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Abstract. We explore a methodology to statistically downscale snowfall – the primary driver of surface mass
balance in Antarctica – from an ensemble of historical (1850–present day) simulations performed with an earth
system model over the coastal region of Dronning Maud Land (East Antarctica). This approach consists of as-
sociating daily snowfall simulations from a polar-oriented regional atmospheric climate model at 5.5 km spatial
resolution with specific weather patterns observed over 1979–2010 CE with the atmospheric reanalyses ERA-
Interim and ERA5. This association is then used to generate the spatial distribution of snowfall for the period
from 1850 to present day for an ensemble of 10 members from the Community Earth System Model (CESM2).
The new dataset of daily and yearly snowfall accumulation based on this methodology is presented in this paper
(MASS2ANT dataset; https://doi.org/10.5281/zenodo.4287517; Ghilain et al., 2021). Based on a comparison
with available ice cores and spatial reconstructions, our results show that the spatio-temporal distribution of
snowfall is improved in the downscaled dataset compared with the CESM2 simulations. This dataset thus pro-
vides information that may be useful in identifying the large-scale patterns associated with the local precipitation
conditions and their changes over the past century.

1 Introduction

In the context of global climate change, the two polar ice
sheets have increasingly gained attention due to the threat
of a massive sea level rise at the global scale (Garbe et al.,
2020; IPCC, 2021). Over the last decades, the Greenland Ice
Sheet has been melting at an increasing speed, from both the
base and the surface (Mouginot et al., 2019). In contrast, the
Antarctic Ice Sheet is gaining mass at its surface through in-
creased precipitation (Medley and Thomas, 2019), but the
total contribution of the Antarctic Ice Sheet to the global sea
level is also positive because of the melting at the base of the

ice shelves due to the intrusions of warm water masses (Rig-
not et al., 2019). It has been shown that the Antarctic snow
accumulation increase is mainly explained by the increase in
atmospheric humidity due to the rise in atmospheric temper-
ature (Krinner et al., 2014; Dalaiden et al., 2020). Therefore,
the snow accumulation at its surface slightly reduces the pos-
itive contribution of the Antarctic Ice Sheet to the global sea
level rise in the coming decades, thanks to the positive trend
in precipitation.

The increase in snow accumulation has been documented
regionally and evidenced to be the largest over the Antarc-
tic Peninsula (Thomas et al., 2008; Medley and Thomas,
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2019). However, this increase is not observed everywhere
on the Antarctic Ice Sheet (Medley and Thomas, 2019). Fur-
thermore, studies in coastal Antarctic regions have revealed
methodological limitations in estimating the snow accumula-
tion (defined as the difference between the total precipitation
and sublimation, most generally called surface mass balance
(SMB); Lenaerts et al., 2019). In particular, the tools and ob-
servations available have too low a spatial resolution in re-
gions where snowfall is controlled by orography, and spatial
variations are high (Eisen et al., 2008). Dronning Maud Land
(DML; 20◦ W–45◦ E; map in Fig. 2) is one of the sectors for
which such uncertainties are large. As in the other Antarctic
coastal regions, the gradient of snow accumulation follows
the large-scale topography, with maxima over the coast and
minima in the interior (Rotschky et al., 2007). In addition to
the large spatial scale, the snow accumulation is also highly
variable at the scale of a few kilometers because of the ice
rises and rumples that punctuate the coast (Lenaerts et al.,
2014; Goel et al., 2020).

Over the last 2 centuries, the available reconstructions of
Antarctic snow accumulation are deduced from the interpola-
tion of the quality controlled ice snow accumulation records
drilled at several locations (Favier et al., 2013). They assume
an averaged (Rotschky et al., 2007) or a time-dependent spa-
tial distribution (Medley and Thomas, 2019) or combine a
climate model with ice core records using a data assimila-
tion method (Dalaiden et al., 2021). However, those recon-
structions also have large uncertainties too in regions with
high spatial variability like DML. In addition to the ice core
records, general circulation models (GCMs) provide another
source of information for the snow accumulation over the
past centuries. In contrast with ice core records, which pro-
vide estimations of snow accumulation for specific loca-
tions, climate models are spatially complete and thus offer
an Antarctic-wide estimation of snow accumulation. How-
ever, due to the low horizontal resolution of GCMs (typi-
cally 100 km), the GCMs tend to underestimate the spatial
variability in snow accumulation compared to observations
(Palerme et al., 2017). In order to better resolve the small-
scale processes, regional climate models (RCMs) have been
adapted over the polar regions (Mottram et al., 2021) allow-
ing a more detailed modeling of the processes that drive the
snow accumulation variability at a scale of a few kilome-
ters (Lenaerts et al., 2019). However, most simulations per-
formed with a RCM over the Antarctic Ice Sheet are only
available from the satellite era (1979 afterwards). A 40-year
period seems too short to estimate potential long-term trends
or analyze the mechanism responsible for the large interan-
nual variability in snow accumulation (Medley and Thomas,
2019; Dalaiden et al., 2020; King and Watson, 2020).

