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Abstract. The Antarctic Ice Sheet (AIS) is the most uncertain contributor to future sea level rise for projections by the end of

15 this century. One of the main drivers of future AIS mass changes is the surface mass balance (SMB) of the ice sheet, which is
associated with a number of uncertainties, including its large temporal and spatial variability. The SMB is influenced by a
complex interplay of the various processes driving it, including large-scale atmospheric circulation, ice sheet topography, and
other interactions between the atmosphere and the snow/ice surface. This spatial and temporal variability is identified in three
ice cores located at the crests of adjacent ice rises in coastal Dronning Maud Land, each approximately 90 km apart, which

20 show very contrasting SMB records. In this study, we analyze the role of precipitation and extreme precipitation events (EPES)
in this variability. Our results, based on RACMO2.3 and statistical downscaling techniques, confirm that precipitation is the
primary driver of SMB, and that synoptic-scale EPEs play a significant role in controlling interannual variability in
precipitation and thus SMB. Shedding light on the intricate nature of SMB variability, our results also demonstrate that
precipitation and EPEs alone cannot explain the observed contrasts in SMB records among the three ice core sites and suggest

25 that other processes may be at play. This underscores the importance of adopting comprehensive, interdisciplinary methods,
like data assimilation that combines observations and the physics of models, to unravel the underlying mechanisms driving
this variability.

1 Introduction

The Antarctic Ice Sheet (AIS) has contributed to about 10 % of the sea level rise observed between 2006 and 2018 and has
30 been losing mass at an accelerating rate until 2016 (Fox-Kemper et al., 2021). Since 2016, the mass loss has not continued to
increase due to regional mass gains at the surface, particularly in Dronning Maud Land (Velicogna et al., 2020). A recent study
by Wang et al. (2023) reported a total mass gain of 130 Gt yr-* between 2021 and 2022, setting a record for the satellite period.
This mass gain, observed over the East AIS and the Antarctic Peninsula, exceeded the basal mass loss in the Amundsen sector
of the West AIS, which is driven by the intrusions of warm water masses beneath the ice shelves. According to the Clausius-
35 Clapeyron law, at each degree of warming, a precipitation increase of 7 % should be observed (Krinner et al., 2006; Palerme
et al., 2014; Dalaiden et al., 2020). The projected snow accumulation increase in the coming decades might therefore play a
pivotal role in mitigating the basal mass loss. Examining surface processes is key to understanding why the ice sheet has gained
surface mass in the past years. With an equivalent of 58.0 m of sea level rise (Oppenheimer et al., 2019), the AIS is the largest

potential contributor and yet the most uncertain one to the future sea level rise (Kopp et al., 2017). The three main drivers of
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40 this future AIS change — sub-shelf melting, ice shelf disintegration, and surface mass balance — are all expected to increase
under a warming climate (Fox-Kemper et al., 2021).

Surface mass balance (SMB) in Antarctica is largely dominated by the amount of solid precipitation (van Wessem et al., 2018;
Agosta et al., 2019). The effect of higher temperature, referred to as thermodynamics, is one of the three mechanisms
45 controlling precipitation. The two other mechanisms are related to dynamics, which can be further separated into synoptic-
scale dynamics and large-scale dynamics (Dalaiden et al., 2020). Synoptic-scale dynamics correspond to short-lived intrusion
of maritime air resulting in high precipitation, such as extreme precipitation events (EPEs) which can also be associated with
atmospheric rivers (Turner et al., 2019). Atmospheric rivers are defined by the American Meteorological Society as “a long,
narrow, and transient corridor of strong horizontal water vapor transport that is typically associated with a low-level jet stream
50 ahead of the cold front of an extratropical cyclone”. Large-scale dynamics correspond to the southward moisture transport

from lower latitudes due to large-scale atmospheric modes of variability (Marshall et al., 2017).

Unlike thermodynamic changes, dynamical changes induce a strong regional variability due to the interactions of winds with
the topography. This for instance explains the high rate of snow accumulation over the eastern part of the Antarctic Peninsula
55  (due to adiabatic cooling; windward side) and the low rate on the leeward side in the western Peninsula (van Wessem et al.,
2016). Similarly, ice rises along the Antarctic coastline significantly influence the spatial variability in precipitation, and hence
accumulation, over smaller scales, typically spanning a few kilometers (Lenaerts et al., 2014). The orographic uplift on the
windward side of the ice rise enhances precipitation, while snow erosion takes place on the leeward side, leading to a local
gradient of the SMB distribution across the ice rise (Lenaerts et al., 2014). In the Dronning Maud Land (DML) coastal region,
60 on the Lokeryggen ice rise, a significant contrast between the windward and the leeward sides of an ice rise was observed with

a SMB up to 1.5 times higher on the windward side over a 30 year-period (Kausch et al., 2020).

