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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 in associating 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 AD with the atmospheric reanalyses ERA-Interim and ERA5. This association is then used to generate the spatial5

distribution of snowfall for the period from 1850 to present day for an ensemble of ten members from the Earth System Model

CESM2. The new dataset of daily and yearly snowfall accumulation based on this methodology is presented in this paper

(MASS2ANT dataset, http://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 spatial-temporal distribution of snowfall is improved in the

downscaled dataset compared with the CESM2 simulations. This dataset thus provides information that may be useful in10

identifying the large-scale patterns associated with the local precipitation conditions and their changes over the past century.

1 Introduction

In the context of the 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 AR6 , 2021). Over the last decades, the Greenland Ice Sheet

has been melting at an increasing speed, both from the base and the surface (Mouginot et al. , 2019). In contrast, the Antarctic15

Ice Sheet is gaining mass at its surface through increased precipitations (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 (Rignot 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 of atmospheric temperature (Krinner et al., 2014;

1

http://doi.org:10.5281/zenodo.4287517


Dalaiden et al., 2020). Therefore, the snow accumulation at its surface slightly reduces the positive contribution of the Antarctic20

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 Antarctic Penin-

sula (Thomas et al. , 2008; Medley and Thomas , 2019). However, this increase is not observed everywhere on the Antarctic Ice

Sheet (Medley and Thomas , 2019). Furthermore, studies in coastal Antarctic regions have revealed methodological limitations

in estimating the snow accumulation (defined as the difference between the total precipitation and sublimation, most generally25

called surface mass balance (SMB) (Lenaerts et al., 2019)). In particular, the tools and observations available have a too low

spatial resolution in regions where snowfall is controlled by orography and spatial variations are high (Eisen et al., 2008).

Dronning Maud Land (DML, 20°W – 45°E, map on Figure 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 is30

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 two centuries, the available reconstructions of Antarctic snow accumulation are deduced from the interpolation

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 spatial distribution (Medley and Thomas , 2019) or combine a climate35

model with ice core records using a data assimilation method (Dalaiden et al., 2021). However, those reconstructions 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 provide estimations of snow accumulation for specific locations, climate models are

spatially complete and thus offer an Antarctic-wide estimation of snow accumulation. However, due to the low horizontal40

resolution of GCMs (typically 100km), the GCMs tend to underestimate the spatial variability of 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. , 2020) allowing a more detailed modelling of the processes that drive

the snow accumuation variability at a scale of a few kilometers (Lenaerts et al., 2019). However, most simulations performed

with a RCM over the Antarctic Ice Sheet are only available from the satellite era (1979 afterwards). A 40-year period seems45

too short to estimate potential long-term trends or analyze the mechanism responsible for the the large interannual 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 decreasing trend has

been found elsewhere (Thomas et al. , 2017; Vega et al. , 2016; Altnau et al., 2015; Schlosser et al. , 2014), leading to large50

uncertainties on 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 accumulation (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 trend in the DML region along and the physical atmospheric mechanisms responsible for them.
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Statistical methods can be set up to emulate the precipitation field, relating the spatial pattern of precipitation given by a RCM55

to large scale dynamics of the global climate model. We explored such a methodology to statistically downscale the dominant

snow accumulation component over the area, the snowfall, from the climate model historical simulations (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

AD; 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 in East Antarctica. The method is then applied to the period60

from 1850 to present day using an ensemble of ten historical simulations with an horizontal resolution of 1°×2°performed with

the Community Earth System Model (CESM2, Danabasoglu et al. (2020)). This 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 to derive ten time-dependent spatial distribution

of the snow accumulation over Dronning Maud Land at 5.5 km resolution from the CESM2 ensemble members over the65

past 170 years. In addition, we provide the time series of the ten first principal components of each of the four atmospheric

variables used and that can be exploited to characterize the regional synoptic situations. This dataset aims at providing an

improved representation of detailed spatio-temporal patterns of snowfall over Dronning Maud Land. Firstly, this dataset allows

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 understanding of the potential differences between estimates at small scale70

(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 paper, 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.

2 Method and input data75

Statistical downscaling follows a general scheme composed of three to four steps, involving several sources of information.

In our case, at least three sources are required: 1) a GCM with coarse resolution but spanning a long time period, 2) a global

reanalysis with coarse resolution spanning a shorter (recent) time frame, but of high quality, and finally 3) a regionally opti-

mized RCM, with a finer resolution, used to dynamically downscale of the global reanalysis. The objective is to evaluate the

relationship (called here Perfect Prog - PP -) between the reanalysis and the RCM fields and then to apply it to the GCM in80

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 (Figure 1) are envisaged:

the setting of a PP between the reanalysis and the RCM, the definition of a correction scheme of the GCM with the reanalysis

over a common time frame to produce an “emulated” GCM, and finally the use of the PP on the “emulated” GCM for the

whole period of the GCM integration.85
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Figure 1. The statistical downscaling can be generally decomposed into 3 successive steps, including 1) the association of the reanalysis with

the regional climate model by a Perfect Prog (PP, Maraun 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 colour corresponds to a model (GCM,

Reanalysis, RCM). The colours are mixed with a gradient for each operation including more than one source.

2.1 Input data

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

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

The reanalyses. ERA-Interim (Dee et al. , 2011) reanalysis has been largely validated all over the Earth surface, and also

over Antarctica, where the precipitation was found to be consistent with satellites observations of CloudSat (Palerme et al.90

, 2017), and exhibits a significant correlation with the observed 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 represent well the local scale precipitation over DML coast, which can be heavy due

to orographic uplift (Palerme et al. , 2017). Heavy snowfall days (> 10 mm) from ERA-Interim correspond to less than 20%

of the days identified by an automatic weather station near Kohnen (Welker et al. , 2014). By contrast, large-scale fields over95

the continent and Southern Ocean have been assumed to be more accurate. Therefore, ERA-Interim fields of relative humidity

at 850 , 700 and 500 hPa, geopotential height at 500 hPa, 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
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higher spatio-temporal resolution (0.25°and 1 hour). The same fields have been extracted from the Copernicus Climate Change100

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 atmospheric105

variables and precipitations 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 specific regions of

Antarctica, including Dronning Maud Land, allows to better represent the orographic effects of precipitation and the potential

wind redistribution of snow. The latter configuration at higher resolution allows studying in more detail a region with complex

surface topography and allows for a better comparison with SMB records (Lenaerts et al., 2018, 2014). RACMO2.3 has been110

recognized to have the best fit to recent AIS SMB observations compared to other atmospheric models and reanalyses (Wang

et al. , 2016; Rignot et al. , 2019).