Indications of a recent increase in snow accumulation
have been found at some locations in Dronning Maud Land
(Lenaerts et al., 2013; Schlosser et al., 2016; Medley et al.,
2018; Philippe et al., 2016). However, a stationary or de-
creasing trend has been found elsewhere (Thomas et al.,

2017; Vega et al., 2016; Altnau et al., 2015; Schlosser et al.,
2014), leading to large uncertainties in the net contribution
of the region to the surface mass balance of the ice sheet. To
address these uncertainties, we present a statistical method to
downscale daily snowfall (the main contributor to snow accu-
mulation; Lenaerts et al., 2019) from an earth system model
to 5.5 km over the 1850–2014 CE period in order to better
document and understand the long-term trends in the DML
region and the physical atmospheric mechanisms responsible
for them.

Statistical methods can be set up to emulate the pre-
cipitation field, relating the spatial pattern of precipitation
given by a RCM to large-scale dynamics of the global cli-
mate model. We explored such a methodology to statistically
downscale the dominant snow accumulation component over
the area, the snowfall, from the climate model historical sim-
ulations (1850–present day). A method based on the search
for analogs has been set up over a period of 32 years from the
ERA-Interim reanalysis (1979–2010 CE; Dee et al., 2011) in
association with snowfall from the polar-oriented Regional
Atmospheric Climate Model version 2.3 (RACMO2.3) at
5.5 km spatial resolution over Dronning Maud Land in East
Antarctica. The method is then applied to the period from
1850 to present day using an ensemble of 10 historical sim-
ulations with a horizontal resolution of 1◦

× 2◦ performed
with the Community Earth System Model (CESM2; Dan-
abasoglu et al., 2020). This earth system model (ESM) has
been widely used for studying the Antarctic precipitation
as CESM simulates relatively well the surface climate in
Antarctica (Lenaerts et al., 2016, 2018; Fyke et al., 2017;
Kittel et al., 2021; Dalaiden et al., 2020). The method enables
10 time-dependent spatial distributions of the snow accumu-
lation over Dronning Maud Land to be derived at 5.5 km res-
olution from the CESM2 ensemble members over the past
170 years. In addition, we provide the time series of the first
10 principal components of each of the 4 atmospheric vari-
ables used that can be exploited to characterize the regional
synoptic situations. This dataset aims at providing an im-
proved representation of detailed spatio-temporal patterns of
snowfall over Dronning Maud Land. Firstly, this dataset al-
lows for a more accurate comparison of long-term trends and
temporal variability with local measurements (e.g., ice core
snow accumulation records). Secondly, it enables a better un-
derstanding of the potential differences between estimates at
a small scale (such as the ones derived from ice cores) and
the ones at the scale of the grid of a GCM. Finally, it makes
it easier to associate synoptic meteorological conditions to
snowfall events that determine the annual totals. In this pa-
per, we present first the method and the data used, then the
structure of the database, and finally the validation with ice
core records and a discussion of the uncertainties.
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Figure 1. The statistical downscaling can be generally decomposed
into three successive steps, including (1) the association of the re-
analysis with the regional climate model by a perfect prog (PP; Ma-
raun and Widmann, 2018); (2) a correction of the historical GCM
to make it unbiased compared to the reanalysis using model output
statistics; and (3) the successive correction of the GCM followed
by the application of the perfect prog, giving way to an emulated
RCM estimation using the corrected GCM. Each uniform color cor-
responds to a model (GCM, reanalysis, RCM). The colors are mixed
with a gradient for each operation including more than one source.