Beyond spatial variability, SMB is also characterized by strong temporal variability. Medley and Thomas (2019) identified an
Antarctic-wide snow accumulation increase between 1801 and 2000, which mitigated the 20" century sea level rise by

65 approximately 10 mm. However, these snow accumulation reconstructions strongly vary, both in sign and magnitude, at the
regional scale (Medley and Thomas, 2019). While the long-term and large-scale snow accumulation changes are well
understood in West Antarctica (e.g., Medley and Thomas, 2019; Dalaiden et al., 2021), the variability in East Antarctica is
more complex. Medley and Thomas (2019) found a general increase over the East AlS between 1801 and 2000 but a decrease
in the late 20" century, along with strong local trends — some positive, others negative — during the second half of the 20t

70 century. Most of the ice cores in coastal DML show a decreasing SMB trend over recent decades (Kaczmarska et al., 2004;
Sinisalo et al., 2013; Schlosser et al., 2014; Altnau et al., 2015; Vega et al., 2016; Ejaz et al., 2021) but an ice core shows a
significant increasing trend from mid-20" century (Philippe et al., 2016). A recent study added two new records to the region:
one shows a significant decreasing trend, while the other presents a more complex pattern with alternating periods of increases
and decreases (Wauthy et al., 2024).

75
These two new records, along with the one of Philippe et al. (2016), are located at the crests of three adjacent ice rises, each
approximately 90 km apart. These records capture significant SMB variability making them ideal locations to study the spatial
and temporal variability. The complexity of Antarctic SMB, as well as its historical and contemporary changes, highlight the
crucial need for a deeper understanding of the processes involved. Such knowledge is essential for improving our ability to

80 predict the future contribution of Antarctic snow accumulation to global sea-level rise.
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In this paper, we aim to understand the SMB variability observed at the three ice rises mentioned above and to decipher the
processes driving this variability. To achieve this, we use a polar-oriented regional climate model to study the SMB
components and their potential trends over the satellite era. We also analyze the role of EPEs in the observed SMBs and their
associated synoptic conditions. Finally, we investigate the long-term variability of precipitation using a recent dataset
providing an ensemble of simulations at high spatial resolution since 1850.

2 Data and methods
2.1 Ice cores SMB

Three ice cores have been drilled on adjacent ice rises along the Princess Ragnhild coast in DML (see Fig. 1): Derwael ice rise
(DIR), Lokeryggen ice rise (LIR), and Hammarryggen ice rise (HIR). The westernmost (HIR) and easternmost (DIR) ice rises
are approximately 180 km apart. Note that, from a geomorphological point of view, the Lokeryggen and Hammarryggen ice
rises are ice promontories connected to the grounded ice sheet to the south and surrounded by ice shelves to the east, north and
west. The IC12 core was drilled in December 2012 at the crest of DIR (—70.24218 °S, 26.34162 °E) and is 120 m long. The
FK17 core was drilled during the 2017/2018 austral summer at the crest of LIR (-70.53648° S, 24.07036° E) and is 208 m
long. The TIR18 core was drilled during the 2018/2019 austral summer at the crest of HIR (-70.49960° S, 21.88017° E) and
is 262 m long. Only the top 120 m of both FK17 and TIR18 cores have been analyzed (Wauthy et al., 2024).

The three ice cores were dated to the end of the eighteenth century at a depth of 120 m (CE 1759 + 16 years, CE 1793 + 3
years and 1780 * 5 years, for 1IC12, FK17, and TIR18 respectively). Annual layers have been identified using water stable

100 isotopes (880, 8D), specific major ions with seasonal signal and electrical conductivity measurement with the identification
of volcanic horizons allowing to refine the relative dating. The complete dating procedures are described in Philippe et al.
(2016) for IC12 and Wauthy et al. (2024) for FK17 and TIR18. The annual layer thicknesses are obtained from combining raw
annual layer thicknesses with density profiles. Subsequently, these thicknesses are corrected for the ice flow deformation
effect, which accounts for the horizontal deformation of the ice resulting from the weight of the overlying snow and firn

105 column.
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Figure 1: Location of the three ice cores drilled at the crest of the ice rises, from west to east: Hammarryggen (HIR), Lokeryggen
(LIR) and Derwael (DIR). Region of the Princess Ragnhild Coast, Dronning Maud Land, East Antarctica. Figure from Wauthy et
al. (2024).
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The mean SMB over 1816-2011 is comparable for IC12, FK17, and TIR18, with respectively 477 mm w.e. yr, 532 mm w.e.
yr, and 504 mm w.e. yrt. However, the three annual SMB records exhibit pronounced differences regarding the temporal
variability (Fig. 2). The 1C12 core shows relatively stable SMB from 1750 to 1950, with intermittent interdecadal variability,
followed by a significant increase until the end of the record in 2011. In contrast, FK17 presents a more complex pattern with
115 long-term oscillations: an increase from 1793 to about 1825, a decrease until ~1925, another increase and plateau until about
1995, and a recent decreasing trend. TIR18 displays higher variability with no statistically detectable trend before 1850 but

exhibits a significant SMB decrease extending to the end of the record in 2018.
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Figure 2: Surface mass balance records from the three ice cores, expressed in millimeter water equivalent per year (IC12 in black,
120 FK17in blue and TIR18 in burgundy). These have been corrected for vertical strain rates and smoothed using an 11-year running
mean. Figure adapted from Wauthy et al. (2024).

2.2 The Regional Atmospheric Climate MOdel (RACMO)
The SMB can be described as in Lenaerts et al. (2019):
SMB = P — SU; — SUys — ERygs — RU (1)

125 where P corresponds to the total precipitation (snowfall and rain), SUs represents the surface loss by sublimation and by
evaporation, SUgs and ERgs correspond to the sublimation and the erosion/deposition, respectively, of the drifting snow caused

by the near-surface winds (i.e., blowing snow), and RU is the meltwater runoff.