The General Circulation Model. The Community Earth System Model version 2 (Danabasoglu et al., 2020) provides a

model framework that allows the reconstruction of the evolution of atmospheric variables at 1 to 2 degree resolution over the

globe. A set of ten historical CESM2 runs using forcing from CMIP6 have been made available for the industrial period (1850 -115

2014, Historical CESM2 CAM6). A different initialization 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 improvement over CESM1

(Danabasoglu et al., 2020).

2.2 The Method

The comparison of the meteorological and snowfall fields estimated from the high resolution (5.5 km) RCM RACMO2.3120

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 methods have first been

unsuccessfully tried: First, we tried to find a relation between the origin of moist air masses and the intensity of associated

high precipitation amounts. However, the analysis of back-trajectories (on-line HYSPLIT model applied on NCEP/NCAR

reanalysis (Stein et al. , 2015)) from strong snowfall events on Dronning Maud Land has not identified a strong relation. This125

result contrasts with the success obtained with ERA-Interim and ERA5 in identifying the atmospheric rivers responsible of

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, geopotential) or their large scale patterns. This

method failed, probably due to the highly non-linear and non-systematic relations between large scale atmospheric patterns

and snowfall intensity. In addition, since causal links can be model-dependent (Vannitsem et al. , 2019), a method that does130

not over-exploit those causal links is required to guarantee the transferability to other models in presence of large model

uncertainties.
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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 precipitation135

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 hours to 7 days long, and therefore can most of the time be

associated to synoptic atmospheric situations (Reijmer and van den Broeke , 2003; Schlosser et al. , 2010; Welker et al. ,

2014; Gorodetskaya et al., 2020). The meteorological fields identified to be the most explanatory (and possibly replicable by

climate models) for precipitation rates over the Antarctic continent have been decomposed in Empirical Orthogonal Functions140

(EOFs). The principal components weights (PCs) of the dominant EOFs (the first ten) are used for the selection of the analogs

(Sneyers and Goossens , 1988; Hannachi , 2004). To select the large-scale meteorological 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 principal components weights (PCs) of different fields from ERA-Interim and the RACMO2.3 precipitation over a 11

years period (1979-1990). These points correspond to the highest annual snowfall accumulation over the area. The fields tested145

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 pressure, sea-ice cover, and total precipitation (liquid and solid). One to four fields were used in

the different tests. The statistical evaluation of the performance was based on correlation and root-mean square difference at

both daily and annual scales after a bias correction (quantile mapping). The analysis 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) relative150

humidity at 700 hPa and 4) total precipitation. The same evaluation methodology was used to select 1) the optimum number

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°S-90°S, longitude 10°W-60°E, and 4) the length of the training period: 3 is a minimum, but we

use 11 years without a large statistical gain. As expected, the spatial and temporal variations of RACMO2.3 are preserved155

(Figure 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 regions. The advantage of the analog method is that it

allows one to identify the major types of weathers delivering precipitation 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.160

The downscaling method was then repeated over the ensemble of the ten climate runs from the CESM2 model over the

period 1850-2014. Before the downscaling could be applied, we first needed to make the PCs compatible with the reanalyses.

A simple bias correction based on the linear 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 operation 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 in165

search for the closest 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 (Figure 3). No significant high differences are
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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 on ERA-Interim for a 10 years 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 (in mm) over

1996 on Princess Ragnhild Coast in presence of ice rises (eg 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 of accumulation around ice rises (Kausch et al., 2020).

expected from one member to another, as the initializations have been carefully controlled and the spectral analysis of the time

series of PCs give very similar results (Danabasoglu et al., 2020).
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Figure 3. The analogs method follows 3 steps: 1) the building of the analogs database using the association of the reanalyses 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.

3 The dataset170

3.1 Structure of the dataset

The dataset is composed of 46 files (netcdf4 format) in total, which accounts for about 500GB, when uncompressed. The

yearly accumulated snowfall maps are provided in polar stereographic projection at 5.5 km resolution, conforming to the

RACMO2.3p5.5 run set-up: 1 file per downscaled CESM2 run, for each re-analysis 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 series of daily175

snowfall accumulation over each grid point of the RACMO2.3 domain on the ice sheet (DML coastal region) for the period

1850-2014, 365 days per year. Each file corresponds to a downscaling of one of the 10 runs from CESM2, based on the training

on ERA-Interim and RACMO2.3. Latitude, longitude, corresponding line and column in the RACMO2.3 domain are stored for

each grid point. Extraction of time series for a specific location is therefore straightforward, and, thanks to the column and line,

it is possible to recompose daily maps. Due to the size of the daily files, only a set of 2 files are stored along with the annual180

data files on Zenodo , an open-access repository operated by CERN, the European Organization for Nuclear Research, and the

whole set is available on request. 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 (Figure 4), all provided with embedded metadata. PCs time

series for the 40 EOFs for all the CESM2 members are stored in 2 additional files. The EOFs maps from ERA-Interim and185

ERA5 are stored in 2 separate files. At last, PCs time series from ERA-Interim and ERA5 fields are stored in 2 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 member 7, it may not be the case for all the other members (Figure 5).
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Figure 4. The MASS2ANT database (NetCDF files) includes 2 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, PCs time series for

the 40 EOFs for all the CESM2 members are stored in 2 separate files, as well as the 40 EOFs of the emulated CESM2. Embedded metadata

include units, version geographical coordinates, and temporal stamps.
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Figure 5. Recomposed maps of downscaled daily snowfall (in mm) over DML on the 1st day of 1850 for members 1 to 8. A saturation at 10

mm per day has been defined for visualization.

Figure 6. Map of downscaled snowfall accumulated over a year (CESM2 member 1). A saturation at 2000 mm has been imposed for a better

visualisation.

While a large disparity is observed on daily maps, the effect is much smaller on the annual accumulation (Figure 6). We190

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 (Figure 5).
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Figure 7. The configurations of the 9 first EOFs for surface atmospheric pressure with their relative occurrence are ordered by importance in

the decomposition of the variability of the field (represented here unitless, covering the total area 40°S-90°S, 10°W-60°E). The time series

of the associated PCs for one year show the different amplitudes.

For each date, the PCs are provided, and associated to the EOFs for each meteorological field. An analysis of the association

between snowfall regimes with the synoptic patterns is then possible. In Figure 7, we show an illustration of the first 9 EOFs

for Surface atmospheric pressure over the GCM domain considered (40°S-90°S, 10°W-60°E), as well as the time series of the195

associated PCs, showing their various amplitudes.

