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Abstract While most precipitation in Antarctica falls as snow, little is known about liquid
precipitation, although it can have ecological and climatic impacts. This study combines meteorological
reports at 10 stations with the ERAS5 reanalysis to provide a climatological characterization of rainfall
occurrence over Antarctica. Along the East Antarctic coast, liquid precipitation occurs 22 days per year
at most and coincides with maritime intrusions and blocking anticyclones. Over the north-western
Antarctic Peninsula, rainfall occurs more than 50 days per year on average and the recent summer
cooling was accompanied by a decrease of —35 annual rainy days per decade between 1998 and 2015 at
Faraday-Vernadsky. Projections from seven latest-generation climate models reveal that Antarctic coasts
will experience a warming and more frequent and intense rainfall by the end of the century. Rainfall

is expected to impact new regions of the continent, increasing their vulnerability to melting by the
preconditioning of surface snow.

Plain Language Summary Given the cold temperatures prevailing across the continent,
most precipitation over Antarctica falls as snow. Nonetheless, infrequent rainfall events have already

been observed causing serious damage to penguin colonies and facilitating the melting of the snow on

the ground surface. Here, we provide the first climatological characterization of rainfall occurrence over
Antarctica by examining reports of visual meteorological observations at 10 Antarctic stations. We can
evidence the contrast between the coasts of East and West Antarctica that experience a few days per year
with liquid precipitation and the western part of the Antarctic Peninsula where rainfall occurs more than
50 days per year on average. The latter region also experienced a significant decrease in rainfall occurrence
during the first 15 years of the 21st century. Simulations with latest generation numerical climate models
further reveal that the Antarctic continent is projected to undergo an overall warming accompanied by
more frequent and more intense rainfall events at the end of century. Rainfall is also expected to impact
regions of the continent that currently do not receive rainfall, making them vulnerable to intense events of
surface snow melting preceded by liquid precipitation.

1. Introduction

During the austral summer 2013-2014, an Adélie penguin colony near Dumont d’Urville (DDU) station,
coastal Adélie Land, Antarctica, experienced a complete reproductive failure, a so-called “zero” year. Among
the main reasons for this disaster was an unusual and dramatic rainfall event that occurred on January 1,
2014, and that was responsible for the death of all chicks, whose downy plumage has little waterproofing
ability (Ropert-Coudert et al., 2015). According to ice-core records in which water from rainfall and melting
manifests as clear frozen layers, two occurrences of heavy liquid precipitation and/or melt could be detected
in the decade preceding 2014 in coastal Adélie Land (Goursaud et al., 2017).

At a distance of about 1,500 km to the South-East, the Ross Ice Shelf underwent an extensive, intense, and
prolonged surface melt event in January 2016 (Nicolas et al., 2017). Such an event was caused by a strong
and sustained advection of warm oceanic air. During the first days of the event, rainfall significantly pre-
conditioned the snowpack by increasing its temperature due to latent heat release from water freezing and
hence, contributed to extend the melting. Such a phenomenon has been frequently observed over Green-
land (Doyle et al., 2015) but is quite rare in Antarctica.

The phase of Antarctic precipitation can directly impact the surface mass balance of the ice sheet through
modulation of the surface albedo (Kirchgifibner, 2011). Liquid precipitation can also accelerate the retreat
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of glaciers by physically eroding the ice or through hydrofracturing when associated with intense surface
melting (Pollard et al., 2015). Moreover, non-frozen precipitation falling on frozen surfaces or rocks can
directly run off, increasing the fresh water influx into the ocean or into lakes and ponds such as in the
Schirmacher Oasis in Queen Maud Land (Kaur et al., 2013). Albeit infrequent, liquid precipitation events
can therefore have serious impacts on the fauna and ecosystems, on the climate, and on the mass balance
of the Antarctic.

In the Arctic, the largest contribution to the future precipitation increase is predicted to come from rainfall
(Bintanja, 2018; Bintanja & Andry, 2017). In the Antarctic, the total precipitation amount over the ice sheet
is expected to increase in the coming century (Palerme et al., 2017), but we do not know if and how much
the phase of precipitation will change. Overall, very little is known about rainfall occurrence and amount in
Antarctica as well as its future evolution.

