the north and tropical Atlantic Ocean related to the
Atlantic Multidecadal Oscillation can contribute to the ob-
served deepening of the Amundsen Sea Low and to the sea-
ice redistribution between the Ross and Amundsen—
Bellingshausen—Weddell seas and to the warming in the AP
region. Another example is the enhancement of the climato-
logical trough in the Drake Passage during the 1999-2014
period, which led to greater frequency of cold, east-to-
southeasterly winds and more cyclonic conditions in the
northern Weddell Sea. These circulation changes have in-
creased the advection of sea ice towards the east coast of the
AP [13]. As a consequence, recent cooling in the AP occurred
during the global warming hiatus but was demonstrated to
have been driven by local regional climate variability [13,
14] rather than having been associated with the drivers of
global temperature change.

Large changes actually reflect the extreme natural internal
variability of the regional atmospheric circulation in
Antarctica. The significant trends in annual mean sea-ice ex-
tent, surface temperature, and sea-level pressure are not un-
usual when compared with Antarctic palaeoclimate records of
the past two centuries [11] and did not exceed the natural
variability, except for the SAM [24]. For instance, in spite of
the increase of sea ice extent during the last decades, there are
indications of higher sea ice extents during the 1960s [44, 45]
than during the satellite period after 1979. Even the large
warming in west Antarctica is inside the range of natural var-
iability as demonstrated by the strong warming of the 1940s
associated with the major 1939-1942 El Nifio event [46].
Although ice-core records suggest that recent decades may
probably be the warmest in the past 200 years [47], these
changes have to be compared to the amplitude of centennial-
scale Antarctic temperature variations (of up to 2 K) associat-
ed to the internal mode of southern ocean deep convection
variability [23].

Antarctic Climate Change Detection and Attribution,
and Projections

The strong natural variability of Antarctic climate leads to a
relatively late projected emergence of an anthropogenic cli-
mate change signal over the Antarctic continent [11, 48], not
before the mid of the twenty-first century. Therefore, except
for specific regional aspects discussed above, there is not
much recent scientific literature on climate change detection
and attribution studies for the Antarctic as a whole.
Projections of Antarctic climate in recent literature largely
rely on outputs from coupled climate models produced in past
CMIP exercises, using these output either directly [8, 49-51]
or as boundary conditions for regional or global variable-
resolution atmospheric models [41, 52]. However, progresses
in the representation of the Antarctic climate in global climate
models due to improved representation of physical parameter-
izations, notably linked to clouds and surface processes, have
also been reported recently [8]. Because the principal global
effect of Antarctic climate change resides in its impact on
global eustatic sea level via the mass balance of the ice sheet,
most of these studies focus on future SMB changes. Recent
progress in this domain is summarized in the following.

Surface Mass Balance
SMB Observation

An accurate assessment of the SMB of Antarctica is particu-
larly difficult [5S3-55] because reliable field data of SMB [56]
and of snow physical and chemical characteristics at high
spatial resolution [57] remain very scarce. This is particularly
true in low-elevation regions (below ~2000 m above sea level
[56, 58]), where surveys are complicated by harsh climatic
conditions and remoteness from manned stations, whereas this
is where SMB is highest and most variable both in time and
space [53]. This is also where most of the future SMB change
(60%) is expected to occur [6, 59]. The lack of field data is
also critical in the vicinity of “wind-glaze” areas (areas subject
to strong wind-driven ablation) and in the mega-dunes, which
cover together approximately 20% of the East AIS [60].
Moreover, the difficulty to extract a robust climate variability
signal and annually resolved SMB values from single-point
measurements and ice cores is particularly high, because cli-
matic signal generally hardly emerges from background noise
and variability [61]. Erosion and transport of surface snow
layer by strong katabatic winds may produce a mixing be-
tween snow layers, and averaging information from multiple
sites, providing a good spatial coverage, is generally necessary
to retrieve accurate accumulation values [62].

Estimates of the current SMB mean value and trend have
been produced at the scale of the continent using a
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combination of satellite gravimetry and altimetry and climate
modeling approaches [3, 63, 64] or using climate modeling
alone [6, 9, 55, 65]. Interpolation of ground-based measure-
ments at a continental scale suffers primarily from the scarcity
of field measurements [56, 66], but also to limitations in in-
terpolation techniques. These techniques mainly rely on mi-
crowave remote sensing signatures which are altered in low-
elevation area due to steep slopes, high surface roughness,
melting, and where wind scour provokes the removal of snow
layers [67-69]. Indeed, these surface processes (1) alter the
signal stored in firn and (2) induce interferences for remote
sensing estimates of surface characteristics.