2 Method and input data

Statistical downscaling follows a general scheme composed
of three to four steps involving several sources of informa-
tion. In our case, at least three sources are required: (1) a
GCM with coarse resolution but spanning a long time pe-
riod; (2) a global reanalysis with coarse resolution spanning
a shorter (recent) time frame, but of high quality; and finally
(3) a regionally optimized RCM, with a finer resolution, used
to dynamically downscale the global reanalysis. The objec-
tive is to evaluate the relationship (here called perfect prog,
PP) between the reanalysis and the RCM fields and then to
apply it to the GCM in order to downscale its results to the
scale of the RCM. Applying the PP directly to the GCM
turned out to be unsuccessful due to discrepancies between
the GCM climatology and the reanalyses. Therefore, three
essential steps (Fig. 1) are envisaged: the setting of a PP be-
tween the reanalysis and the RCM, the definition of a correc-
tion scheme of the GCM with the reanalysis over a common
time frame to produce an “emulated” GCM, and finally the
use of the PP in the “emulated” GCM for the whole period
of the GCM integration.

2.1 Input data

Four datasets are used in the development of the down-
scaled GCM: the reanalyses ERA-Interim and ERA5, the 10-

member ensemble of CESM2 GCM simulations, and the op-
timized reanalysis-driven RCM integration RACMO2.3.

The reanalyses. ERA-Interim (Dee et al., 2011) reanaly-
sis has been largely validated all over the earth surface and
also over Antarctica, where the precipitation was found to be
consistent with satellite observations of CloudSat (Palerme et
al., 2017) and exhibits a significant correlation with the ob-
served interannual variability (Wang et al., 2016). Because
of its relatively coarse spatial resolution (0.75◦ in latitude–
longitude), it cannot resolve the atmospheric circulation over
sharp local orographic changes. Therefore it cannot repre-
sent well the local-scale precipitation over the DML coast,
which can be heavy due to orographic uplift (Palerme et al.,
2017). Heavy snowfall days (> 10 mm) from ERA-Interim
correspond to fewer than 20 % of the days identified by an
automatic weather station near Kohnen (Welker et al., 2014).
By contrast, large-scale fields over the continent and South-
ern Ocean have been assumed to be more accurate. There-
fore, ERA-Interim fields of relative humidity at 850, 700 and
500 hPa and geopotential height at 500 hPa as well as mean
sea level pressure, sea ice extent, sea surface temperature and
air temperature at 850, 700 and 500 hPa were extracted from
ECMWF archives and eventually extrapolated. Snowfall was
extracted the same way, for comparison. More recently, the
ERA5 reanalysis (Hersbach et al., 2020) has been released
with a higher spatio-temporal resolution (0.25◦ and 1 h). The
same fields have been extracted from the Copernicus Climate
Change Service Data Store (C3S CDS). The comparison of
ERA5 snow accumulation with meteorological observations
over the Antarctic Peninsula indicates an increased ability to
identify strong precipitation events, which indicates a strong
consistency between the synoptic weather patterns and the
observed precipitation (Tetzner et al., 2019).

The regional climate model. The Regional Atmospheric
Climate Model version 2.3 (RACMO2.3) was forced at
its boundaries by the ERA-Interim reanalysis, including an
upper-air relaxation. This provides a simulation of the at-
mospheric variables and precipitation over the Antarctic Ice
Sheet from 1979 to 2016 (Lenaerts et al., 2013; van den Berg
and Medley, 2016; van Wessem et al., 2016). An additional
simulation at 5.5 km resolution (RACMO2.3p5.5) over spe-
cific regions of Antarctica, including Dronning Maud Land,
allows the orographic effects of precipitation and the poten-
tial wind redistribution of snow to be better represented. The
latter configuration at higher resolution allows regions with
complex surface topography to be studied in more detail and
allows for a better comparison with SMB records (Lenaerts
et al., 2018, 2014). RACMO2.3 has been recognized to have
the best fit to recent AIS (Antarctic Ice Sheet) SMB observa-
tions compared to other atmospheric models and reanalyses
(Wang et al., 2016; Rignot et al., 2019).