Our knowledge gap regarding Antarctic rain primarily lies in the technical difficulties in measuring precip-
itation in the harsh meteorological conditions prevailing on the remote Antarctic continent. Insights might
be gained from remotely sensed measurements at stations where radars have been deployed (e.g., Gorodet-
skaya et al., 2015; Grazioli et al., 2017; Jullien et al., 2020). Preliminary analyses of radar vertical profiles at
DDU suggest that during rain events, the melting layer is found in the first hundreds of meters above the
ground (Vignon, Besic, et al., 2019). This raises the need for specific high-vertical resolution configurations
to detect rainfall from radar observations.

From a satellite perspective, the characterization of rainfall could be possible by means of the W-band
cloud profiling radar (CPR) onboard the polar-orbiting CloudSat satellite. The CPR reveals occurrences
of “mixed” precipitation over the Antarctic coast, but it does not capture any rainfall events above the ice
sheet (Behrangi et al., 2016; Palerme et al., 2014). However, the reliability of those estimations is rather
low since (a) the phase of the sampled precipitation is determined by the 2-m temperature predicted by the
European Centre for Medium-Range Weather Forecasts (ECMWF) weather analysis and a coarse model
of melting layer; (b) CPR data are contaminated by ground-clutter below 1200-m a.g.l., that is, where the
melting layer is expected to form at high latitudes; (c) the revisit time of Cloudsat is about 5 days over the
coastal margins of the ice sheet (when considering a 1° X 2° grid, Palerme et al., 2014), which questions the
ability of the CPR to capture sporadic rainfall events; and (d) over regions with abrupt topography such as
the Antarctic Peninsula or the coastal margins, the CPR may receive backscatter from ice surfaces at high al-
titudes, which can be misinterpreted as being intense near-surface rain rate (Behrangi et al., 2016; Palerme
et al., 2019). Other satellite estimations of rainfall occurrences can be obtained from infrared and micro-
wave imager products through the Global Precipitation Climatology Project (GPCP) data set for instance
(Adler et al., 2018). However, the determination of the precipitation phase is very indirect since it is based
on a look-up table for probability of liquid precipitation as a function of near-surface wet-bulb temperature
from atmospheric reanalyses.

Hence, the most reliable information about the Antarctic precipitation phase available so far remains the
visual observation by meteorologists that are reported every day at Antarctic stations. Here, we provide the
first statistical characterization of rainfall events in Antarctica using a combination of visual meteorological
records at 10 Antarctic stations with the ECMWF latest generation atmospheric reanalysis ERAS. Analyz-
ing the recent scenarios from the sixth Coupled Model Intercomparison Project (CMIP6), we further stress
that the occurrence and intensity of Antarctic rainfall are expected to significantly increase—and to affect
a larger fraction of the continent—during the next century, suggesting that rainfall may be an important
meteorological factor to consider for assessing the future of the Antarctic climate and ecosystems.

2. Data and Methods
2.1. Precipitation Observation at 10 Antarctic Stations and Identification of Rainy Days

Visual observations at 10 stations (see Figure 1)—namely DDU, Halley, Neumayer, Rothera, Mawson, Da-
vis, Casey, Syowa, Amundsen-Scott South-Pole, and Vernadsky (ex station Faraday)—have been used to
characterize the occurrence of rainfall in Antarctica. These 10 stations have the advantage of (a) being
permanent stations so that meteorological observations are therefore available for all seasons, (b) being
geographically distributed along the Antarctic periphery (except South Pole) where rainfall is expected to
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Figure 1. Central panel: Map of the mean annual number of rainy days in the ERAS5 reanalysis between 1979 and 2017. Values within circles correspond

to the mean annual number of rainy days identified from visual observations at Antarctic stations. Exact numerical values and observation periods for each
station are given in Table S1. Days with drizzle are not taken into account in the previous statistics for better consistency with ERAS5 which is unable to simulate
supercooled drizzle (see supporting information). Note the logarithmic color bar. External panels: Monthly distributions of the number of days with rain (blue)
or drizzle (cyan or light-blue when the two overlaps) at 10 Antarctic stations over the respective observation periods (see Table S1). Note that rain-drizzle
distinction is not possible from meteorological reports at DDU.

be the most frequent, and (c) containing multi-decadal archives of weather reports that include information
on precipitation occurrence and phase at the daily or hourly scale.