We use a regional climate model (RCM) able to accurately simulate surface processes over ice sheets, more specifically the

130 Regional Atmospheric Climate MOdel version 2.3p2 (referred to as RACMO2.3 here) (van Wessem et al., 2018). RACMO2.3
is specifically applied to the polar regions (van Wessem et al., 2018), including a specific regional simulation centered on
DML at 5.5 km horizontal resolution (Lenaerts et al., 2014) spanning the 1979-2016 period. This simulation used the ERA-
Interim atmospheric reanalysis (Dee et al., 2011) as forcing at its lateral boundaries. To analyze the precipitation component
of the SMB at a daily resolution, we use the total precipitation provided by the RACMO2.3 grid cells corresponding to each

135 of the three ice core sites. The grid cells are named following to the ice core sites: IC for IC12 site, FK for FK17 site, and TIR
for TIR18 site. A precipitation day is defined as a day with more than 0.02 mm of precipitation (Turner et al., 2019).

2.3 Downscaling

Considering the strong internal variability of the Antarctic climate system (Jones et al., 2016), we make use of a recent

140 statistical downscaling-based dataset extending the time period covered by the RACMO simulation. Such an approach has

4
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been performed over the coastal region of DML by Ghilain et al. (2022a) (see for details and specifications). Briefly, this

dataset provides daily snowfall by using the high-resolution RACMO simulation and an ensemble of 10 simulations performed

with an Earth System Model at low resolution spanning the 1850-2014 period. The 10 downscaled simulations differ by their

different initial states, which therefore represent the impact of internal variability of the climate system. We thus base our long-
145 term analysis on this dataset.

3 Results
3.1 SMB components

Major differences are observed between the SMB simulated by RACMO2.3 (black line, Fig. 3) and the ice-core records (grey
line, Fig. 3) from 1979 to 2016. RACMO2.3 consistently underestimates SMB compared to ice-core observations, with

150 differences of approximately 200 mm for both FK (36 % of the ice core SMB) and TIR (49 %), and about 265 mm for IC (44
%). Additionally, RACMO2.3 underrepresents interannual variability: its standard deviation ranges from 77 to 103 mm,
compared to 135 to 199 mm in the ice-core records. To investigate the drivers of SMB variability, we analyze its components
(Eq. 1) using RACMO2.3. Meltwater runoff is negligible, particularly on the grounded ice sheet (van Wessem et al., 2018), so
we focus on the four other components: total precipitation (P), surface loss by sublimation (SUs), sublimation (SUgs) and

155 erosion/deposition caused by drifting snow (ERgs). Figure 3 illustrates the temporal evolution of these components from 1979
to 2016, highlighting their relative contributions to total SMB, for each site.

As expected, precipitation is the main component of the annual mean SMB. For both the IC and FK sites, the erosion by the
blowing snow also plays a major role in the mean SMB with a contribution reaching 23.0 % and 34.6 % of the total mean

160 modelled SMB, respectively. In addition, the SMB at the TIR site is governed by the blowing snow-related sublimation
(contribution of 19.2 %), which indicates that this site is highly prone to blowing snow. In contrast, the SMB at the FK site is
less impacted by the blowing snow, with a smaller contribution to the mean modelled SMB from the erosion (13.2 %) and
sublimation (17.1 %).

165 The temporal variability of the SMB is almost entirely controlled by precipitation. The annual SMB variability closely follows
year-to-year precipitation at all three sites, with anomalously high/low SMB corresponding to anomalously high/low
precipitation (Fig. 3). Precipitation accounts for over 90 % of the SMB variance for each site, with negligible contributions
from other components. Thus, according to RACMO2.3, SMB variability is primarily driven by precipitation.
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170  Figure 3: Temporal evolution of the SMB components and SMB derived from the three ice cores between 1979 and 2016 at IC (a),
FK (b) and TIR (c), expressed in mm w.e. yr. Precipitation and SMBs are represented on the left axis while sublimations and
erosion are represented on the right axis.
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3.2 Precipitation: spatial variability and temporal trends

Precipitation is the key driver of the SMB variability at our three ice core sites according to RACMO?2.3, we thus analyze the
175 annual total precipitation variability over 1979-2016 using RACMO2.3 and the high-resolution precipitation downscaling
dataset from Ghilain et al. (2022b, c, d) to study the variability since 1850.

3.2.1 Interannual variability

According to RACMO2.3, snowfall occurs on approximately half of the days during the 1979-2016 period (54 % for FK and
TIR, and 62 % for IC). To better understand the spatial distribution of snowfall between sites, the distribution of the
180 precipitation days is examined (Table 1). Specifically, when precipitation occurs at one site, the conditions at the two other
sites are evaluated. This approach helps determine whether a snowfall day at one site coincides with dry conditions at another,
potentially explaining the opposite signals in the ice-core records. The analysis considers both the number of events and the
precipitation quantities: for each site, the proportion of total precipitation occurring during events affecting all three sites, only

the specific site, or the site and one other location is calculated.