The general circulation model. The Community Earth Sys-
tem Model version 2 (Danabasoglu et al., 2020) provides a
model framework that allows the reconstruction of the evo-
lution of atmospheric variables at 1 to 2◦ resolution over the
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globe. A set of 10 historical CESM2 runs using forcing from
CMIP6 have been made available for the industrial period
(1850–2014, historical CESM2 CAM6). A different initial-
ization has been generated for each member. The CESM2
CAM6 provides new historical runs issued from the latest
development of the CESM model, and is shown to be an im-
provement over CESM1 (Danabasoglu et al., 2020).

2.2 The method

The comparison of the meteorological and snowfall fields es-
timated from the high-resolution (5.5 km) RCM RACMO2.3
and from the low-resolution (regridded to 1◦ latitude–
longitude) reanalysis ERA-Interim has revealed large local
differences in the snowfall amounts and spatial distribution
over the Antarctic coast in Dronning Maud Land. Two meth-
ods have first been unsuccessfully tried: first, we tried to find
a relation between the origin of moist air masses and the in-
tensity of associated high precipitation amounts. However,
the analysis of back-trajectories (online HYSPLIT model ap-
plied to NCEP/NCAR reanalysis (from the National Cen-
ters for Environmental Predictions and the National Center
of Atmospheric research); Stein et al., 2015) from strong
snowfall events on Dronning Maud Land has not identified
a strong relation. This result contrasts with the success ob-
tained with ERA-Interim and ERA5 in identifying the atmo-
spheric rivers responsible for such events (Gorodetskaya et
al., 2020). Secondly, another approach based on the random
forest technique was tested, using as predictors several local
atmospheric variables (air temperature, humidity, geopoten-
tial) or their large-scale patterns. This method failed, proba-
bly due to the highly non-linear and non-systematic relations
between large-scale atmospheric patterns and snowfall inten-
sity. In addition, since causal links can be model-dependent
(Vannitsem et al., 2019), a method that does not over-exploit
those causal links is required to guarantee the transferability
to other models in the presence of large model uncertainties.

A downscaling method for snowfall based on the search
for analogs has then been set up (Maraun and Widmann,
2018). The search for analogs bypasses the problem of non-
systematic relations, as long as similar synoptic situations
provide on average similar precipitation amounts. The choice
of a daily time step is done in accordance with the duration
of high-precipitation events over Antarctica’s coast, which
account for about 60 % of the annual snowfall (Schlosser et
al., 2010; Reijmer and van den Broeke, 2003; Turner et al.,
2019), last between 12 h and 7 d, and therefore can most of
the time be associated with synoptic atmospheric situations
(Reijmer and van den Broeke, 2003; Schlosser et al., 2010;
Welker et al., 2014; Gorodetskaya et al., 2020). The mete-
orological fields identified to be the most explanatory (and
possibly replicable by climate models) for precipitation rates
over the Antarctic continent have been decomposed into em-
pirical orthogonal functions (EOFs). The principal compo-
nent weights (PCs) of the dominant EOFs (the first 10) are

used for the selection of the analogs (Sneyers and Goossens,
1988; Hannachi, 2004). To select the large-scale meteorolog-
ical fields of interest for the downscaling method, we have
built for a set of 50 points from the RACMO2.3 domain an
analog database from the association between the PCs of dif-
ferent fields from ERA-Interim and the RACMO2.3 precipi-
tation over an 11-year period (1979–1990). These points cor-
respond to the highest annual snowfall accumulation over the
area. The fields tested were geopotential height at 700 and
500 hPa; air temperature at 500, 700 and 850 hPa; relative
humidity at 850, 700 and 500 hPa; surface atmospheric pres-
sure; sea ice cover; and total precipitation (liquid and solid).
One to four fields were used in the different tests. The sta-
tistical evaluation of the performance was based on correla-
tion and root mean square difference at both daily and annual
scales after a bias correction (quantile mapping). The analy-
sis over the validation period (1991–2000) indicates that the
optimal choice is reached with four fields: (1) geopotential
height at 500 hPa, (2) surface pressure, (3) relative humid-
ity at 700 hPa and (4) total precipitation. The same evalua-
tion methodology was used to select (1) the optimum num-
ber of closest analogs used for the estimation, namely 20
analogs; (2) the way to select the best estimation from the
distribution of analogs (the mean of the ensemble seems the
most appropriate); (3) the optimum minimum geographical
spanning of the reanalysis fields (latitude 40–90◦ S, longi-
tude 10◦ W–60◦ E); and (4) the length of the training period
(3 years is a minimum, but we use 11 years without a large
statistical gain). As expected, the spatial and temporal varia-
tions in RACMO2.3 are preserved (Fig. 2 shows an example
of time series comparison and a comparison over Princess
Ragnhild Coast characterized by the presence of ice rises
near the coast). The root mean square difference on a daily
basis over the validation period ranges from 10 % in large-
accumulation areas near the coast to 15 % in the inner re-
gions. The advantage of the analog method is that it allows
one to identify the major types of weather delivering precipi-
tation and their occurrence over time in the form of PCs. This
could be of interest for the analysis of a frequency change in
the precipitation over long time periods.