At these stations, meteorologists report “present weather”—referring to any weather phenomenon at the
time of the observation—and “past weather”—that is, any weather phenomenon that has occurred since
the last report—observations. Details on meteorological observations and on the analysis period at each
station are given in Section S1. Importantly, it is notable that such observations only allow statements on
the occurrence and character of precipitation events, but not on the precipitated amount. Following Turner
et al. (2005), we define a rainy day as any day during which there is at least one report of rain or shower in
the past or present synoptic weather reports. Days with drizzle are identified with a similar method and we
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consider a day with precipitation as any day during which rainfall and/or snowfall is observed. The details
on the identification of rainy days at each station are given in Section S1.

2.2. ERAS5 Reanalysis

ERAS is the latest global reanalysis product from the ECMWF (Hersbach et al., 2020). Here, we have used
ERAS data at the standard 0.25° X 0.25° resolution over the 1979-2017 period. ERAS5 physics is based on
the Cy41r2 version of the Integrated Forecast System. Cloud and large-scale precipitation processes are
parameterized with a set of five prognostic equations for the mass mixing ratios of cloud liquid water, cloud
ice water, rain, snow, and water vapor (Forbes & Ahlgrimm, 2014; Forbes & Tompkins, 2011). Liquid pre-
cipitation is formed by autoconversion and accretion of cloud droplets (Khairoutdinov & Kogan, 2000), or
by snowfall melting. Drizzle production through collision-coalescence of supercooled liquid water droplets
is not allowed. Forbes et al. (2014) developed a diagnostic algorithm that combines the vertical profiles of
temperature, rainfall and snowfall to give the prevailing precipitation type—amongst seven categories—at
the surface at a given time. In our study, a day is qualified as “rainy” if the surface precipitation during at
least 1 h within the day is classified as either “rain,” “freezing rain” or “mixed”. As the “mixed” category is
somewhat ambiguous, we have verified that our conclusions involving ERAS still hold when disregarding
this category in the identification of rainy days. In Section 3.1, we evaluate the ability of ERAS5 to capture
Antarctic rain events.

2.3. CMIP6 Global Climate Model Simulations

Future of Antarctic rainfall will be discussed based on the analysis of recent global simulations from seven
models—namely IPSL-CM6-LR, CNRM-CM6-1, CanESM5, INM-CM5-0, MIROC6, MRI-ESM2, and GF-
DL-CM4 - involved in ScenarioMip intercomparison (Eyring et al., 2016; O’Neill et al., 2016) of CMIP6. De-
tails on the cloud and precipitation parameterization in each model are provided in Section S2. We consider
two future Shared Socioeconomic Pathways (SSPs) each of them integrating a specific scenario of future
climate and societal change (Bauer et al., 2017). The SSP2-4.5 represents the medium part of the range of
future forcing pathways and updates the previously used Representative Concentration 4.5 Pathway (RCP
4.5). It envisions a future forcing pathway stabilizing at +4.5 W m™ in which trends continue their histori-
cal patterns without substantial deviations. The SSP5-8.5 is an update of the previous RCP 8.5 and assumes
an energy intensive, fossil fuel-based economy with a radiative forcing stabilizing at +8.5 W m™2. So-called
“Historical” simulations, in which coupled climate models are forced by past atmospheric composition
from the middle of the nineteenth century to the early 21st century, have been used to assess models per-
formance. Simulations from the Atmospheric Model Intercomparison Project (AMIP) experiment in which
global atmospheric models are forced by observed sea surface temperature and sea ice concentration have
been analyzed to assess possible influence of simulated ocean surface conditions by the coupled models. In
all models, liquid precipitation is estimated as the difference between total and solid precipitation. Monthly
and annual liquid precipitation was calculated for all models, whereas daily amounts could be calculated
only for IPSL-CM6A-LR and CNRM-CM6-1.