Number of events (%) Quantity (%)
all sites  siteonly  +sitel + site 2 all sites  siteonly  +sitel + site 2
IC 75.6 13.3 7.7 (FK) 3.4 (TIR) 95.7 1.3 2.5 (FK) 0.5 (TIR)
FK 86.4 1.4 89(c) 3.3(TIR) 99.1 0.1 06(c) 0.2(TIR)
TIR 87.2 5.5 4.0 (Ic) 3.3 (FK) 98.4 0.5 0.3 (Ic) 0.8 (FK)

185 Table 1: Distribution of precipitation days at the three sites using RACMO2.3. An event occurring at one site is categorized
differently if it affects all three sites, the considered site only or the considered site and one of the two other sites (in this case, the
name in parenthesis indicates which site is the second site impacted). The “number of events” represents the fraction of the total
number of events in the category. Quantity represents the percentage of total precipitation that fell at one site based on the event
category.

190 It appears that a significant proportion of precipitation events affects all three sites simultaneously, though IC experiences
more events occurring only at this site. However, this characteristic only represents 1.3 % of IC’s total precipitation. For all
three sites, over 95 % of total precipitation occurs during events affecting the three sites simultaneously. Therefore,
RACMO2.3 suggests minimal spatial variability in precipitation across the three sites. This is further supported by the high
correlations in annual total precipitation series among the sites (Fig. S1 in the Supplement), with Pearson correlation

195 coefficients greater than 0.85 (0.88 for FK-IC correlation, 0.91 for TIR-IC and 0.93 for TIR-FK).

To examine long-term variability, daily precipitation data from the downscaling dataset have also been analyzed. Overall, the
results align with those from RACMO?2.3 about the snowfall distribution for the satellite era, confirming the absence of spatial

variability in annual precipitation across the three sites, even over longer time scales.

200 3.2.2 Multi-decadal variability from downscaling

This section examines potential long-term trends and highlights multidecadal variability. Annual snowfall data from 10
ensemble members, along with the ensemble average, are shown for each site in Fig. 4. The results reveal significant multi-
decadal variability at all sites but no clear long-term trends, in contrast with ice-core records. The distribution of precipitation
anomalies (fluctuations along the mean) at the annual resolution in both outputs of RACMO2.3 and the 10 members from the
205 downscaling is summarized in Table 2. Overall, Table 2 confirms the absence of significant spatial variability in precipitation
across the three sites. For both datasets, the three sites show the same anomaly sign (either positive or negative) in over 70 %
of cases. FK and TIR are slightly more closely connected, sharing the same anomaly sign more frequently, while IC shows

an opposite sign in about 13 % of cases. The remaining cases account for 5-10 %.
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210  Figure 4: Annual snowfall of the 10 members and average of the 10 members (thick line) at the three sites: IC (in black), FK (in
blue) and TIR (in burgundy).

Distribution  of +IC -IC +IC -IC +IC -IC -IC +IC
precipitation +FK -FK +FK -FK -FK +FK +FK -FK
anomalies (%) +TIR -TIR -TIR +TIR +TIR -TIR +TIR -TIR
RACMO2.3 316 39.5 0 5.3 2.6 7.9 5.3 7.9
Downscaling 32+4 40+4 4+2 4+2 3+2 4+1 6+2 7+2

Table 2: Distribution of precipitation anomalies (% of total cases) at the annual resolution in both outputs of RACMO2.3 and the
10 members average from the downscaling. The “+” sign corresponds to positive anomalies and the “-” sign corresponds to negative
215 anomalies. For the downscaling, the + standard deviation values represent the variability between the members.

3.3 Extreme Precipitation Events

Besides playing a role in SMB variability, Extreme Precipitation Events (EPEs) have been shown to significantly contribute
to the total annual precipitation across Antarctica (Turner et al., 2019). Even though there is not a unique definition of an EPE
in the literature (Turner et al., 2019 and references therein), an EPE day is defined here as a day when the total precipitation

220 exceeds a certain percentile value of the total daily precipitation distribution from RACMO2.3 between 1979 and 2016. Here,
we use the 95 percentile. Since RACMO2? is able to capture atmospheric rivers (Lenaerts et al., 2014), we use a second
percentile (98™") as a proxy for atmospheric rivers that can produce intense localized snowfall when air masses are
orographically lifted. Atmospheric rivers rarely occur around Antarctica with an average of 3-3.5 days per year at coastal
locations (Wille et al., 2021). EPEs are analyzed to investigate potential spatial and/or temporal trends that might explain the

225 different SMB trends observed in the three ice cores. This analysis is applied to precipitation days from both the RACMO2.3
(1979-2016) and downscaling (1850-2014) datasets.

3.3.1 Contribution of EPEs to the total annual precipitation and to its variability

Annual EPE precipitation is defined as the sum of precipitation during EPEs for each year (mid and dark colors, Fig. 5). For
the downscaling dataset, annual EPE snowfall time series are derived for each of the 10 members, and their average is
230 calculated for the three sites. The averages of the 10 members for the 95t percentile and 98" percentile, and the total snowfall

are plotted for IC, FK, and TIR in Fig. 5b, 5d, and 5f, respectively.
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Figure 5: Contributions of the EPEs defined by the 95" and 98t percentiles to the total annual precipitations (RACMO2.3; left
panels) and to the total annual snowfalls (downscaling; right panels) at the three sites: IC (a-b), FK (c-d) and TIR (e-f). The
contribution of the 981" EPEs is represented by the dark color, the contribution of the 95" EPEs corresponds to the sum of the dark
and mid colors (since the 98" EPEs are included in the 95" EPEs), and the total annual precipitation is the sum of the dark, mid,
and light colors. Note that for visibility reasons, the standard deviation (representing the variability) between the 10 members of the
downscaling dataset is not shown here.