The downscaling method was then repeated over the en-
semble of the 10 climate runs from the CESM2 model over
the period 1850–2014. Before the downscaling could be ap-
plied, we first needed to make the PCs compatible with
the reanalyses. A simple bias correction based on the lin-
ear regression of EOFs (Feudale and Tompkins, 2011; Yu et
al., 2018), followed by a quantile mapping, transforms the
CESM2 original PCs into “reanalysis-like” PCs. The oper-
ation is done after the verification of the similarities of the
EOFs among the members. The principal components can
then be compared to the analog database in search of the clos-
est events. As during the training process, quantile mapping
defined over a 10-year period with the reanalysis is applied
to the complete time series to obtain the final downscaled
estimations (Fig. 3). No significantly high differences are ex-
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Figure 2. The map shows the Princess Ragnhild Coast, which is part of Dronning Maud Land (red box), and the whole Antarctic continent.
Verification of the performance of the downscaling scheme trained on 11 years (1979–1990) of ERA-Interim data and RACMO2.3 daily
snowfall and applied to ERA-Interim for a 10-year period (1991–2000). The monthly time series comparison over a location of maximum of
annual snowfall accumulation shows a high degree of accuracy, while the spatial comparison of the accumulated snowfall (mm) over 1996 on
Princess Ragnhild Coast in the presence of ice rises (e.g., Derwael Ice Rise – DIR, Lokeryggen Ice Rise – LIR and Hammaryggen Ice Rise
– HIR) illustrates the high degree of fidelity of the analog method (top right) in reproducing the RCM (bottom right) accumulation patterns,
especially in the west–east difference in accumulation around ice rises (Kausch et al., 2020).

Figure 3. The analogs method follows three steps: (1) the building of the analogs database using the association of the reanalysis PCs to
the snowfall accumulation from RACMO2.3, (2) the transformation of CESM2 into “reanalysis-like” fields, (3) the search in the analogs
database. The second step ensures the compatibility of the principal components between the database and the GCM.
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Figure 4. The MASS2ANT database (NetCDF files) includes two files for yearly accumulated snowfall (10 members each) and one per
reanalysis used for training. The daily estimations are stored per year and per reanalysis used for training. In addition, PC time series for the
40 EOFs for all the CESM2 members are stored in two separate files as well as the 40 EOFs of the emulated CESM2. Embedded metadata
include units, version geographical coordinates and temporal stamps.

pected from one member to another as the initializations have
been carefully controlled, and the spectral analysis of the
time series of PCs gives very similar results (Danabasoglu
et al., 2020).

3 The dataset

3.1 Structure of the dataset

The dataset is composed of 46 files (netcdf4 format) in to-
tal, which accounts for about 500 GB when uncompressed.
The yearly accumulated snowfall maps are provided in po-
lar stereographic projection at 5.5 km resolution, conform-
ing to the RACMO2.3p5.5 run setup: 1 file per downscaled
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Figure 5. Recomposed maps of downscaled daily snowfall (mm) over DML on the first day of 1850 for members 1 to 8. A saturation at
10 mm per day has been defined for visualization.