3.3 Comparison with ice core measurements

The annual variation of 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. Specifically, the annual

accumulation computed from the downscaled daily snowfall is compared to SMB from the different ice core records from200

Thomas et al. (2017), after a conversion of ice core estimates to water equivalent height (Figure 1, Figure 8). A good overall

match between the downscaled snowfall 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, and205

for each downscaled member. The result is an ensemble of 10 trends per site. For the 6 first sites, the ensembles show in average

no trend, with individual estimate ranging from -0.7% to 0.7% (except for one member which exceed 1%for S100, S20 and

DML16). For the 2 last 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 ten times smaller for the 5 first sites. At DML16, H72 and DIR, 9 out of 10

downscaled estimates give a positive trend ranging from 0 to 0.2% (DML16 and H72) and from 0 to 0.3% (DIR).210
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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)

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) spanning a longer period but

at low resolution (0.75°, Medley and Thomas (2019)), or 3) at high resolution but averaged in time (Rotschky et al. , 2007).

Over other regions, downscaling using a physical orographic model has been used to obtain maps at high resolution from a215

RCM 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 website http://doi.pangaea.de/

10.1594/PANGAEA.472297). A visual comparison with the CESM2 member 1 downscaled (trained with ERA5) shows an

enhanced variability along sharp elevation changes (Figure 9). The second reconstruction over the entire domain is based on220

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). The downscaled CESM2 member 1 averaged over the total period seems in agreement with the

averaged reconstruction based on the ice core records, especially to reconstruct the gradient from the coast to inner land, but

depicts much more details related to topography (Figure 10).225

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, re-analysis, “historical” climate model), and 2) the accuracy of the downscaling

method (choice of parameters, choice of predictive variables). In this section, we report a (non-exhaustive) quantification of

the uncertainty level related to both the choice of model sources and of the parameters of the method.230
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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 webpage of PAGES2k/Antarctica2k and in https://data.bas.ac.uk/full-record.php?id=GB/NERC/BAS/PDC/00940). RACMO2.3 time

series has been superimposed (cyan) and the 10 CESM2 simulations (shaded blue), showing the large bias reduction thanks to the use of

RACMO2.3 for the training. A 4-year moving average has been applied on the time series for the visualization.

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 (Figure 11). The downscaled CESM2 member 1 with 100 different analogs draws represented at the ice core sites.

The uncertainty is between 5 and 10 % of the mean value.235
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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 details that could be useful in

detailed analysis of ice core records representativity (same color scale).

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 CESM2 , as

there still remain biases in reanalyses, eg a dry bias in the interior of the ice sheet (Bromwich et al., 2011). The choice of

reanalysis influences the result, at equivalent training scores (Figure 12). This is one of the reasons for extending the database

to ERA5 as training reanalysis instead of ERA-Interim. More independent reanalyses could be used to further assess the240

uncertainty. The difference CESM2 downscaling using ERA-Interim or ERA5 in the training reveals an uncertainty of 25% in

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 inherent

model uncertainty is therefore impacting the results and is quantified here (Figure 13). The scatter of the 10 members of245
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Table 2. Summary of the uncertainty levels associated to the choices of input model or sampling method. The uncertainties (mean uncer-

tainties) 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

(% mean yearly accumulation)

Sampling in choice of analogs (1) 5 to 10 %

Choice of reanalysis for training (2) 25%

Choice of “historical” GCM runs (3) 17-22 % (std) to max 30-38%
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Figure 11. The downscaled CESM2 member 1 with 100 different analogs draws represented at the ice core sites. The uncertainty is between

5 and 10 % of the mean value.

CESM2 downscaling using ERA-Interim in the training reveals an uncertainty of 20% (standard deviation) and up to 40% at

some ice core sites, maybe a direct consequence of the CESM2 members not being temporally correlated.
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Figure 12. The difference CESM2 downscaling using ERA-Interim or 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 RCM250

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. The newest simulations 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 comparison 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 better255

frame the uncertainty linked to RCM physics. However, the uncertainty 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.
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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.

5 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 of260

snowfall from 30-year RACMO2.3 simulations in combination with synoptic patterns from recent reanalyses to statistically

downscale the historical runs from CMIP6 (CESM2 model). The resulting database stores the ensembles of daily accumulated

snowfall from 1850 to 2014, the pertinent information for synoptic patterns analysis (the principal components weights and

empirical orthogonal functions from four large-scale meteorological fields), and the annual evolution of accumulated snowfall

over Dronning Maud Land. The database can be used to analyze the detailed contribution of snowfall to the surface mass265

balance over the region, its evolution and its association to synoptic weather conditions. The method can be easily replicated

with new RCM and GCM simulations.
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6 Data availability

The files of the dataset (the annual snowfall, the PCs and the EOFs) are available on Zenodo platform (http://doi.org:10.5281/

zenodo.4287517). However, due to size limitations, only 2 daily snowfall files out of 20 have been stored there, the whole set270

is available on request to the contact author.

Author contributions. Project proposal and funding: SV & HG; Scientific supervision: SV; Design of the method: LDC, HG, SV & NG;

Climatological Analysis NG, WW & SV; Implementation, tests, method tuning, verifications, database creation, validation: NG & SV;

Analysis of the results: all authors; Preparation data material: QD & NG. Manuscript drafting: NG; Manuscript revisions: all authors.

Competing interests. The auhors declare that they have no conflict of interest.275

Acknowledgements. The authors thank the Santander Meteorology group for making available the MeteoLab Toolbox Matlab software

(Cofino et al., 2013), which was re-used and partly re-coded in fortran90 using multi-core parallel computing for the processing of the

database. We thank Chad Greene for providing the Climate Toolbox for Matlab, which was used to verify intermediate steps. We thank

Dr Jan Lenaerts for providing the RACMO2.3 fields over DML Dr Marie Cavitte for suggestions on the use of ice core datasets, and Dr

Jean-Louis Tison, Dr Stef Lhermite and Sarah Wauthy for fruitful discussions. The study was funded in the framework of the MASS2ANT280

project (https://www.elic.ucl.ac.be/users/klein/Mass2Ant/index.html, contract No BR/165/A2) by the Belgian Science Policy.

18

http://doi.org:10.5281/zenodo.4287517
http://doi.org:10.5281/zenodo.4287517
http://doi.org:10.5281/zenodo.4287517
https://www.elic.ucl.ac.be/users/klein/Mass2Ant/index.html


References

Adusumilli, S., Fricker, H.A., Medley, B., Padman, L., and Siegfried, M.R.: Interannual variations in meltwater input to the Southern Ocean

from Antarctic ice shelves, Nature Geoscience, https://doi.org/10.1038/s41561-020-0616-z, 2020.