As for the annual precipitation series, correlations are evaluated between the annual EPE precipitation of the three sites. The
resulting Pearson correlation coefficients are high for both percentiles, indicating relatively strong correlations between the
series. This is especially evident in the RACMO2.3 annual EPE precipitation, with an average coefficient of 0.79 for the 95"
percentile (0.74 for FK-IC correlation, 0.82 for TIR-IC and 0.82 for TIR-FK). Albeit the correlation still remains high when
considering the 98™ percentile, we notify a weaker relationship (0.69 for FK-1C, 0.75 for TIR-IC and 0.80 for TIR-FK). The
correlation coefficients are lower in the downscaling dataset (average r=0.57 for the 95" percentile and 0.68 for the 98"
percentile). All these coefficients are consistently lower than those of the annual precipitation series, this suggests that EPE
impacts are more localized compared to the average conditions. Similar to the total annual precipitation series, the annual EPE
precipitation series from RACMO2.3 show no significant temporal trend at any site for both percentiles. A similar conclusion

9
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can be drawn from the downscaling dataset, although one to two ensemble members are characterized by significant trends
(not shown), no general pattern has been identified. The number of EPE days also shows no significant temporal trends either

(not shown).

The contributions of EPEs to the total annual precipitation vary in space and time (Table 3) in both RACMO2.3 (Fig. 5a, 5c,
and 5e) and downscaling datasets (Fig. 5b, 5d, and 5f).

EGUsphere\

Average 95'" percentile 98" percentile
contribution

(%) IC FK TIR IC FK TIR
RACMO2.3 30.0 40.0 35.2 15.6 224 19.1
Downscaling 378 51+9 46+9 207 30+11 26 £10
Variance (%)
RACMO2.3 50.8 57.5 54.2 35.4 38.9 36.3
Downscaling 68+5 83+5 78+5 42+6 60+6 53+7

Table 3: Average contribution (upper rows) and variance (lower rows) of EPEs to the total annual precipitations (RACMO?2.3) or
snowfalls (downscaling) for the three sites, expressed in %. For the downscaling, the + standard deviation values represent the
variability between the members.

Table 3 illustrates that EPEs consistently contribute more to the total annual precipitation at FK than at the other sites. The
EPE variance accounts for more than one-third to more than two-thirds of the SMB variance. This confirms the critical role of
EPEs in the SMB variability. However, no significant temporal trends are observed in the EPEs contributions to the total
annual precipitations, at all sites, for the two EPEs thresholds, and in both RACMO2.3 and downscaling datasets.

Consequently, this rules out EPEs as the cause of the different SMB trends observed in the three ice cores.

3.3.2 Synoptic patterns during EPEs

Figure 6 presents the mean daily sea-level pressure anomalies (relative to the 1979-2022 monthly climatology) for all 95t
percentile EPEs at the three sites, retrieved from the ERA5 atmospheric reanalysis. The synoptic conditions reveal a large
negative sea-level pressure anomaly centered over Dronning Maud Land, with an associated high sea-level pressure located in
the East of Droning Maud Land. This dipole structure forms a blocking ridge over the region east of the ice rises and brings a
large quantity of moisture from the lower latitudes to the ice core sites. This is a typical synoptic pattern during EPEs (Turner
et al., 2019; Wille et al., 2021; Simon et al., 2024). The large-scale synoptic pattern shows no significant differences across
the three sites. Similar observations are made for EPEs defined with the 98" percentile (see Fig. S2 in the Supplement).
According to RACMO2.3 along with ERAS5, the synoptic conditions associated with the EPEs therefore cannot explain the
spatial variability observed from ice-core records.
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Figure 6: Maps of the mean daily sea-level pressure anomaly (SLP) for all 95t" percentile EPEs at the three sites: (a) I1C, (b) FK, and

275 (c) TIR. The number in parentheses corresponds to the number of EPE days. Blue colors indicate negative anomaly (i.e., low
pressure) and brown colors indicate positive anomaly (i.e., high pressure). The anomalies are relative to monthly climatology
calculated over the 1979-2022 period. The location of the three ice cores is shown as circles.

3.4 Frequency distributions of precipitation anomalies

A particularly high precipitation event at one site might result in abnormally low precipitation at the two other sites, possibly
280 explaining the different SMB trends observed in the three ice cores. Similarly to the well-documented foehn effect over the
Antarctic Peninsula, it is reasonable to hypothesize that a large precipitation event at one site could result in reduced
precipitation at other locations. This phenomenon arises from the interaction between topography and wind. As the primary
moisture in the air is released over the first site (in form of snow), the remaining air holds less humidity, leading to drier
conditions and reduced precipitation at downstream sites (along the wind flow). To explore this, we study the frequency

285 distributions of precipitation anomalies at the two other sites on dates corresponding to EPEs at the first site. Precipitation
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anomalies are calculated for each site by subtracting the average value of precipitation days from each daily precipitation
value. Results are shown here for the 95t percentile EPEs, and in Sect. S3 in the Supplement for the 98" percentile EPEs.