Accumulation radar (e.g., at 100400 MHz frequency)
may be a promising technique to improve the coverage of
SMB field measurements over the AIS. Ground penetrating
radar (GPR) data allows to retrieve the regional spatial distri-
bution of the SMB [70, 71], although this technique offers
information only along traverses. Associated with space- and
airborne microwave radar (e.g., between 4 and 6 GHz) they
may offer SMB and firn compaction data at large spatial scale
[72, 73], as for instance over catchments along the Amundsen
Sea Coast of West Antarctica. Nevertheless, the accuracy of
GPR approaches relies on a depth—age calibration made on ice
cores drilled along radar transects, and inferred from the iden-
tification of seasonal cycles [74] or of reference horizons in
numerous chemical species and water stable isotopes [71].
However, accurate ice core dating generally relies on beta-
radioactivity counting and gamma spectrometry, or on identi-
fication of well-dated volcanic eruption deposits [54, 62].
Moreover, GPRs are frequently used, but they provide long-
term accumulation means, which may differ from recent ac-
cumulation values, and they do not give information on annu-
al or decadal variability. Consequently, new measurement
techniques are still needed. Radar altimetry (C band) appears
to qualify as a proxy for precipitation (or long-term mean net
SMB) in the dry snow zone of the AIS, but the signal is also
influenced by other parameters such as surface temperature
cycles/anomalies within the firn [75].

Improving the accuracy of regional scale SMB distribution
and trend remains a priority, particularly at low elevations [56,
58]. Future progress is contingent on the development of new
measurement techniques and on inter-comparison exercises to
reconcile satellite measurements and modeling approaches of
ice sheet mass balance. The ongoing IMBIE2 project [76] is a
follow-up to previous successful efforts in that direction [3].

Observation of Processes Impacting the Regional SMB

Understanding the complex mechanisms shaping SMB pat-
terns at different time and spatial scales is among the most
important challenges in polar climate science [77]. Due to
the scarcity of accurate SMB estimates, important efforts have
been carried out to quantify the different processes impacting
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the SMB value. In Antarctica, where surface runoff remains a
marginal process [78], the spatial and temporal variability in
SMB can mainly be attributed to snowfall and snowdrift pro-
cesses. Combined approaches using field measurements and
model results have revealed that precipitation-driven accumu-
lation can be greatly reduced due to drifting snow erosion [79,
80] and that drifting snow sublimation can also contribute
significantly to the surface mass loss, particularly where
strong katabatic winds prevail [81, 82].

While visual observations of drifting snow and direct pre-
cipitation measurements are limited by the inability to distin-
guish between actual snowfall and drifting snow particles
originating from the ground, efforts have gone in the recent
years into obtaining reliable estimates of solid precipitation
amounts. For instance, CloudSat products offer unprecedent-
ed capability to quantitatively assess Antarctic precipitation
statistics and rates at ~ 1 km above the surface [83] and pro-
vide an independent assessment to other widely used
observation-based and reanalysis products for intercompari-
son of high-latitude precipitation characteristics [84].

Ground-based techniques to assess the evolution of clouds
and precipitating systems have also been developed using a
ceilometer, an infrared pyrometer and a vertically profiling
precipitation radar [85]. This set of instruments gives informa-
tion on cloud properties (ice, liquid-containing clouds and
precipitating clouds, vertical extent) and also enables to char-
acterize how clouds affect the surface radiative fluxes. More
recently, a precipitation monitoring campaign using a different
combination of instruments (including a polarimetric weather
radar, a micro rain radar, a weighing gauge, and a multi-angle
snowflake camera) has given information on hydrometeor
types and provided the first model-free estimates of precipita-
tion in Antarctica [86].

Remote sensing techniques developed for monitoring
clouds and aerosols from space have also been applied to the
detection of drifting snow properties including spatial and tem-
poral frequency, layer height, and optical depth of drifting snow
events [87]. Nonetheless, although satellites provide a large
spatial coverage, quantitative estimates remain limited by the
vertical resolution of signal close to the surface (~ 20 m), by the
sensitivity to the occurrence of clouds and by their dependency
on re-analysis data (wind speed, temperature, and low-level
moisture) for mass fluxes calculations [88].