Agosta, C., Favier, V., Krinner, G., Gallée, H., Fettweis, X., and Genthon, C.: High-resolution modelling of the Antarctic surface mass285

balance, application for the twentieth, twenty first and twenty second centuries, Clim Dyn, https://doi.org/10.1007/s00382-013-1903-9,

2013.

Agosta, C., Amory, C., Kittel, C., Orsi, A., Favier, V., Gallée, H., van den Broeke, M. R., Lenaerts, J. T. M., van Wessem, J. M., van de

Berg, W. J., and Fettweis, X.: Estimation of the Antarctic surface mass balance using the regional climate model MAR (1979–2015) and

identification of dominant processes, The Cryosphere, 13, 281–296, https://doi.org/10.5194/tc-13-281-2019, 2019.290

Altnau, S., Schlosser, E., Isaksson, E., and Divine, D.: Climatic signals from 76 shallow firn cores in Dronning Maud Land, East Antarctica,

The Cryosphere, 9, 925-944, https://doi.org/10.5194/tc-9-925-2015, 2015.

Bardossy, A., and Pegram, G.: Downscaling precipitation using regional climate models and circulation patterns toward hydrology, Water

Resour Res, 47, W04505, https://doi.org/10.1029/2010WR009689, 2011.

Beersma, J.J., and Adri Buishand, T.: Multi-site simulation of daily precipitation and temperature conditional on the atmospheric circulation,295

Clim Res, 25, 121-133, 2003.

Biau, G., Zorita, E., von Storch, H., and Wackernagel, H.: Estimation of precipitation by kriging in the EOF space of the sea level pressure

field, J Clim, 12, 1070-1085, 1998.

Bromwich, D. H., Nicolas, J.P., and Monaghan, A.J.: An assessment of precipitation changes over Antarctica and the Southern ocean since

1989 in contemporary global reanalyses, J Clim, 24, 4189-4209, 2011.300

Cavitte, M. G. P., Dalaiden, Q., Goosse, H., Lenaerts, J. T. M., and Thomas, E.R.: Reconciling the surface temperature–surface mass balance

relationship in models and ice cores in Antarctica over the last 2 centuries, The Cryosphere, 14,11,4083–4102,10.5194/tc-14-4083-2020,

2020.

Cofino, A.S., Ancell, R., San-Martin, D., Herrera, S., Guttierez, J.M., and Manzanas, R.: An open-source Matlab toolbox for Meteorology &

Climate, https://www.meteo.unican.es/en/software/meteolab, 2013.305

Dalaiden, Q., Goosse, H., Lenaerts, J.T.M., Cavitte, M., and Cavitte, M.G.P., Henderson, N.: Future Antarctic snow accumulation trend is

dominated by atmospheric synoptic-scale events, Commun Earth Environ, 1, 62, https://doi.org/10.1038/s43247-020-00062-xi, 2020.

Dalaiden, Q., Goosse, H., Rezsöhazy, J., and Thomas, E. R.: Reconstructing atmospheric circulation and sea-ice extent in the West Antarctic

over the past 200 years using data assimilation, Clim Dyn, 57, 3479 – 3503, https://doi.org/10.1007/s00382-021-05879-6, 2021.

Danabasoglu, G., Lamarque, J.-F., Bacmeister, J., Bailey, D.A., DuVivier, A.K., Edwards, J., Emmons, L.K., Fasullo, J., Garcia, R., Get-310

telman, A., Hannay, C., Holland, M.M., Large, W.G., Lauritzen, P.H., Lawrence, D.M., Lenaerts, J.T.M., Lindsay, K., Lipscomb, W.H.,

Mills, M.J., Neale, R., Oleson, K.W., Otto-Bliesner, B., Phillips, A.S., Sacks, W., Tilmes, S., van Kampenhout, L., Vertenstein, M., Bertini,

A., Dennis, J., Deser, C., Fischer, C., Fox-Kemper, B., Kay, J.E., Kinnison, D., Kushner, P.J., Larson, V.E., Long, M.C., Mickelson, S.,

Moore, J.K., Nienhouse, E., Polvani, L., Rasch, P.J., and Strand, W.G.: The Community Earth System Model Version 2 (CESM2), Journal

of Advances in Modeling Earth Systems, 12, e2019MS001916, https://doi.org/10.1029/2019MS001916, 2020.315

Dalaiden, Q., Goosse, H., Klein, F., Lenaerts, J. T. M., Holloway, M., Sime, L., and Thomas, E. R.: How useful is snow accumulation

in reconstructing surface air temperature in Antarctica? A study combining ice core records and climate models, The Cryosphere, 14,

1187–1207, https://doi.org/10.5194/tc-14-1187-2020, 2020.

19



Dee, D.P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G., Bauer, P.,

Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, A. J., Haimberger, L.:320

The ERA-Interim Reanalysis: Configuration and Performance of the Data Assimilation system, Quarterly Journal of Royal Meteorological

Society, Vol. 137, No. 656, 2011, pp. 553-597. doi:10.1002/qj.828, 2011.

Deppeler, S.L., and Davidson, A.T.: Southern ocean phytoplankton in a changing climate, Front. Mar. Sci., 4, 40,

https://doi.org/10.3389/fmars.2017.00040, 2017.

Donat-Magnin, M., Jourdain, N.C., Gallée, H., Amory, C., Kittel, C., Fettweis, X., Wille, J.D., Favier, V., Drira, A., and Agosta, C.:325

Interannual variability of summer surface mass balance and surface melting in the Amundsen sector, West Antarctica, Cryosphere,

https://doi.org/10.5194/tc-2019-109, 2019.

Drews, R., Matsuoka, K., Martin, C., Callens, D., Bergeot, N., and Pattyn, F.: Evolution of Derwael Ice Rise in Dronning Maud Land,

Antarctica, over the last millenia, J. Geophys. Res. Earth Surf., 120, https://doi.org/10.1002/2014JF003246, 2015.

Eisen, O., Frezzotti, M., Genthon, C., Isaksson, E., Magand, O., van den Broeke, M.R., Dixon, D.A., Ekaykin, A., Holmlund, H. P., Takao330

Kameda, T., Karlöf, L., Kaspari, S., Lipenkov, V.Y., Oerter, H., Takahashi, S., and Vaughan, D.G.: Ground-based measurements of spatial

and temporal variability of snow accumulation in East Antarctica, Rev. Geophys., 46, RG2001, https://doi.org/10.1029/2006RG000218,

2008.