3.4.1 Evaluation of the frequency distributions

The frequency distributions of precipitation anomalies are presented in Fig. 7, with RACMO2.3 results on the left panels and
290 downscaling results on the right. When an EPE occurs at one site, the two other sites may receive either below-average

precipitation (negative anomalies), more precipitation than their EPE threshold, or an average amount of precipitation. The

first two scenarios are of particular interest to test the hypothesis of a drier air mass reaching the other sites after precipitating

at the first site. Table 4 summarizes the results for both datasets. In this table, “EPEs” refers to the percentage of cases where

the other sites receive more precipitation than their site-specific EPE threshold and “Neg. anom.” refers to the percentage of
295 cases with below-average precipitation.

RACMO2.3 EPEsat IC EPEs at FK EPEsat TIR
(%)
FK TIR IC TIR IC FK
EPEs 58.0 58.9 66.0 70.9 68.1 71.9
Neg. anom. 6.6 9.2 0.5 0 11 11
Downscaling EPEsatIC EPEs at FK EPEsat TIR
(%)
FK TIR IC TIR IC FK
EPEs 58+4 57+3 59+4 66+6 59+3 66+ 6
Neg. anom. 4+2 5+2 31 1+1 4+1 3+3

Table 4: Distribution of the precipitation anomalies at two sites when there is a 95th percentile EPE at the third site, in %, for both
the RACMO2.3 and downscaling datasets. For the downscaling, the average of the 10 members is shown, as well as the standard
deviation to highlight the variability between members. See text for more explanations on the “EPEs” and “Neg. anom.” (i.e.,
negative anomalies) categories.

300 For the RACMO2.3 results, EPEs at the IC site (Fig. 7a and Table 4) coincide less frequently to EPEs at the two other sites
and more often result in negative precipitation anomalies (an average of 34 events) compared to the EPEs at FK and TIR (2—
4 events on average). This therefore suggests that an EPE at IC may lead to drier conditions at the FK and TIR sites, possibly
due to a reduced moisture availability in the air mass following intense precipitation at the IC site. Similar observations are
made from the 98™ percentile EPEs (Sect. S3 in the Supplement).

305
For the EPEs at FK and TIR sites (Fig. 7c and 7e), the distribution of the events as well as their frequency are very close (Table
4). In particular, the shape of the distribution shapes of the corresponding events at IC are very similar (black line in Fig. 7c
and 7e). This indicates that precipitation variability at the FK and TIR sites evolves in the same direction according to
RACMO2.3. However, the distribution shapes for corresponding events at TIR/FK when EPEs occur at FK/TIR significantly

310 differ, with a longer distribution tail for FK, indicating larger precipitation anomalies. This is also evident from the frequency
distributions of EPEs occurring at IC (Fig. 7a), where FK and TIR have similar percentages of events above their respective
EPEs thresholds but the distribution tail (e.g., beyond 20 mm) is higher at FK. Overall, this indicates that FK is more subject

to large precipitation anomalies than the other sites, a finding confirmed by the downscaling results (Fig. 7b and 7).
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Overall, the majority of the EPEs at one site coincide with EPEs at the two other sites, indicating that precipitation events
generally affect all sites. This rules out the hypothesis of a drier air mass reaching the other sites after precipitating at the first
site, at least according to RACMO2.3. All these observations further support the previous hypothesis that neither precipitations
nor EPEs explain the contrasting SMB trends in the three ice cores and instead point to the influence of global atmospheric
pathways.
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Figure 7: Frequency distributions of precipitation anomalies (calculated as the precipitation — the average value of precipitation
series) at the two other sites corresponding to the dates of 95™ percentile EPEs at (a-b) IC, (c-d) FK and (e-f) TIR, using the
RACMO2.3 data series (left panels) and the downscaling data series (right panels). Colors of the distribution correspond to each ice
core, with IC in black, FK in blue, and TIR in burgundy. The vertical dashed lines represent the EPE thresholds corrected for
anomalies (EPE threshold — the average value of precipitation series).

3.4.2 Synoptic patterns during EPEs at IC and negative anomalies at FK and TIR

Although global atmospheric pathways are predominantly observed, the 95" percentile EPEs at IC are more likely to result in
negative precipitation anomalies at the FK and TIR sites. Specifically, there are 28 and 39 cases of negative anomalies at FK
and TIR, respectively, compared to no case to only 4 negative anomaly events when EPEs occur at FK or TIR. Few of these
cases happen with the 98" percentile EPEs (see Table S1 in the Supplement) and are therefore not discussed further. Figure 8
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thus focuses on the synoptic patterns associated with 95th percentile EPEs at IC that led to negative anomalies at the FK and

TIR sites. These events appear to correspond to occasional, very localized situations where air masses precipitate at the IC site

and arrive drier at FK and TIR sites. This contrasts with the strong and deep low-pressure system shown in Fig. 6a, which

represents the atmospheric conditions during all EPEs at IC. The pressure gradient is considerably weaker in Fig. 8, indicating
335 reduced wind strength and less effective moisture transport to FK and TIR.