CESM2 run for each reanalysis used for training (20 files).
The daily dataset is provided in the form of time series (20
files): 10 files (netcdf4 format), each containing the time se-
ries of daily snowfall accumulation over each grid point of
the RACMO2.3 domain on the ice sheet (DML coastal re-
gion) for the period 1850–2014, 365 d per year. Each file cor-
responds to a downscaling of 1 of the 10 runs from CESM2,
based on the training on ERA-Interim and RACMO2.3. Lat-
itude, longitude, and corresponding line and column in the
RACMO2.3 domain are stored for each grid point. Extrac-
tion of time series for a specific location is therefore straight-
forward, and, thanks to the column and line, it is possible
to recompose daily maps. The data files are stored on Zen-
odo, an open-access repository operated by CERN, the Eu-
ropean Organization for Nuclear Research. Another set of
10 files with the same structure is stored with the results
from the application of the same method trained on ERA5.
In addition the time series of the 40 principal components
used are stored in separate files, one for ERA-Interim and

one for ERA5-trained simulations (Fig. 4), all provided with
embedded metadata. PC time series for the 40 EOFs for all
the CESM2 members are stored in two additional files. The
EOF maps from ERA-Interim and ERA5 are stored in two
separate files. At last, PC time series from ERA-Interim and
ERA5 fields are stored in two files.

3.2 Examples of maps (annual, daily)

As expected, daily fields differ among the different members
of the downscaled CESM2 results. When a high-precipitation
event over DML can be present on a specific day in mem-
ber 7, it may not be the case for all the other mem-
bers (Fig. 5). While a large disparity is observed on daily
maps, the effect is much smaller on the annual accumulation
(Fig. 6). We illustrate this by a daily map (members 1 to 8)
and an annual accumulation over the entire domain of the
downscaled CESM2 member 1, trained with ERA5 (Fig. 5).
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Figure 6. Map of downscaled snowfall accumulated over a year (CESM2 member 1). A saturation at 2000 mm has been imposed for a better
visualization.

Figure 7. The configurations of the first nine EOFs for surface atmospheric pressure with their relative occurrence are ordered by importance
in the decomposition of the variability in the field (represented here unitless, covering the total area of 40–90◦ S, 10◦ W–60◦ E). The time
series of the associated PCs for 1 year show the different amplitudes.

For each date, the PCs are provided and associated with
the EOFs for each meteorological field. An analysis of the
association between snowfall regimes with the synoptic pat-
terns is then possible. In Fig. 7, we show an illustration of
the first nine EOFs for surface atmospheric pressure over the
GCM domain considered (40–90◦ S, 10◦ W–60◦ E) as well as
the time series of the associated PCs, showing their various
amplitudes.

3.3 Comparison with ice core measurements

The annual variation in the surface mass balance is estimated
from ice cores retrieved from a set of locations over the
coastal DML. The length of the records differs between the
different sites and can cover more than 150 years. Specif-
ically, the annual accumulation computed from the down-
scaled daily snowfall is compared to SMB from the different
ice core records from Thomas et al. (2017), after a conver-
sion of ice core estimates to water equivalent height (Table 1,

Fig. 8). A good overall match between the downscaled snow-
fall and the ice cores is found as well as a large bias reduction
compared to the use of CESM2 without downscaling.

We also briefly investigate the multidecadal trends and
their uncertainties. Specifically, we have computed the trend
in yearly snowfall accumulation for the period 1988 to 2014,
relative to the mean accumulation around 1988 for each ice
core site and for each downscaled member. The result is an
ensemble of 10 trends per site. For the first six sites, the en-
sembles show on average no trend, with individual estimates
ranging from −0.7 % to 0.7 % (except for one member which
exceeds 1 % for S100, S20 and DML16). For the last two
sites (H72 and DIR), the range is larger: from −0.6 % to
1 % (except for one member reaching 1.5 %). For the trends
over 1850 to 2014, the estimates are 10 times smaller for the
first five sites. At DML16, H72 and DIR, 9 out of 10 down-
scaled estimates give a positive trend ranging from 0 to 0.2 %
(DML16 and H72) and from 0 % to 0.3 % (DIR).
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Table 1. Ice cores drilled over Dronning Maud Land used for comparison, extracted from Thomas et al. (2017).

Ice core Latitude Longitude Start date End date Reference

S100 −70.24 4.80 1850 1999 Karczmarska et al. (2004)
S20 −70.25 4.82 1956 1996 Isaksson et al. (1999)
H72 −69.20 41.08 1850 1999 Nishio et al. (2002)
B04 −70.62 −8.37 1892 1981 Schlosser (1999)
DIR −70.25 26.34 1850 2011 Philippe et al. (2016)
E91 −73.60 −12.43 1932 1991 Isaksson et al. (1996)
DML16 FB9813 −75.17 5.00 1850 1997 Oerter et al. (2000)