Favier, V., Agosta, C., Parouty, S., Durand, G., Delaygue, G., Gallée, H., Drouet, A.-S., Trouvilliez, A., and Krinner, G.: An updated and

quality controlled surface mass balance dataset for Antarctica, The Cryosphere, 7, 583–597, https://doi.org/10.5194/tc-7-583-2013, 2013.335

Feudale, L., and Tompkins, A.M.: A simple bias correction technique for modeled monsoon precipitation applied to West Africa, Geophysical

Research Letters, 38, L03803, https://doi.org/10.1029/2010GL045909, 2011.

Frezzotti, M., Scarchilli, C., Becagli, S., Proposito, M., and Urbini, S.: A synthesis of the Antarctic surface mass balance during the last 800

yr, The Cryosphere, 7, 303-319, https://doi.org/10.5194/tc-7-303-2013, 2013.

Fyke, J., Lenaerts, J. T. M., and Wang, H.: Basin-scale heterogeneity in Antarctic precipitation and its impact on surface mass variability,340

The Cryosphere, 11, 2595–2609, https://doi.org/10.5194/tc-11-2595-2017, 2017.

Gallée, H., Agosta, C., Gential, L., Favier, V., and Krinner, G.: A downscaling approach toward high-resolution surface mass balance over

Antarctica, Surv. Geophys, 32, 507-518, 2011.

Gallée, H., Trouvilliez, A. Agosta, C., Genthon, C., Favier, V., and Naaim-Bouvet, F.: Transport of snow by the wind: a comparison between

observations in Adelie Land, Antarctica, and simulations made with the regional climate model MAR, Bound.-Lay. Meteorol., 146, 133-345

147, https://doi.org/10.1007/s10546-012-9764z, 2013.

Garbe J., Albrecht T., Levermann A., et al, (2020), The hysteresis of the Antarctic Ice Sheet, Nature, 85, 538 – 544,

https://doi.org/10.1038/s41586-020-2727-5

Ghilain, N., Vannitsem, S., Dalaiden, Q., Goosse, H., and De Cruz, L.: MASS2ANT Snowfall Dataset (Downscaling @5.5km over Dronning

Maud Land, Antarctica, 1850 - 2014), doi:10.5281/zenodo.4287517, 2021.350

Goel, V., Matsuoka, K., Berger, C., Lee, I., Dall, J., and Forsberg, R.: Characteristics of ice rises and ice rumples in Dronning Maud Land

and Enderby Land, Antarctica, Journal of Glaciology, 66(260), 1064-1078, https://doi.org/10.1017/jog.2020.77, 2020.

Gorodetskaya, I.V., Silva, T., Schmithüsen, H., and Hirasawa, H.: Atmospheric River Signatures in Radiosonde Profiles and Reanalyses at

the Dronning Maud Land Coast, East Antarctica, Adv. Atmos. Sci., 37, 455–476, https://doi.org/10.1007/s00376-020-9221-8, 2020.

Greene, C.A., Gwyther, D.E., and Blankenship, D.D.: Antarctic mapping tools for matlab, Computers & Geosciences, 104, 151-157,355

https://doi.org/10.1016/j.cageo.2016.08.003, 2017.

20



He, X., Chaney, N.W., Schleiss, M., and Sheffield, J.: Spatial downscaling of precipitation using adaptable random forests, Water Resour.

Res., 52, 8217-8237, https://doi.org/10.1002/2016WR019034, 2016.

Hannachi, A.: A primer for EOF analysis of Climate Data, 33p., http://www.o3d.org/eas-6490/lectures/EOFs/eofprimer.pdf, 2004.

Hersbach, H., Bell, B., Berrisford, P., et al.: The ERA5 global reanalysis, Q. J. R. Meteorol. Soc., 146, 1999 - 2049,360

https://doi.org/10.1002/qj.3803, 2020.

Hochman, A., Kunin, P., Alpert, P., Harpaz, T., Saaroni, H., and Rotskier-Edelstein, D.: Weather regimes and analogues of seasonal precipi-

tation for the 21st century: A case study over Israel, Int. J. Clim., https://doi.org/10.1002/joc.6318, 2019.

Horton, P., Obled, Ch., Jaboyedoff, M.: The analogue method for precipitation prediction: finding better analogue situations at sub-daily time

step, Hydrol. Earth Syst. Sci., 21, 3307-3323, 2017.365

IPCC, 2021: Climate Change 2021: The Physical Science Basis, Contribution of Working Group I to the Sixth Assessment Report of the

Intergovernmental Panel on Climate Change, Eds: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud,

N., Chen, Y., Goldfarb, L., Gomis, M.I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T., Yelekci,

O., Yu, R., and Zhou, B., Cambridge University Press.In Press

Isaksson, E., Karlen W., Gundestrup, N., Mayewski, P., Whitlowand, S., and Twickler, M.; A century of accumulation andtemperature370

changes in Dronning Maud Land, Antarctica, J. Geophys. Res.,101(D3), 7085–7094, 1996.

Isaksson, E., van den Broeke, M.R., Winther, J.-G., Karlof, L., Pinglot, J. F., and Gundestrup, N.: Accumulation and proxy-temperature

variability in Dronning Maud Land, Antarctica,determined from shallow firn cores, Ann. Glaciol.,29, 17–22, 1999.

Kaczmarska, M., Isaksson, E., Karlof, L., Winther, J.-G., Kohler, J., Godtliebsen, F., Olsen, L., Hofstede, C. , van den Broeke, M., Wal,

R.S.W., and Gundestrup, N.: Accumulation variability derived from an ice core from coastal Dronning Maud Land, Antarctica, Annals of375

Glaciology, 39, https://doi.org/10.3189/172756404781814186, 2004.

Kausch, T., Lhermitte, S., Lenaerts, J. T. M., Wever, N., Inoue, M., Pattyn, F., Sun, S., Wauthy, S., Tison, J.-L., and van de Berg, W.

J.: Impact of coastal East Antarctic ice rises on surface mass balance: insights from observations and modeling, The Cryosphere,

https://doi.org/10.5194/tc-2020-66, 2020.

King, M. A., and Watson, C. S.: Antarctic surface mass balance: Natural variability, noise, and detecting new trends, Geophysical Research380

Letters, 47, e2020GL087493, https://doi.org/10.1029/2020GL087493, 2020.