Drifting snow has been studied from field measurements,
but the few data collected are only available within the surface
layer (<10 m). An important focus has been made on the
drifting snow flux using different generations of acoustic
FlowCapt™ devices [89], which were proved to be well suited
for remote locations and long-term monitoring under harsh
conditions. However, it was demonstrated that the first-
generation of FlowCapt™ gives significant errors in drifting
snow flux estimations which prevent the use of such measure-
ments for research purposes [90]. Nevertheless, these original
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devices were used for observations [91] and satellite data eval-
uation [87] and for model evaluation [92]. As a consequence,
quantitative aspects in these studies should be considered with
caution. The second-generation FlowCapt™ device was
shown to slightly underestimate the actual flux when com-
pared to a reference optical sensor (SPC-S7; [93]). This device
should be used instead [94]. The second-generation
FlowCapt™ sensors have been installed in a coastal location
of Adélie Land [95] and are operating continuously since
February of 2010, giving long-term dataset of ground-based
drifting snow measurements in Antarctica, which may be used
to evaluate and complement satellite data and modeling
results.

Modeling Aspects

The geographical patterns of the modeled Surface Energy
Balance (SEB) and subsequent SMB highly depend on the mod-
el resolution [6, 9, 96, 97] and on the inclusion of several key
physical processes (Fig. 1). For instance, clouds microphysics
with parameterizations for ice cloud supersaturation acts on
changes in large-scale circulation patterns and alter topographi-
cally forced precipitation [78, 98]. But clouds also act as short
wave radiation filters and longwave radiation emitters, influenc-
ing the both the atmosphere and surface heat budgets [8].

Accounting for the drifting snow flux in modeling studies
has demonstrated that this process has an important impact on
the regional SMB patterns [99]; however, its representation in
climate models is still poorly validated [100]. Lenaerts and
van den Broeke [99] computed that sublimation of blown
snow particles removes ~ 6% of the precipitation, considering
the whole ice sheet. Its impact on the regional SEB [98] or on
the accurate representation of air moisture with important
feedback on surface sublimation has also been demonstrated
[101]. However, no reliable quantitative estimation of the
amount of snow transported by the wind exists beyond a
few meters above the ground, even if occurrence of drifting
snow has been observed [87]. Model hardly simulates the
drifting snow mass transport close to the surface, and values
differ by more than one order of magnitude with field obser-
vations [100, 102]. Moreover, the relative importance of the
physical processes influencing drifting snow transport has to
be quantified [103]. This concerns the increase of surface
snow density, the cooling of near-surface air through sublima-
tion of the drifting snow, the stabilization of turbulence, or the
increase of the downslope pressure gradient force in the kata-
batic flow.

Thanks to recent observational studies, the understanding
of the physical processes controlling (1) the surface turbulent
energy and mass fluxes and (2) the evolution of surface snow
properties has been improved. Studies demonstrated the need
to develop new parameterizations of the surface momentum
and sensible heat fluxes in very stable conditions [104],

whereas interactions between erosion and surface drag over
sastrugi-covered areas [105, 106] should be considered. The
dynamic representation of the roughness length is necessary to
accurately represent the seasonal variations of the surface
wind stress, of the related drifting snow, and ultimately of
the SMB in windy regions [105, 106]. An analysis at
decametre scales using a stochastic snow redistribution
scheme also demonstrated that snow drift processes are crucial
at very fine spatial scale and are necessary to retrieve (1) the
statistics of annual ablation occurrences over mean positive
accumulation sites and (2) the vertical profiles of snow density
and specific surface area down to 50 cm depth [107].

Finally, an important focus has been made on surface pro-
cesses involved in ice-shelves destabilization through
hydrofracturing. Attention has been paid to the assessment
of the SEB [108], surface melt, and subsequent firn air deple-
tion over ice shelves [109]. Consequences of subsurface
refreezing melt ponds for ice formation and ice-shelf structure
[110] have been explored. Firn models have been improved to
account for compaction rates and for meltwater hydrology
[111, 112]. In particular, these approaches demonstrated that
surface winds are crucial to enhance melting over ice-shelves
in the Antarctic Peninsula [113, 114] but also in East
Antarctica [115], where meltwater-induced firn air depletion
is found in the grounding zone and can ultimately lead to the
disintegration of ice shelves.