3. Results
3.1. Antarctic Rainfall at Present

Although visual observations do not allow any quantification of the amount of liquid precipitation, they
make possible the characterization of the occurrence of liquid precipitation, namely rain, and drizzle. Fig-
ure 1 shows the mean annual number of rainy days from year-round visual observations at 10 stations
and from ERAS that includes diagnostics for the dominant precipitation type. At stations in East and West
Antarctica, liquid precipitation occurs between 0 and 4.3 days per year on average over the respective ob-
servation periods or 0-3.2 days if considering only rainfall (Table S1). In the north-western sector of the
Antarctic Peninsula, Rothera and Faraday/Vernadsky (FV) experience on average 55 and 105 days with
liquid precipitation per year (i.e., 22% and 39% of precipitation days), respectively. Although most rainy
days occur during the austral summer season—that is, when the temperature during precipitation events is
the highest—rain and drizzle also sporadically occur in winter at all stations (Figure 1). Similar conclusions
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can be drawn in terms of amount of liquid precipitation in ERAS5 for all the Antarctic sectors while the total
precipitation rate is generally the lowest in summer (Table S2).

Visual observations reveal that a few liquid precipitation events occurred even at South Pole station between
1992 and 2017 (Table S1). One of the recorded rainy days (24 December 2011) corresponds to the warm
intrusion that led to the absolute maximum temperature record at the South Pole on December 25, 2011:
—12.3°C (Lazzara et al., 2012). However, provided that cold near-surface temperatures prevail at South Pole
(always much below 0°C with an annual mean of —49.5°C, Turner et al., 2020), observations of rain or
drizzle at this station very likely correspond to supercooled drizzle events. Given the low concentration of
aerosols that can serve as ice nuclei in the Antarctic atmosphere, Silber et al. (2019) show that supercooled
liquid drizzle can form and persist at very low temperatures, even below —25°C, in the Ross Ice Shelf sector.
The observation of supercooled drizzle at the South Pole and over the Ross Ice Shelf suggests that similar
supercooled drizzle events may occur in other regions of the Antarctic continent, even over the high and
cold Plateau (especially in summer).

Over the West and East Antarctic margins, ERAS5 suggests that rain occurs at most up to 10 days per years
and that the annual number of rainy days sharply decreases inland owing to the abrupt temperature gradi-
ents imposed by topography and latitude (Figure 1). ERAS5 also suggests that rain never occurs in the Ross
Sea coast part of Victoria Land along the Transantarctic Mountains. At the Mario Zucchelli (MZ) summer
station, this result concurs with the absence of rainfall observation in the meteorological reports (see Sec-
tion S1.7) and with the study of Scarchilli et al. (2020). The climate of southern Victoria Land is charac-
terized by strong katabatic winds that flow through narrow—and sometimes dry (i.e., ice-free)—valleys
down to the coast. The Transantarctic Mountains range together with those strong katabatic winds impede
the penetration of warm oceanic air masses to the ice sheet interior (Bromwich, 1989; Turner et al., 2019).
The near-surface temperature during precipitation events is therefore too low for snowfall melting to occur
(Scarchilli et al., 2020). Occasional rain events nonetheless occur over the northern part of Victoria Land as
well as over the Ross Ice Shelf, concurring with the observations of Nicolas et al. (2017) during an extreme
melting event in this region.

ERAS5 results should, however, be interpreted with caution since the reanalysis shows insufficient perfor-
mances in capturing rainy days at Antarctic stations. This point is illustrated for four of them with confu-
sion matrices in Figures Sle-S1h. For most stations such as Davis, Halley, and FV, ERAS5 underestimates
rainfall occurrences. Note that confusion matrices are very similar when considering the nearest fully oce-
anic model ERAS5 grid point instead of the closest grid point (not shown). The rain occurrence underestima-
tion in the reanalysis, therefore, cannot be attributed to differences in altitude between the station and the
closest-to-station grid point. It is rather explained by an underestimation of the near-surface temperature
(Vignon, Traullé, & Berne, 2019)—that does not exceed 0°C often enough—during precipitation days. This
cold bias is noticeable not only at the closest-to-station grid point but also at the nearest fully oceanic model
grid point (see red histograms in Figures S1a-S1d). At Casey (Figures Sla and Sle) and Syowa (not shown),
ERAS5 shows too many rainy days. Such an overestimation compared to visual observations does not neces-
sarily reflect a bias in the reanalysis since meteorologists cannot report all the rain events. Indeed, in cases
when rainfall occurs in between observation times or during local night, or when the precipitation rate is
very weak, visual observations are less reliable and rainfall occurrences can be missed. Nonetheless, ERA5
was also shown to be overly warm in the coastal Antarctic boundary layer during infrequent but strong heat
and moisture transport events when the temperature approaches 0°C (Gorodetskaya, Silva, et al., 2020).
This can occasionally induce spurious rain or “mixed-type precipitation” events in the reanalysis.