Kittel, C., Amory, C., Agosta, C., Jourdain, N. C., Hofer, S., Delhasse, A., Doutreloup, S., Huot, P.-V., Lang, C., Fichefet, T., and Fettweis,

X.: Diverging future surface mass balance between the Antarctic ice shelves and grounded ice sheet, The Cryosphere, 15, 1215–1236,

https://doi.org/10.5194/tc-15-1215-2021, 2021.

Krinner, G., Largeron, C., Ménégoz, M., Agosta, C., and Brutel-Vuilmet, C.: Oceanic Forcing of Antarctic Climate Change: A Study Using385

a Stretched-Grid Atmospheric General Circulation Model, Journal of Climate, 27(15), 5786-5800, 2014.

Kurita, N., Hirasawa, N., Koga, S., Matsuhita, J., Steen-Larsen, H. C., Masson-Delmotte, V., and Fujiyoshi, Y.: Identification of air masses

responsible for warm events on the East Antarctic Coast, SOLA, 12, 307-313, https://doi.org/10.2151/sola.2016-060, 2016.

Lenaerts, J.T.M., van den Broeke, M.R., van de Berg, W.J., van Meijgaard, E., and Kuipers Munneke, P.: A new high-resolution surface mass

balance map of Antarctica (1979–2010) based on regional atmospheric climate modeling, Geophysical Research Letters, 39, L04501/1 -390

L04501/5, 2012.

Lenaerts, J. T. M., van Meijgaard, E., van den Broeke, M. R., Ligtenberg, S. R. M., Horwath, M., and Isaksson, E.: Recent snowfall

anomalies in Dronning Maud Land, East Antarctica, in a historical and future climate perspective, Geophys. Res. Lett., 40, 2684 - 2688,

doi:10.1002/grl.50559, 2013.

21



Lenaerts, J.T.M., Brown, J., van den Broeke, M.R., Matsuoka, K., Drews, R., Callens, D., Philippe, M., Gorodetskaya, I.V., van Meijgaard,395

E., Reijmer, C.H., Pattyn, F., and van Lipzig, N.P.M.: High variability of climate and surface mass balance induced by Antarctic ice rises,

J Glaciology, 60, 224, 1101-1110, https://doi.org/10.3189/2014JoG14J040, 2014.

Lenaerts, J.T.M., Vizcaino, M., Fyke, J., van Kampenhout, L., van den Broeke, M. R.: Present-day and future Antarctic ice sheet climate

and surface mass balance in the Community Earth System Model. Clim Dyn 47, 1367–1381 (2016). https://doi.org/10.1007/s00382-015-

2907-4, 2016.400

Lenaerts, J., Ligtenberg, S., Medley, B., van de Berg, W., Konrad, H., Nicolas, J., Van Wessem, J. M., Trusel, L.D., Mulvaney, R., Tuckwell,

R. J., Hogg, A.E., and Thomas, E.: Climate and surface mass balance of coastal West Antarctica resolved by regional climate modelling.

Annals of Glaciology, 59, 29-41, doi:10.1017/aog.2017.42, 2018.

Lenaerts, J.T., Medley, B., van den Broeke, M.R., Wouters, B.:Observing and modeling ice sheet surface mass balance, Reviews of Geo-

physics, 57, https://doi.org/10.1029/2018RG000622, 2019.405

Liang, Y.-C., Mazloff, M.R., Rosso, I., Fang, S.-W., and Yu, J.-Y.: A multivariate empirical orthogonal function method to construct nitrate

maps in the Southern Ocean, J. Atmos. Ocea. Tech., 35, 1505-1519, https://doi.org/10.1175/JTECH-D-18-0018.1, 2018.

Maraun D. & Widmann M. (2018), Statistical Downscaling and Bias Correction for Climate Research, Cambridge University Press,

doi:10.1017/9781107588783

Massom, R.A., Pook, M.J., Comiso, J.C., Adams, N., Turner, J., Lachlan-Cope, T., and Gibson, T.T.: Precipitation over the interior East410

Antarctic Ice sheet related to midlatitude blocking-high activity, J. Clim., 17, 1914-1928, 2003.

Matsuoka, K., Hindmarsh, R.C.A., Moholdt, G., Bentley, M.J., Pritchard, H.D., Brown, J., Conway, H., Drews, R., Durand, G., Goldberg,

D., Hattermann, T., Kingslake, J., Lenaerts, J.T.M., Martín, C., Mulvaney, R., Nicholls, K.W., Pattyn, F., Ross, N., Scambos, T. and

Whitehouse, P.L.: Antarctic ice rises and rumples: Their properties and significance for ice-sheet dynamics and evolution, Earth-Science

Reviews, 150, 724 - 745, https://doi.org/10.1016/j.earscirev.2015.09.004, 2015.415

Medley, B., McConnell, J.R., Neumann, T.A., Reijmer, C.H., Chellman, N., Sigl, M., and Kipfstuhl, S.: Temperature and snowfall in Western

Queen Maud Land increasing faster than climate model projections, Geophysical Research Letters 45, 1472-1480, 2018.

Medley, B., and Thomas, E.R.: Increased snowfall over the Antarctic Ice Sheet mitigated twentieth-century sea-level rise, Nature Climate

Change, 9, 34-39, https://doi.org/10.1038/s41558-018-0356-x, 2019.

Monaghan, A.J., Bromwich, D., Wang, S.-H.: Recent trends in Antarctic snow accumulation from Polar MM5 simulations, Phil. Trans. R.420

Soc., 364, 1683-1708, https://doi.org/10.1098/rsta.2006.1795, 2006.

Mottram, R., Hansen, N., Kittel, C., van Wessem, M., Agosta, C., Amory, C., Boberg, F., van de Berg, W. J., Fettweis, X., Gossart, A., van

Lipzig, N. P. M., van Meijgaard, E., Orr, A., Phillips, T., Webster, S., Simonsen, S. B., and Souverijns, N.: What is the Surface Mass

Balance of Antarctica? An Intercomparison of Regional Climate Model Estimates, The Cryosphere Discuss., https://doi.org/10.5194/tc-

2019-333, 2020.425

Mouginot, J., Rignot, E., Bjork, A. A., van den Broeke, M., Millan, R., Morlighem, M., Noel, B., Scheuchl, B., Wood, M.: Forty-six years

of Greenland Ice Sheet mass balance from 1972 to 2018, Proceedings of the National Academy of Sciences May 2019, 116, 9239 - 9244,

https://doi.org/10.1073/pnas.1904242116

Nishio, F., Furukawa, T., Hashida, G., Igarashi, M., Kameda, T.,Kohno, M., Motoyama, H., Naoki, K., Satow, K., Suzuki, K., Morimasa, T.,

Toyama, Y., Yamada, T., and Watanabe, O.: Annual-layer determinations and 167 year records of past cli-mate of H72 ice core in east430

Dronning Maud Land, Antarctica,Ann. Glaciol., 35, 471–479, 2002.