EPEs at IC — SLP anomaly
(a) Negative anomaly at FK (n=28) (b) Negative anomaly at TIR (n=39)
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Figure 8: Maps of the sea level pressure anomaly (SLP) during 95 percentile EPEs at the IC site leading to negative precipitation
anomalies at (a) FK and (b) TIR. The number in parentheses corresponds to the number of cases. Blue colors indicate negative
pressure anomaly, and brown colors indicate positive anomaly.

340 4 Discussion

East Antarctica has recently emerged as the source of most uncertainties regarding Antarctica’s potential to mitigate sea level
rise (Eswaran et al., 2024). In the coastal DML region, ice-core records exhibit contrasting SMB trends. Multiple ice cores
show a decreasing SMB trend over recent decades (Kaczmarska et al., 2004; Sinisalo et al., 2013; Schlosser et al., 2014; Altnau
etal., 2015; Vegaetal., 2016; Medley and Thomas, 2019; Ejaz et al., 2021), while one ice core indicates a significant increasing
345 trend since the half of the 20" century (Philippe et al., 2016). Regional reconstruction by Thomas et al. (2017) suggests a
significant positive SMB trend from 1800 to 2000. Recent observations by Wauthy et al. (2024) show one ice core with
oscillating SMB and another with a marked decline. The three ice cores analyzed in this study, those of Philippe et al. (2016)
and Wauthy et al. (2024), indeed exhibit highly contrasting SMB records, underscoring the strong regional and temporal
variability of the SMB and its intricate nature. This complexity is, in part, attributable to the multitude of processes involved.
350 As previously emphasized, a better understanding of the SMB is crucial to improve the projections of Antarctica's future

contribution, and potential mitigation, to sea level rise.

Both RACMO2.3 and long-term downscaled simulations indicate no spatial variability or temporal trends in precipitation
across our three study sites, highlighting a significant model-data discrepancy with the SMB records from the ice cores. The
355  frequency distributions of precipitation anomalies and the analysis of atmospheric conditions during EPEs suggest a common
atmospheric pathway of air masses resulting in similar precipitation patterns at all three sites. This finding excludes the
hypothesis of decreasing precipitation intensity along the air mass trajectory. Overall, the different temporal trends observed

in the three SMB ice-core records cannot be attributed to precipitation-related processes based on these models.

360 Furthermore, this study focuses on the importance of spatial variability by comparing the SMB records at the three ice-core
sites. Multiple studies emphasize the determining role of orography in shaping the EPEs occurrence and the precipitation
distribution during these events (Turner et al., 2019; Gehring et al., 2022; Simon et al., 2024). The importance of finer scale

surface topography is also underscored in the general precipitation pattern. For instance, Dattler et al. (2019) highlighted
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substantial spatial variability at the local, sub-grid, scale (< 25 km) related to wind-driven snow redistribution. This type of
365 relationship between accumulation variability and surface topography could enable downscaling reanalysis accumulation
product to 1 km grid in the future. Noél et al. (2023) presented a statistically downscaled version of RACMO2.3 SMB at 2 km
resolution and compared it with the original 27 km resolution (1979-2021). While this downscaling relatively enhances the
SMB at the continental scale (3 %) and reconciles modelled and satellite mass change, some significant differences between
the two SMB products persist at the local scale. For example, the 2 km SMB product is approximately 300 mm w.e. yr* higher
370 than the 27 km product at the IC site. This is the order of the difference observed between the 5.5 km RACMO2.3 product and
the 1C12-derived SMB record (~265 mm w.e. yr't). This is consistent with the findings of Mottram et al. (2021), who reported

underestimation of SMB in the low-elevation coastal regions of Antarctica by the 27 km RACMO product.

The SMB outputs were compared for the three sites using both the 5.5 km and 2 km resolutions and expressed in terms of
375 relative differences (in %) in Fig. S4 in the Supplement. The average difference between the 5.5 km-SMB and the 2 km-SMB
was found to be -315 mm w.e. yr, +80 mm w.e. yr?, and -49 mm w.e. yr for IC, FK, and TIR, respectively. The interannual
variability remains largely consistent between the two products, with changes of +3.3 %, -5.5 %, and +4.4 %, for IC, FK, and
TIR respectively. Most importantly, the correlations between the three SMB time series remain strong in the 2 km product,
with Pearson correlation coefficients of 0.87 for IC-FK, 0.86 for IC-TIR, and 0.96 for FK-TIR, comparable to those derived
380 from the 5.5 km output. This confirms a more pronounced connection between the SMBs at FK and TIR. These results, in
conjunction with the use of the 5.5 km RACMO2.3 product for generating the statistically downscaled snowfall timeseries

employed here, provide evidence of the suitability of the 5.5 km products in this study.

The underestimation of the SMB by models is also evident when comparing the ice core-derived SMBs with those obtained
385 from RACMO2.3 at 5.5 km resolution (Fig. 3). All three ice core sites are situated in local minimum SMB relative to their
surrounding ice rise environments (Kausch et al., 2020; Cavitte et al., 2022). Consequently, the discrepancy between RACMO
outputs and ice core observations would increase further if the ice core SMBs were adjusted to reflect the consistently lower
SMB at the drilling site compared to the mean SMB value of the entire ice rise, estimated to be 70-150 mm w.e. yr** higher
(Cavitte et al., 2022). Although local dynamic conditions at these drilling sites may influence the absolute accumulation values,
390 the temporal variability is well represented by ice-core records (Cavitte et al., 2022). However, this temporal variability appears
to be underestimated in model outputs in comparison to the ice core observations, highlighting a limitation in the model

representation of SMB interannual variability.