Figure 8. The time series of yearly accumulated snowfall extracted from the database (CESM2 member 1, training with ERA-Interim and
all members in shaded gray) is compared to the SMB estimated from ice cores available from Thomas et al. (2017) (ice core data available
on the web page of Antartica2k (sub-group of PAGES2k, https://pastglobalchanges.org/science/wg/2k-network/projects/antarctica2k/intro,
last access: 19 April 2022) and at https://data.bas.ac.uk/full-record.php?id=GB/NERC/BAS/PDC/00940, last access: 19 April 2022). The
RACMO2.3 time series has been superimposed (cyan), and the 10 CESM2 simulations (shaded blue) show the large bias reduction thanks to
the use of RACMO2.3 for the training. A 4-year moving average has been applied to the time series for the visualization.

3.4 Comparison with other sources and other studies

Almost all the available datasets of spatial estimates of
snowfall accumulation or SMB over Dronning Maud Land
are (1) at high resolution (20–30 km; Lenaerts et al., 2018;
Agosta et al., 2019) but spanning the last 30 years, (2) span-

ning a longer period but at low resolution (0.75◦; Med-
ley and Thomas, 2019), or (3) at high resolution but av-
eraged in time (Rotschky et al., 2007). Over other re-
gions, downscaling using a physical orographic model has
been used to obtain maps at high resolution from a RCM
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Figure 9. The visual comparison of the average annual snowfall accumulation over western Dronning Maud Land between the database
from Rotschky et al. (2007) and the downscaled CESM2 member 1 (trained with ERA5) shows more pronounced asymmetrical patterns near
sharp surface elevation changes. The difference in magnitude should be taken with caution as only the snowfall component is provided by
the MASS2ANT database, while Rotschky et al. (2007) is the integration of the total surface mass balance.

Figure 10. The coast-to-inland gradient of the downscaled CESM2 member 1 averaged over the total period seems in agreement with the
averaged reconstruction based on the ice core records of Medley and Thomas (2019) but depicts much more detail, which could be useful in
detailed analysis of ice-core-record representativity (same color scale).

over a longer period of time (Agosta et al., 2013). In this
study, we compare our dataset to two other sources. The
first reconstruction covers western Dronning Maud Land
(Rotschky et al., 2007), which offers a static view of the
accumulation patterns based on the spatial interpolation of
ice core data (data available from the PANGAEA web-
site, https://doi.org/10.1594/PANGAEA.472297; Rotschky
and Oerter, 2007). A visual comparison with the CESM2
member 1 downscaled (trained with ERA5) shows an en-
hanced variability along sharp elevation changes (Fig. 9).
The second reconstruction over the entire domain is based on
ice core datasets and climate patterns from reanalyses over
the last 150 years on a yearly basis (Medley and Thomas,
2019), of which we only consider the reconstruction using
ERA-Interim (data available at https://earth.gsfc.nasa.gov/
cryo/data/antarctic-accumulation-reconstructions, last ac-
cess: 19 April 2022). The downscaled CESM2 member 1
averaged over the total period seems in agreement with the
averaged reconstruction based on the ice core records, espe-
cially to reconstruct the gradient from the coast to inner land,
but depicts much more detail related to topography (Fig. 10).

4 Uncertainties

The uncertainties in the daily snowfall estimates compiled
into this dataset can arise from (1) the choice and accuracy of
the model sources (regional climate model, reanalysis, “his-
torical” climate model) and (2) the accuracy of the down-
scaling method (choice of parameters, choice of predictive
variables). In this section, we report a (non-exhaustive) quan-
tification of the uncertainty level related to the choice both of
model sources and of the parameters of the method.

4.1 Sampling in choice of analogs

A simple way to assess the effect of the sampling of the
analogs on the estimation uncertainty is to use the bootstrap
techniques. We have created a distribution of 100 ensembles
of analogs at the ice core sites, with the 20 analogs randomly
drawn with repetition (Fig. 11). The downscaled CESM2
member 1 with 100 analog draws is represented at the ice
core sites. The uncertainty is between 5 % and 10 % of the
mean value.

4.2 Choice of reanalysis used for training

The choice of reanalysis used for training the analogs
database has an effect on the downscaling obtained from
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Table 2. Summary of the uncertainty levels associated with the choices of input model or sampling method. The uncertainties (mean
uncertainties) are estimated on yearly accumulation of snowfall, relative to the basic methodology followed to derive the database, for at
least one time series over the domain.