22



Noone, D., Turner, J., and Mulvaney, R.: Atmospheric signals and characteristics of accumulation in Dronning Maud Land, Antarctica, J.

Geophys. Res., 104, D16, 19191-19211, 1999.

Oerter, H., Wilhelms, F., Jung-Rothenhäusler, F., Göktas, F., Miller, H., Graf, W., and Sommer, S.: Accumulation rates in Dronning

Maud Land, Antarctica, as revealed by dielectric-profiling measurements of shallow firn cores, Annals of Glaciology, 30, 27-34,435

https://doi.org/10.3189/172756400781820705, 2000.

Palerme, C., Claud, C., Dufour, A., Genthon, C., Wood, N.B., and L’Ecuyer, T.: Evaluation of Antarctic snowfall in global meteorological

reanalyses, Atmos. Res., 190, 104-112, https://doi.org/10.1016/j.atmosres.2017.02.015, 2017.

Paolo, F.S., Fricker, H.A., and Padman, L.: Volume loss from Antarctic ice shelves is accelerating, Science, 348, 6232, 327-331,

https://doi.org/10.1126/science.aaa0940, 2015.440

Philippe, M., Tison, J.-L., Fjosne, K., Hubbard, B., Kjaer, H.A., Lenaerts, J.T.M., Drews, R., Sheldon, S.G., De Bondt, K., Claeys, P., and

Pattyn, F.: Ice core evidence for a 20th century increase in surface mass balance in coastal Dronning Maud Land, East Antarctica, The

Cryosphere, 10, 2501-2516, https://doi.org/10.5194/tc-10-2501-2016, 2016.

Reijmer, C.H., and van den Broeke, M.R.: Temporal and spatial variability of the surface mass balance in Dronning Maud Land, Antarctica,

J. Glaciol., 49(167), 512-520, doi:10.3189/172756503781830494, 2003.445

Rignot, E., Mouginot, J., Scheuchl, B., van den Broeke, M., van Wessem, M.J., Morlighem, M.: Four decades of Antarctic Ice Sheet mass

balance from 1979-2017, PNAS, 116, 4, 1095-1103, https://doi.org/10.1073/pnas.1812883116, 2019.

Rodwell, M.J., Ferranti, L., Haiden, T., Magnusson, L., Bidlot, J., Bormann, N., Dahoui, M., De Chiara, G., Duffy, S., Forbes, R., Holm,

E., Ingleby, B., Janousek, M., Lang, S.T.K., Morgensen, K., Prates, F., Rabier, F., Richardson, D.S., Tsonevsky, I., Vitart, F., and Yam-

aguchi M.: New developments in the diagnosis and verification of high-impact weather forecasts, ECMWF Technical Memorandum 759,450

November 2015, 1-44, 2015.

Rotschky, G., Holmlund, P., Isaksson, E., Mulvaney, R., Orter, H., van den Broeke, M.R., and Winther, J.-G.: A new surface accumulation

map for western Dronning Maud Land, Antarctica, from interpolation of point measurements, Journal of Glaciology, 53, 182, 385-398,

https:doi.org/10.3189/002214307783258459, 2007.

Russel, A., McGregor, G.R., and Marshall, G.J.: 340 years of atmospheric circulation characteristics reconstructed from an eastern Antarctic455

Peninsula ice core, Geophys. Res. Lett., 33, L08702, https://doi.org/10.1029/2006GL025899, 2006.

Russel, A., McGregor, G.R., and Marshall, G.J.: Eastern Antarctic peninsula precipitation delivery mechanisms: process studies and back

trajectory evaluation, Atmos. Sci. Let., 9, 214-221, https://doi.org/10.1002/asl.190, 2008.

Scarchilli, C., Frezzotti, M., and Ruti, P.M.: Snow precipitation at four ice core sites in East Antarctica: provenance, seasonality and blocking

factors, Clim. Dyn., 37, 2107-2125, https://doi.org/10.1007/s00382-010-0946-4, 2011.460

Schlosser, E.: Effects of seasonal variability of accumulation on yearly mean δ18O values in Antarctic snow, J. Glaciol., 45, 151, 463-468,

1999.

Schlosser, E., Manning, K.W., Powers, J.G., Duda, M.G., Birnbaum, G., and Fujita, K.: Characteristics of high-precipitation evens in Dron-

ning Maud Land, Antarctica, J. Geophys. Res., 115, D14107, https://doi.org/10.1029/2009JD013410, 2010.

Schlosser, E., Anschütz, H., Divine, D., Martma, T., Sinisalo, A., Altnau, S., and Isaksson, E.: Recent climate tendencies on an East Antarctic465

ice shelf inferred from a shallow firn core network, J. Geophysic. Res., 119, 11, 6549-6562, doi:10.1002/2013JD020818, 2014.

Schlosser, E., Stenni, B., Valt, M., Cagnati, A., Powers, J.G., Manning, K.W., Raphael, M., and Duda, M.G.: Precipitation and synoptic

regime in two extreme years 2009 and 2010 at Dome C, Antarctica – implications for ice core interpretation, Atmos. Chem. Phys., 16,

4757-4770, 2016.

23



Sellevold, R., van Kampenhout, L., Lenaerts, J.T.M., Noël, B., Lipscomb, W.H., and Vizcaino, M.: Surface mass balance downscaling through470

elevation classes in an Earth system model: analysis, evaluation and impacts on the simulated climate, The Cryosphere, Discussion,

https://doi.org/10.5194/tc-2019-122, 2019.

Shepherd, A., Ivins, E., Rignot, E., Smith, B., van den Broeke, M., Velicogna, I., Whitehouse, P., Briggs, K., Joughin, I., Krinner, G.,

Nowicki, S., Payne, T., Scambos, T., Schlegel, N., A, G., Agosta, C., Ahlstrøm, A., Babonis, G., Barletta, V., Blazquez, A., Bonin, J.,

Csatho, B., Cullather, R., Felikson, D., Fettweis, X., Forsberg, R., Gallée, H., Gardner, A., Gilbert, L., Groh, A., Gunter, B., Hanna, E.,475

Harig, C., Helm, V., Horvath, A., Horwath, M., Khan, S., Kjeldsen, K. K., Konrad, H., Langen, P., Lecavalier, B., Loomis, B., Luthcke, S.,

McMillan, M., Melini, D., Mernild, S., Mohajerani, Y., Moore, P., Mouginot, J., Moyano, G., Muir, A., Nagler, T., Nield, G., Nilsson, J.,

Noel, B., Otosaka, I., Pattle, M. E., Peltier, W. R., Pie, N., Rietbroek, R., Rott, H., Sandberg-Sorensen, L., Sasgen, I., Save, H., Scheuchl,

B., Schrama, E., Schröder, L., Seo, K.-W., Simonsen, S., Slater, T., Spada, G., Sutterley, T., Talpe, M., Tarasov, L., van de Berg, W.J., van

der Wal, W., van Wessem, M., Vishwakarma, B.D., Wiese, D., Wouters, B.: Mass balance of the Antarctic Ice Sheet from 1992 to 2017,480

Nature, 558, 219–222, https://doi.org/10.1038/s41586-018-0179-y, 2018.