Rainfall events at most stations correspond to particular synoptic circulation patterns. Along the East Ant-
arctic coast—such as DDU, Syowa, or Neumayer (Figure 2), they coincide with an anticyclonic anomaly
(blocking) to the east of the stations (see also Figure S2). Those stations are thereby affected by a pro-
nounced warm and moist maritime intrusion from the north-east sector with strong positive anomalies in
tropospheric integrated water vapor (Figure S3) lying within broader regions of warm temperature anom-
alies (Figure S2). The blocking anticyclone is significantly more intense than during solid precipitation
events (Figure 2), which generally correspond to the poleward transit of an extratropical cyclone over the
Southern Ocean (Sinclair & Dacre, 2019; Uotila et al., 2011). The Southern Annular Mode (SAM) is the
primary mode of climate variability at high southern latitudes whose positive (respectively negative) values
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Figure 2. Composite maps of the synoptic circulation from ERAS during rainy days at four Antarctic stations. Gray contours, color shading, and vectors
show the anomaly with respect to the monthly mean of the 500 hPa geopotential height [m], 500 hPa temperature [K], and 500 hPa wind [m s™'], respectively.
Dark green outlines show regions where the geopotential height anomaly at each pixel is significantly different from the composite of solid precipitation days
(p-value from a statistical non-parametric Wilcoxon-Mann-Whitney test <1%). Green arrows in panel (d) indicate regions inside contours.

are linked to a stronger (respectively weaker) circumpolar zonal flow above the Southern Ocean and less
(respectively more) precipitation over East Antarctica (Genthon et al., 2003; Marshall et al., 2017; Van den
Broeke & Van Lipzig, 2004). Negative SAM values generally favor blockings and warm maritime intrusions
(Servettaz et al., 2020), explaining why the annual number of rainy days at East Antarctic stations gener-
ally negatively correlates with the yearly and summer—when rainfall is the most frequent—SAM indices
even though significant correlation is found only for Casey, Mawson, and Syowa (see Table S1). Over the
north-western sector of the Antarctic Peninsula, rainfall events are associated with a clear dipole anomaly
with a warm ridge to the north-east of the Peninsula’s tip and a cold trough over the Bellingshausen sea
(Figures 2 and S2) corresponding to strong moist and dry anomalies, respectively (Figure S3). Such a synop-
tic pattern results in a north-westerly advection of heat and moisture along the western flank of the cyclone
toward the Antarctic Peninsula, typically within the warm conveyor belt of the system.