Mean SMB and Trend
Mean Value

According to previous references, the current SMB of the
Antarctic grounded ice-sheet was assumed to range between
1768 Gt a~' [66] and 1983 Gt a_' [55], even though more
recent model estimates suggest that the actual value may be
slightly higher [6, 8, 9, 78]. However, Scambos et al. [60]
concluded that current estimate of the SMB over East
Antarctica might be overestimated by 46-82 Gt a ' due to
inaccurate estimations over the “wind-glaze” areas. Das
et al. [79] also estimated that 2.7-6.6% of the surface area of
Antarctica presents a negative net accumulation due to wind
scour and that the snow mass input is overestimated by 11—
36.5 Gt a ! in present SMB calculations. More generally, it
has been argued that the largest uncertainty in SMB estimates
from regional climate models in East Antarctica is localized in
regions where the wind scour impacts on both ablation and
redeposition areas [81].

Recent Trends
Over the twentieth century, SMB variations were weak over

Antarctica [8]. However, several areas presented a significant
SMB increase as for instance on the West AIS, where a 30%
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Fig. 1 a Key large-scale
teleconnections and regional
processes impacting the SMB and
requiring a better representation
in global circulation models.
Background map is SMB from
[6]. Also presented are the main
regions discussed in the text and
the main processes impacting the
regional SMB over the plateau, in
the coastal region, and over ice
shelves (in yellow). b Schematic
presentation of the main physical
processes requiring a better
representation in regional
circulation models

b Key regional
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d Teleconnections and key processes impacting the SMB
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increase was observed at various sites in Ellsworth Land [12,
116] or in the Dronning Maud Land [117]. It has been sug-
gested that overall, SMB increased across the grounded AIS
of 16020 Gta ' (~9%) since 1800 AD and 110 +22 Gta '
(~6%) since 1900 (1900-2010), with the largest (area weight-
ed) contribution from the West AP [58], where a doubling of
accumulation since 1850 has been identified [118]. An SMB
increase has also been suggested over the whole AP over the
last 50 years [116, 119]. Nevertheless, changes observed in the
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SMB since the 1960s mainly appeared at low elevations
(coastal regions) with an increase of about 10%. In addition,
even though ice-core accumulation records should be
interpreted cautiously over the highest part of the East
Antarctic ice divide [58] because of low accumulation rates
and strong impacts of post-deposition processes, the data sug-
gest that current SMB in this region is not exceptionally high
compared to the last 800 years [77]. Finally, changes are very
variable in space and time. For instance, at short time scales,
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precipitation may have decreased over 2003-2013 for both
AP and West AIS, whereas precipitation may have increased
on East AIS [63].

Even though the interannual variability of accumulation is
partially resolved by models at a regional scale in Adelie Land
[53], in the Antarctic Peninsula [97], and in Dronning Maud
Land[117, 120], there is still no proof'in either observations or
regional climate simulations that accumulation increased in
Antarctica as a whole [8]. In particular, modeled inverse rela-
tionship between sea-ice extent and the SMB of Antarctica [8,
51] demonstrates that recent inter-decadal changes are hard to
explain and model. For instance, models do not represent any
significant trends in the AP over the last 36 years, except for
snowmelt that shows a significant decrease [97].

Future Changes

According to regional circulation modeling using SRES A1B
scenario, the future increase of snow accumulation in Antarctica
(Table 1) at the end of the twenty-first century (15%) will repre-
sent a compensation of about — 5 cm to the future sea level rise (—
15 cm in 2200 [6, 120]). Estimates have been given for the RCPs
scenarios but for CMIP5 models. Previous estimates given for
SRES A1B should be almost reached under RCP2.6 scenario,
whereas the sea level rise mitigation by precipitation increase
under RCP8.5 scenario may reach —71 to —79 mm SLR (sea level
rise) by the year 2100 [50, 51]. Attention in regional modeling has
been paid in assessing future melting amounts in Antarctica, with
a focus on ice shelf melting [52], but future SMB changes under
RCPs scenarios are still not available using regional circulation

models, while simulated precipitation increase strongly depends
on model resolution [6, 8, 41, 49]. Morever, the modeled increase
will be mainly due to the variation in air moisture resulting from
warming (Clausius-Clapeyron equation, see the scaling factors
given for every model in Table 1), and through the characteristics
and frequency of Antarctic clouds. However, the increase driven
by stronger meridional winds is still limited in large-scale and
regional-scale modeling approaches [8, 121], and changes in-
duced by Antarctic sea-ice cover variations are still poorly
modeled in state-of-the-art coupled climate models [122].