Sneyers, R., and Goossens, Chr.: L’analyse par la methode des composantes principales: application à la climatologie et à la météorologie,

Annexe au rapport du rapporteur pour les méthodes statistiques présenté à la 9ème session de la Commission de climatologie, Genève,

décembre 1985, 1-59, 1988.

Souverijns, N., Gossart, A., Gorodetskaya, I.V., Lhermitte, S., Mangold, A., Laffineur, Q., Delcloo, A., and van Lipzig, N.P.M.: How does485

the ice sheet surface mass balance relate to snowfall? Insights from a ground-based precipitation radar in East Antarctica, The Cryosphere,

12, 1987-2003, https://doi.org/10.5194/tc-12-1987-2018, 2018.

Sparnocchia, S., Pinardi, N., and Demirov, E.: Multivariate empirical orthogonal function analysis of the upper thermocline structure of the

Mediterranean sea from observations and model simulations, Annales Geophysicae, 21, 167-187, 2003..

Stein, A.F., Draxler, R.R., Rolph, G.D., Stunder, B.J.B., Cohen, M.D., and Ngan, F.: NOAA’s HYSPLIT atmospheric transport and dispersion490

modeling system, BAMS, 2059-2077, https://doi.org/10.1175/BAMS-D-14-00110.1, 2015.

Tetzner, D., Thomas, L., and Allen, C.: A validation of ERA5 reanalysis data in the southern Antarctic Peninsula – Ellsworth Land region,

and its implications for ice core studies, Geosciences, 9, https://doi.org/10.3390/geosciences9070289, 2019.

Thomas, E. R., Marshall, G. J., and McConnell, J. R.: A doubling in accumulation in the western Antarctic Peninsula since 1850, Geophys.

Res. Lett., 35, L01706, doi:10.1029/2007GL032529, 2008.495

Thomas, E.R., van Wessem, J.M., Roberts, J., Isaksson, E., Schlosser, E., Fudge, T.J., Vallelonga, P., Medley, B., Lenaerts, J., Bertler, N., van

den Broeke, M.R., Dixon, D.A., Frezzotti, M., Stenni, B., Curran, M., and Ekaykin, A.A.: Regional Antarctic snow accumulation over the

past 1000 years, Clim. Past, 13, 1491-1513, https://doi.org/10.5194/cp-13-1491-2017, 2017.

Turner, J., Phillips, T., Thamban, M., Rahaman, W., Marshall, G.J., Wille, J.D., Favier, V., Holly, V., Winton, L., Thomas, E., Wang, Z.,

van den Broeke, M., Scott Hosking, J., and Lachlan-Cope, T.: The dominant role of extreme precipitation events in Antarctic Snowfall500

variability, Geophys Res. Letters, 46, 3502-3511, https://doi.org/10.1029/2018GL081517, 2019.

Van De Berg, W., Van Den Broeke, M., Reijmer, C., and Van Meijgaard, E.: Characteristics of the Antarctic surface mass balance, 1958–2002,

using a regional atmospheric climate model, Annals of Glaciology, 41, 97-104, doi:10.3189/172756405781813302, 2005.

van de Berg, W. J., and Medley, B.: Brief Communication: Upper-air relaxation in RACMO2 significantly improves modelled interannual

surface mass balance variability in Antarctica, The Cryosphere, 10, 459–463, https://doi.org/10.5194/tc-10-459-2016, 2016.505

24



van Wessem, J. M., Ligtenberg, S. R. M., Reijmer, C. H., van de Berg, W. J., van den Broeke, M. R., Barrand, N. E., Thomas, E. R., Turner,

J., Wuite, J., Scambos, T. A., and van Meijgaard, E.: The modelled surface mass balance of the Antarctic Peninsula at 5.5 km horizontal

resolution, The Cryosphere, 10, 271–285, https://doi.org/10.5194/tc-10-271-2016, 2016.

Vannitsem, S., Dalaiden, Q., and Goosse, H.: Testing for dynamical dependence: Application to the surface mass balance over Antarctica,

Geophysical Research Letters, 46, 12,125-12,135, https://doi.org/10.1029/2019GL084329, 2019.510

Vega, C.P., Schlosser, E., Divine, D.V., Kohler, J., Martma, T., Eichler, A., Schwikowski, M., and Isaksson, E.: Surface mass balance

and water stable isotopes derived from firn cores on three ice rises, Fimbul Ice Shelf, Antarctica, The Cryosphere, 10, 2763-2777,

https://doi.org/10.5194/tc-10-2763-2016, 2016.

Wang, Y., Ding, M., van Wessem, J. M., Schlosser, E., Altnau, S., van den Broeke, M. R., Lenaerts, J. T. M., Thomas, E. R., Isaksson,

E., Wang, J., and Sun, W.: A Comparison of Antarctic Ice Sheet Surface Mass Balance from Atmospheric Climate Models and In Situ515

Observations, Journal of Climate, 29(14), 5317-5337, 2016.

Weare, B.C., and Nasstrom, J.S.: Examples of extended empirical ortogonal function analysis, Monthly Weather Review, 110, 481-485, 1982.

Welker, C., Martius, O., Froidevaux, P., Reijmer, C. H., and Fischer, H.: A climatological analysis of high-precipitation events in Dron-

ning Maud Land, Antarctica, and associated large-scale atmospheric conditions, J. Geophys. Res. Atmos., 119, 11,932 – 11,954,

https://doi.org/10.1002/2014JD022259, 2014.520

Yu, Y., Lin, Z.-H., and Qin, Z.-K.: Improved EOF-based bias correction method for seasonal forecasts and its application in IAP AGCM4.1,

Atmospheric and Oceanic Science Letters, 11:6, 499-508, https://doi.org/10.1080/16742834.2018.1529532, 2018.

25