The meteorological report archives also allow us to draw conclusions about the interannual variability of
rainfall occurrences at the different stations. When looking at the 1992-2015 period which corresponds to
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the longest measurement period common to all stations (except Rothera, see Section S1), Casey and Maw-
son stations exhibit a moderate but statistically significant (at a 5% level) decrease of —1.74 and —0.83 days
per year with rain per decade respectively and of —0.93% and —1.25% of rainy days with respect to the annu-
al number of days with precipitation per decade. A statistically significant increase (at a 5%-level) of +0.38
rainy days per decade is also noticeable at Neumayer station (see Table S1). The most prominent trends are
the decrease in the yearly number of days with rain at Rothera (—16.2 days per decade) and FV (—24.2 days
per decade). The trend is significant only at a 10% level at Rothera but it is significant at a 1% level at FV even
when considering the full measurement period at the station (1979-2015, see Table S1). When looking at the
evolution from 1979 to 2015, one can notice that the decrease in the annual number of rainy days at Rothera
and FV mostly occurred during the first 15 years of the 21st century. At FV, the decrease reached —35.1 days
per decade over the 1998-2015 period (with a 1% level significance) and ERAS captures it only qualitative-
ly (Figure S4). During the second half of the 20th century, the western sector of the Antarctic Peninsula
has been experiencing an increase in precipitation (Lenaerts et al., 2018; Medley & Thomas, 2019; Turner
et al., 2005) in response to a significant positive trend in the SAM index in autumn and summer (Mar-
shall, 2003; Marshall et al., 2017) that led to enhanced westerly winds and moisture advections. The surface
temperature dramatically increased over the western part of the Antarctic Peninsula (Jones et al., 2019),
and particularly at FV (+2.8°C) between 1951 and 1999 (Turner et al., 2005). Consequently, the occurrence
of liquid precipitation at FV station also increased during this period as can be seen in Figure S4a for the
number of rainy days between 1979 and 2015 and in Figure 3 of Kirchgéfibner (2011) for the number of lig-
uid precipitation events between 1960 and 2000. However, since the end of 1998—beginning of 1999, while
the western sector of the Antarctic Peninsula still exhibits an autumn warming (Bozkurt et al., 2020), the
Antarctic Peninsula as a whole has been experiencing a marked summer cooling trend (Jones et al., 2019)
particularly pronounced in the northern parts (Oliva et al., 2017) owing to the high natural variability of
the climate in this region (Turner et al., 2016). Between 1998 and 2015, ERAS5 exhibits an overall negative
trend of liquid precipitation amount at FV station (—56 mm y* dec™"), Rothera station (—4.0 mm y " dec™)
and even at the scale of the whole Antarctic Peninsula (—4.2 mm y_1 dec™, see Table S2). In summer, when
rainfall is more frequent, the sea level pressure has been increasing (respectively decreasing) over the Bell-
ingshausen sea (respectively South Atlantic sector) (Turner et al., 2016), disfavoring the circulation pattern
associated with liquid precipitation over the north-western part of the Peninsula (Figure 2). Therefore, the
regional cooling and the associated synoptic circulation changes during the last two decades may explain
the decrease in rainy days at FV and Rothera as well as the pronounced decrease in rainfall amount over the
Antarctic Peninsula in ERA5 (Table S2).

Climate models involved in CMIP6 exhibit large differences in their simulation of the total precipitation
(Roussel et al., 2020) and of the liquid precipitation amount over Antarctica in the past decades (Figure S6
and Table S3). In particular, the mean amount of liquid precipitation at the continental scale ranges be-
tween 0.90 and 10.21 mm y ™ between 1979 and 2014 depending on the model. Such differences between
models are related to the intrinsic differences in large scale atmospheric circulations and simulated oceanic
conditions (Bracegirdle et al., 2015; Krinner et al., 2019), to their horizontal and vertical resolution as well
as to their specific subgrid parameterizations of cloud and precipitation (see Section S2). It is worth not-
ing that the dominant precipitation type at each grid cell is not a variable of CMIP6 models’ outputs. It is
therefore not possible to directly compare rainfall occurrences in CMIP6 simulations with ERAS5 without
introducing an arbitrary and very sensitive definition of rainy days—based, for instance, on criteria related
to liquid precipitation quantity or near-surface temperature—even when we have access to the simulated
daily liquid precipitation amount. In terms of liquid precipitation amount estimated as the difference be-
tween total precipitation and snowfall from monthly outputs, IPSL-CM6-LR, INM-CM5-0, and MRI-ESM2
are showing quite similar rainfall geographical patterns with respect to the reanalysis despite a lower res-
olution, with liquid precipitation restricted to coastal areas and the Antarctic Peninsula, particularly the
northern part. However, all models but MRI-ESM2 show higher—up to eight times at the continental scale
for MIROCES (see Figures S2 and S3)—rainfall amount compared to ERAS5. Nonetheless, one should bear
in mind that as ERA5 misses occurrences of rainy days compared to visual observations at most stations,
its amount of liquid precipitation in Antarctica may also be underestimated. The true amount is likely in
between ERAS5 and the CMIP6 models. When prescribing oceanic boundary conditions (so-called AMIP
experiments), the overall geographical distribution of rainfall is similar to the Historical simulations for
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Figure 3. Difference in mean annual liquid precipitation between the 2081-2100 period and the 2015-2034 period in SSP5-8.5 scenarios from seven CMIP6
models. Regions where the difference is not statistically significant—considered here as regions where the 2015-2034 and 2081-2100 liquid precipitation
means =+ one standard deviation overlap—are shaded with black dots. IPSL, CNRM, CAN, INM, MIROC, MRI, and GFDL acronyms refer to the IPSL-CM6-LR,
CNRM-CM6-1, CanESM5, INM-CM5-0, MIROC6, MRI-ESM2, and GFDL-CM4 models, respectively.