Ways Forward

Already, the earliest coupled model projections of transient
anthropogenic climate change [123, 124] predicted a slow
emergence of a significant warming signal in the high south-
emn latitudes because of the presence of the Southern Ocean
[L1, 125]. This is combined with strong natural climate vari-
ability in the polar regions [14]. The clearest and, in terms of
global consequences, most alarming signs of ongoing persis-
tent changes in the Antarctic climate system are therefore
linked to ice sheet—ocean interactions (see the review from
Pattyn et al. [126], this issue), which are beyond the scope
of this review. Antarctic climate change and consequent
changes of the Antarctic SMB are strongly conditioned by
the evolution of the Southern Ocean [8, 41]; moreover, SMB
changes will be strongest, and the processes are arguably the
most complicated, in the coastal regions. This allows identi-
fying conditions and possibilities for efficient future progress

Table 1 Summary of future

SMB changes in Antarctica Model AlB RCP2.6 RCP8.5 All RCPs
Scaling coefficient” LMDZ4 4.8-6.3 [41]
5.1[6]
RACMO2  4.8-5.5[9]
SMHIL 5.6 [6]
All CMIP5 6.1 [49]
7.4°[51]
CESM 5.2 (8] 3.8 [8]
SMB change LMDZ4 13% [6]
RACMO2  15% [9]
SMHIL 16% [6]
CESM 9% [8] 18% [8]
All CMIP5 5.5%" [51] 24.5%° [51]
=19 mm SLR®[51] —71 mm SLR®[51]
=79 mm SLR° [50]
“In %K'

® Increase in precipitation only

¢ Accumulated sea level rise compensation by the year 2100 (relative to 1986-2005)
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in the understanding and prediction of the Antarctic climate
and SMB. Improvements of models are also of interest for
assessment of short-term risks and safety management in the
polar regions through weather and sea-ice conditions forecasts
[127]. The intensive observation and modeling activities
planned in the framework of the YOPP' (Year of Polar
Prediction) program is an opportunity to understand particular
events such as the Antarctic sea ice minimum extent observed
in April 2017.

Many physical processes relevant for Antarctic near-
surface climate and SMB are still only insufficiently well un-
derstood (Fig. 1). Concerning the near-surface climate, the
dominant occurrence of a stable atmospheric boundary layer
is certainly one of the most characteristic elements of the
Antarctic climate system. Despite long-standing efforts, the
representation of turbulent fluxes of momentum and heat in
stably stratified boundary layers in global and regional climate
models and reanalyses [128] is still not satisfying. The
GEWEX/WCRP Atmospheric Boundary Layer Study Phase
4 (GABLS42), an initiative that focuses on test cases at Dome
C on the East Antarctic Plateau, is an opportunity for both
improved process understanding and rapid transposition of
this improved understanding into global and regional climate
models.

In the future, increasingly large parts of the coastal
Antarctic will probably be characterized by higher snow melt
rates [52]. Associated complex processes like meltwater
refreezing in the snowpack and meltwater drainage [129] need
to be well represented in climate models in order to correctly
simulate the ice sheet SMB. Improving the representation of
snow, including Antarctic snow, in current-generation climate
models is the aim of the Earth System Model Snow module
Intercomparison Project (ESM-SnowMIP?) under the auspic-
es of the WCRP Grand Challenge “Melting Ice & Global
Consequences” that will include case studies at Dome C and
potentially over Antarctic shelf areas. Further progress is also
required in the representation of blowing snow or, at least, in a
better quantification of its impact of the ice sheet SMB. A
further international initiative worth noting here is ISMIP64,
a CMIP6 sub-project that aims to make progress in coupling
ice sheet models and Earth system models; evaluating the ice
sheet SMB simulated by the CMIP6 Earth system models is
part of the ISMIPG6 effort.

Large knowledge gaps concern the properties, role, and evo-
lution of tropospheric clouds in Antarctica and their represen-
tation in climate models [130]. Recent important progress has
been reported on the representation of cloud liquid and ice
water path at high latitudes by CloudSat-Calipso due to an

! http://www.polarprediction.net/yopp/

2 http://www.umr-cnrm.ft/aladin/meshtml/GABLS4/GABLS4.html

3 http://www.climate-cryosphere.org/activities/targeted/esm-snowmip
4 http://www.climate-cryosphere.org/activities/targeted/ismip6
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explicit determination of cloud phase [131]. Ground-based ob-
servatories combining sets of instruments used synergetically
to study the evolution of clouds and precipitating systems [85,
86] have been identified as an important condition for progress
in understanding and quantifying tropospheric Antarctic
clouds. For the study of Antarctic clouds and precipitation,
the combination of these ground-based studies with improved
large-scale satellite observations [83] now paves the ground for
a better evaluation of these aspects in climate models [51, 131];
similarly, it is this combination of small-scale process studies
with large-scale observations that will also lead to improved
parameterizations in climate models.