One hypothesis to explain the spatial model-data discrepancy could be related to the missing small-scale processes, such as
395  the underestimation of the blowing snow impacts on SMB in RACMO (Agosta et al., 2019). In a recent study, Gadde and van
de Berg (2024) updated the blowing snow module in RACMO2.3 and reevaluated its contribution to the modeled SMB at a
27 km resolution. Their findings indicate that the contribution of blowing snow sublimation increased by 52 % for the
integrated AIS during the period 2000-2012 in the updated version of RACMO2.3 compared to the previous version.
Concomitantly, a reduction of 1.2 % is observed in the integrated AIS SMB. Moreover, significant changes in blowing snow
400 transport and total sublimation are observed in some coastal regions, including in the vicinity of our study sites. This suggests
that the blowing snow term was underestimated in the RACMO2.3 version used in this study, yet also that there are high
uncertainties associated with this term. The implementation of such small-scale processes and the specific, local scale,
topography of the ice rises in models is a challenging task. Wind speed can be particularly high at some ice rises (e.g., annual
mean wind speed of 8-10 m s in the FK area; Simon et al., 2024), likely leading to strong erosion and snow transport.

405 Misrepresenting the effect of blowing snow could partly explain the different trends in the three ice-core records.
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In summary, the contrasting SMB records from the three ice cores cannot be attributed to differences in precipitation or EPEs
patterns, according to state-of-the-art regional climate models. Furthermore, it can be concluded that a common regional
atmospheric circulation pattern similarly influences all three sites. However, results of precipitation anomaly distributions

410 indicate that, rarely, certain EPEs at the IC site occasionally lead to negative precipitation anomalies — indicative of drier
conditions — at the FK and TIR sites.

It is important to note that both ice core observations and model outputs are subject to uncertainties and limitations. The ice
core SMB records, for instance, are only representative of a limited area, approximately 200 to 500 meters in radius around
415 the drilling site, and consistently exhibit lower SMB values than the mean across the entire ice rise. For models, RACMO2.3
(on which the downscaling method is based) misses local, sub-grid, scale processes, even at a resolution of 5.5 km. This
limitation likely contributes to the lower spatial and temporal variability observed in model outputs. Finally, the downscaling
dataset of Ghilain et al. (2022a) may also substantially underestimate circulation changes due to its reliance on RACMO02.3
outputs, which are based on the satellite period) and exhibit a strong correlation between sites. This raises the possibility that
420 past circulation changes, which could account for the trends observed in the ice cores, are not accurately captured. The
statistical downscaling indeed assumes a stationary relationship between precipitation and circulation, which may not be valid

over longer timescales.

Consequently, processes other than precipitation are probably driving these SMB contrasts. These could include multi-decadal
425 variability, which may be underestimated in the dataset of Ghilain et al. (2022a), local-scale processes such as blowing snow
and erosion-deposition dynamics, or processes not included in atmospheric models, such as surface ice dynamics. Future
research could focus on these processes, for example through the use of data assimilation methods that combine observational
data (typically SMB from the ice cores) with the physics of climate models. This approach would allow for an evaluation of

the ability of this method to reproduce the SMB variability observed in the ice-core records.

430 5 Conclusions

The AIS is a potential significant contributor to future global sea level rise, making it crucial to understand the mechanisms
governing its SMB for accurate projections of future sea level changes. Our investigation into the SMB variability observed
at three ice rises in coastal East Antarctica reveals complex interactions between atmospheric processes and local-scale
dynamics. The analysis, based on a combination of regional climate modelling and statistical downscaling techniques, sheds
435 light on the intricate nature of SMB variability. While previous studies have emphasized the importance of precipitation,
including its spatial and temporal distribution, our findings suggest that precipitation alone cannot fully account for the
observed contrasts in SMB records among the three ice core sites.
Our findings indicate that synoptic-scale EPEs play a significant role in controlling interannual variability in precipitation and
SMB. These events contribute substantially to the total annual precipitation, particularly in coastal regions, underscoring their
440 importance in shaping SMB patterns. However, the absence of significant temporal trends in precipitation and EPEs across
our study sites suggests that other processes may be driving the observed SMB contrasts.
Local-scale processes, such as blowing snow and erosion-deposition dynamics, may contribute to SMB spatial variability, as
suggested by the discrepancies between ice core observations and model outputs. Additionally, the influence of surface ice
dynamics, not fully captured by current models, cannot be discounted. Future research efforts should focus on integrating
445  observational data, such as SMB records from ice cores, with advanced modelling techniques, including data assimilation
methods. This approach has the potential to improve our understanding of SMB dynamics and refining projections of Antarctic
ice mass change and its implications for global sea level rise.
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Our study underscores the complexity of Antarctic SMB variability and highlights the necessity for comprehensive,
interdisciplinary approaches to elucidate the underlying processes driving these variations. Only through continued research
450 can we enhance our ability to accurately predict the future evolution of the Antarctic Ice Sheet and its contribution to sea level

rise.
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