each model (Figure S7) but albeit reduced compared to the Historical experiment, significant differences be-
tween models persist. The simulated amount of liquid precipitation at the continental scale ranges between
0.67 and 5.65 mm y ' (see Table S4). These large uncertainties regarding the present-day climatology of
Antarctic rain from models compel us to be extremely cautious when interpreting the future rain amounts
predicted by the CMIP6 scenarios. However, investigating how much more or less liquid precipitation is
simulated by a given model in a warming climate, and doing this exercise for all models, permits us to assess
the future relative evolution of rainfall in Antarctica. In particular, identifying areas where similar and sig-
nificant trends emerge across models allows us to draw robust conclusions about the vulnerability of some
Antarctic regions to future rainfall.

3.2. Future Antarctic Rainfall

Under the high-emissions scenario SSP5-8.5, the seven models analyzed here suggest that Antarctica will
experience a warming comprised between 2.5 and 6 K by the end of the century (see Bracegirdle et al., 2020)
which will be accompanied by an increase in total precipitation between +27 and +70 mm y™, consistent
with the fact that the saturation vapor pressure air increases with temperature according to the Clausi-
us-Clapeyron relation (Figure S8 and Table S5). Figure 3 shows that models also predict an overall increase
in liquid precipitation between the 2081-2100 and 2015-2034 periods. At the continental scale, the averaged
liquid precipitation increment equals 4+7.6 mm y ™' (values comprised between +4.6 and +11.3 mm y ™", see
Table S5) which corresponds to an averaged relative increase of +240% (relative increments comprised be-
tween +74% and +471%). Unlike total precipitation, there is no correlation between the liquid precipitation
increase and the surface temperature increment at the continental scale (Figure S8) and similar conclusions
hold when conditioning the analysis to different sectors and seasons. As rain events mostly correspond to
extreme weather situations and as phase change from snow to rain is a threshold process, this absence of
linear correlation is unsurprising.
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While the net value of the liquid precipitation increment and its geographical distribution differ between
models, all models show an increase in liquid precipitation over almost the entire continent, and a statis-
tically significant increase can be noticed in all simulations over the coastal margins of East Antarctica as
well as above the northern and western parts of the Antarctic Peninsula (Figure 3). In addition, the positive
trends in liquid precipitation and in liquid precipitation ratio, that is, ratio between liquid precipitation over
total precipitation, over the 2015-2100 period are significant at the 1% level for the East Antarctic, West
Antarctic, Ross Ice Shelf, Ronne, Filchner Ice Shelves, and Antarctic Peninsula regions in all models (Fig-
ure S9 and Table S5). While liquid precipitation corresponds to 0.5%-3.9% of the current total precipitation
amount, the increment in liquid precipitation between the 2015-2034 and the 2081-2100 period is expected
to explain 15.3% (on average between models; values range in the [8.4%-28.6%] interval) of the increase in
total precipitation at the continental scales (Table S5). This value even reaches 56.9% (28.3%-84.1%) when
considering the Antarctic Peninsula. Overall, the contribution of liquid precipitation to total precipitation
over Antarctica is expected to increase by a factor of 2-5 by the end of the 21st century.

It is worth noting that under an intermediate-emissions scenario (so-called SSP2-4.5), the overall increase
in total precipitation is projected to be more limited, but qualitatively similar conclusions regarding the
liquid phase can be drawn with a significant positive trend in rainfall during the next century at the conti-
nental scale (Figure S10, Table S6) and similar geographical patterns even though some models exhibit local
decreases, particularly in West Antarctica (Figure S11).