Snowfall uncertainty
(percent mean yearly accumulation)

Sampling in choice of analogs 5 % to 10 %
Choice of reanalysis for training 25 %
Choice of “historical” GCM runs 17 %–22 % (SD) to max 30 %–38%

Figure 11. The downscaled CESM2 member 1 with 100 different analog draws is represented at the ice core sites. The uncertainty is between
5 % and 10 % of the mean value.

CESM2 as there still remain biases in reanalyses, e.g., a
dry bias in the interior of the ice sheet (Bromwich et al.,
2011). The choice of reanalysis influences the result at equiv-
alent training scores (Fig. 12). This is one of the reasons for
extending the database to ERA5 as training reanalysis in-
stead of ERA-Interim. More independent reanalyses could
be used to further assess the uncertainty. The difference be-
tween CESM2 downscaling using ERA-Interim and ERA5
in the training reveals an uncertainty of 25 % on average at
the ice core sites.

4.3 Choice of “historical” GCM runs

CESM2 simulations consist of 10 members, corresponding
to different initializations (Danabasoglu et al., 2020). The in-
herent model uncertainty therefore impacts the results and is
quantified here (Fig. 13). The scatter of the 10 members of
CESM2 downscaling using ERA-Interim in the training re-
veals an uncertainty of 20 % (standard deviation) and up to
40 % at some ice core sites.
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Figure 12. The difference between CESM2 downscaling using ERA-Interim and ERA5 in the training reveals an uncertainty of 25 % on
average at the ice core sites.

4.4 Choice of RCM model

At last, the choice of the RCM critically drives the dynamical
link between large-scale patterns and local snowfall and the
average and maximum amplitude of snowfall accumulation.
An assessment of the uncertainty caused by the choice of
RCM could be done using another RCM, with equally proven
quality. For example, the Modele Atmospherique Regional
(MAR) is another recognized RCM used for polar climates
at high resolution (Gallée et al., 2011). The newest simula-
tions over Antarctica at 30 km resolution (Agosta et al., 2019)
have shown similarities with RACMO2 at 27 km resolution
but revealed localized differences over the ice sheet related
to a more realistic sublimation of falling snowfall in com-
parison with RACMO2 (Gallée et al., 2013). A simulation at
the same resolution with another RCM optimized for polar
regions, like MAR, could be of great interest to better frame
the uncertainty linked to RCM physics. However, the uncer-
tainty linked to the choice of RCM has not been evaluated in
this study and could be envisaged to extend the database if
new RCM simulations at such resolution are available in the
future.

5 Data availability

The files of the dataset (the annual snowfall, the PCs
and the EOFs) are available on the Zenodo platform
(https://doi.org/10.5281/zenodo.4287517; Ghilain et al.,
2021). However, due to size limitations, the 20 daily
snowfall files had to be published as three data publi-
cations: https://doi.org/10.5281/zenodo.6355455 (Ghilain et
al., 2022a), https://doi.org/10.5281/zenodo.6359385 (Ghi-
lain et al., 2022b), https://doi.org/10.5281/zenodo.6362299
(Ghilain et al., 2022c).

6 Conclusions

We propose here a reconstruction of snowfall evolution over
Dronning Maud Land, Antarctica, at 5.5 km resolution using
an analog-based downscaling technique. This technique has
allowed us to exploit the detailed spatio-temporal estimation
of snowfall from 30-year RACMO2.3 simulations in combi-
nation with synoptic patterns from recent reanalyses to sta-
tistically downscale the historical runs from CMIP6 (CESM2
model). The resulting database stores the ensembles of daily
accumulated snowfall from 1850 to 2014, the pertinent infor-
mation for synoptic patterns analysis (the principal compo-
nent weights and empirical orthogonal functions from four
large-scale meteorological fields) and the annual evolution
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Figure 13. The scatter of the 10 members of CESM2 downscaling using ERA-Interim in the training reveals an uncertainty of 20 % (standard
deviation) and up to 40 % at some ice core sites.

of accumulated snowfall over Dronning Maud Land. The
database can be used to analyze the detailed contribution
of snowfall to the surface mass balance over the region, its
evolution and its association with synoptic weather condi-
tions. The method can be easily replicated with new RCM
and GCM simulations.
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