The need for high spatial resolution, both horizontal [97]
and vertical [132], is frequently emphasized in studies of the
Antarctic climate and SMB. Interestingly, substantial horizon-
tal climate gradients over short distances do seem to occur also
in the absence of steep topography, for example across Dome
C [133]. This clearly suggests that projections of the Antarctic
climate, and more specifically of the Antarctic SMB, will, in
the foreseeable future, continue to require statistical or dynam-
ical downscaling. In this respect, the classical “garbage in-
garbage out” problem of climate projections at the regional
scale [134] naturally also applies to Antarctica, and it is prob-
ably particularly acute in this region given typically substan-
tial errors of global coupled climate models in the Antarctic
[125]. Dynamical regional downscaling of climate change
projections such as planned in the CORDEX exercise [135,
136], which consists of using coupled climate model output to
drive regional climate models, might suffer from this draw-
back. Selection of the driving global coupled model [137],
based on the coupled models’ ability to correctly represent
essential regional circulation features, is a frequently used
procedure to putatively circumvent or at least alleviate this
“garbage in-garbage out” problem. This will also certainly
be a condition for useful downscaling of coupled model cli-
mate projections in the Antarctic CORDEX initiative.” An
attractive alternative, or intermediate step, could be to produce
intermediate atmosphere-only global climate simulations
using de-biased sea-surface conditions based on present-day
observations and oceanic climate change signals from coupled
climate models [41, 138]; these de-biased intermediate global
simulations could then be used to drive a regional climate
model. However, given that this approach does not correct
for (at least currently) inevitable errors of the global atmo-
spheric model used in the intermediate step, a further improve-
ment could be to de-bias the global atmospheric model simu-
lations at runtime [139, 140]. If it can be shown that climate
model biases are at least to a large degree stationary, that is,
similar in different climatic conditions, such an intermediate
step between the coupled climate model and a high-resolution
regional climate model could provide improved boundary

3 http://www.climate-cryosphere.org/activities/targeted/polar-cordex/antarctic
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conditions for the high-resolution regional climate model sim-
ulations required for useful projections of Antarctic climate
and SMB changes.

In any case, the coastal regions of Antarctica will likely be
subject to important atmospheric circulation changes resulting
from a competition between local and remote forcings.
Changes resulting from variations in the pressure gradient
existing between the mid and the high latitudes (the
Southern Annular Mode—SAM [25]) will interact with those
occurring in particular in the Tropics [141]. During the last
50 years, the SAM presented an increasing trend and reached
its highest values over the last millennium [24]. This resulted
in a shift of the storm track in particular in the Southern Indian
Ocean [17]. Important changes in the wind regimes and
strength [14, 28, 142] were observed, resulting in an important
accumulation increase in West Antarctica and along the west-
ern side of the Peninsula (e.g., a 30% increase at various sites
has been observed since 1900 [12]). This increased SMB
should progressively be phased out due to ozone recovery,
which is projected to have the opposite effect on the SAM
than the ongoing increase of the concentrations of other major
greenhouse gases [121]. However, the advection of warm,
moist air into West Antarctica and the AP will also largely
depend on the behavior of the ENSO [141], characterized by
an increased frequency of the El Niflo-La Nifa extreme events
[143, 144] transmitted to Antarctica via the South Pacific.
Correctly projecting these global-scale circulation changes
and their impacts on the Antarctic circulation patterns and
SMB is a major challenge for global climate models; current-
ly, there are few reasons to believe that they are correctly
modeled. In this context, more detailed investigations of pos-
sible teleconnections involving surrounding Southern Ocean
regions other than the Pacific sector [11, 14, 23, 43, 58, 117]
could be a worthy undertaking.

Finally, the sea ice extent is a general deficiency of state-of-
the-art coupled climate models and a potential source for in-
accuracies in the assessment of future changes of accumula-
tion over the ice sheet. Improving our capability to correctly
simulate the Antarctic sea ice changes and zonal atmospheric
pressure response to anthropogenic climate change and the
resulting poleward heat and moisture advections is thus within
the main priorities in Antarctica. This will rely on better cou-
pling between ocean, ice, and atmosphere in high southern
latitudes (see reviews from Asay-Davis et al., this issue, and
Pattyn et al. [126], this issue).
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