Examination of the distributions of temperature during precipitation days at particular grid points (corre-
sponding to stations’ location) in SSP5-8.5 scenarios from two models (IPSL-CM6A-LR and CNRM-CM6-1)
for which we had access to daily outputs of liquid precipitation—shows that the increase in liquid pre-
cipitation at the end of the century consistently corresponds to more frequent occurrences of mean daily
temperatures above 0°C (Figure S12). Along with the increase in the rain events frequency in the future,
the two models also project larger rainfall intensities at all stations (Figure S13). More frequent and more
intense rainfall events that generally concur with positive near-surface temperatures may amplify future
surface melting events through snowpack preconditioning by water refreezing. In addition to the increase
in rainfall frequency and intensity, CMIP6 scenarios also suggest that the areas experiencing days with a
mean daily temperature above 0°C and substantial liquid precipitation—so prone to rainfall and snowpack
preconditioning and thus enhanced melting (Nicolas et al., 2017)—will expand in the future (Figure 4). The
continental areas undergoing more than one day per year with positive temperature and a liquid precipita-
tion amount >1 mm d ™" are expected to increase by 1.2 X 10° km*—that is, by a factor of 2.6— according to
the IPSL-CM6A-LR and by 1.8 x 10° km*—that is, by a factor of 3.3—according to the CNRM-CM6-1 model
by the end of the century. The Ronne, Filchner, and Ross Ice Shelves regions are projected to be particu-
larly affected. Sensibly similar conclusions—in terms of geographical distribution—can be drawn from the
SSP2-4.5 scenarios (Figure S14). It is thus likely that the vulnerability of the Antarctic margins and main Ice
Shelves to rainfall and intense melting events will increase in the next decades, even if the climate follows
a trajectory close to an intermediate-emissions scenario.

4. Conclusions

Given the cold temperatures prevailing in Antarctica, most precipitation over the ice sheet falls as snow
which accumulates and contributes to its mass balance. Rain events have been frequently reported in the
north-western part of the Antarctic Peninsula and more sporadically on the coasts and shelves of East and
West Antarctica. Some of these rain events caused serious ecological damages and another important im-
pact of rain over the ice sheet is the snowpack preconditioning to melting. However, little is known about
the occurrence and amount of non-frozen precipitation, namely drizzle and rain, over Antarctica. By com-
bining several decades of meteorological reports at 10 Antarctic stations with atmospheric reanalyses, this
paper has provided the first climatological characterization of rainfall occurrence in Antarctica. Stations on
the East Antarctic coast have reported between 0 and 22 days per year with liquid precipitation that mostly
occurs in summer and that generally coincides with a warm intrusion associated with a blocking anticy-
clone. On the other hand, there is between 50 and 93 rainy days per year on average over the north-west-
ern edge of the Antarctic Peninsula. In the latter region, the annual number of rainy days significantly
decreased during the summer cooling period at the beginning of the 21st century and the trend reached
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Figure 4. Panels (a and c): Map the annual number of days with substantial rainfall (>1 mm d™") and

temperature >0°C in historical simulations (1995-2014 period) with the IPSL-CM6A-LR (a) and CNRM-CM6-LR

(c) models. Panels (b and d): Corresponding difference between the SSP5-8.5 scenarios (2081-2100 period) and the
historical simulation (1995-2014 period). Orange dots indicate pixels where the threshold of 1 day of significant rainfall
and temperature >0°C within a year is exceeded.

—35.1 days per decade over the 1998-2015 period at FV station. The analysis of scenarios from seven state-
of-the-art climate models has revealed that the overall future warming of Antarctica will be accompanied
by more frequent and more intense rainfall events. In the high-emissions SSP5.85 scenario, the difference in
liquid precipitation between the 2081-2100 and 2015-2034 periods equals +7.6 mm y~ on average over the
whole Antarctic continent. Liquid precipitation explains on average 15% of the total precipitation increment
at the continental scale and almost 57% when considering the region of the Antarctic Peninsula. A deeper
analysis of projection using the IPSL-CM6A-LR and CNRM-CM6-1 models suggests that continental areas
that can experience temperatures greater than 0°C together with significant liquid precipitation amount
will increase by a factor of about 3 by the end of the century, expanding particularly over the Ronne, Filch-
ner, and Ross Ice Shelves. Those regions will therefore be exposed to a higher risk of melting by the precon-
ditioning of surface snow. However, there is a large difference in the liquid precipitation amount predicted
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by the different CMIP6 models. Given the expected increasing importance of rainfall for the Antarctic cli-
mate, those differences call for further attention to the evaluation and improvement of the representation
of precipitation microphysics and phase in climate models over Antarctica.
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