10

15

20

25

30

https://doi.org/10.5194/egusphere-2025-2477
Preprint. Discussion started: 19 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Snow accumulation rates at Concordia Station, Antarctica, observed
by stake farms

Claudio Stefanini', Barbara Stenni', Mauro Masiol!, Giuliano Dreossi!, Vincent Favier?, Francesca
Becherini'-3, Claudio Scarchilli*', Virginia Ciardini*, Gabriele Carugati’, Massimo Frezzotti®

!Ca’ Foscari University of Venice, Department of Environmental Sciences, Informatics and Statistics, 30172 Venice Mestre,
Italy

2Université Grenoble Alpes, CNRS, Institut des Géosciences de I’Environnement (IGE), UMR 5001, Grenoble, France
3National Research Council-Institute of Polar Sciences, Via Torino 155, 30172 Venice Mestre, Italy

“ENEA, Laboratory of Models and Measurements for Air Quality and Climate Observations, Rome, Italy

SUniversity of Insubria, 22100 Como, Italy

®University Roma Tre, Department of Sciences, Geological Science Section, 00185 Rome, Italy

fdeceased, 28 March 2025
Correspondence to: Claudio Stefanini (claudio.stefanini@unive.it)

Abstract. In this study, surface mass balance (SMB) is estimated from snow accumulation data collected in the nearby area of Concordia
Station, Antarctica. Results from the Italian and French stake farms are jointly analysed. The Italian stake farm is located ~800 m southwest
of Concordia Station and consists of 13 stakes; continuous observations started at the end of 2010 with near-monthly sampling. Some
measurements are also available for the 2006-2010 period from a previous stake farm which was located ~500 m south-southwest of the
Station, i.e., ~300 m east of the current site. The French stake farm is located ~2 km south of the base and consists of 50 stakes; observations
started in 2004 with yearly sampling during austral summer. Snow build-up measurements at individual stakes show a strong variability
caused by the interaction of wind-driven snow with surface micro-relief. In the common observation period, the present Italian stake farm
generally underestimates the SMB with respect to the French one, except for three years in which an overestimation is observed. Over the
2011-2023 period, the mean yearly accumulation recorded by the Italian and French stake farms is 7.3+0.2 cm and 8.4+0.1 cm, respectively.
Bootstrap simulation has been performed to: (i) assess the significance of the differences between the two datasets; (ii) evaluate the effect
on the measurements of the different size of the stake farms and their distance to the Station. The comparison of the observations with
reanalysis datasets (ERAS5 and MERRA?2) and regional models (RACMO2.4p1, MAR3.12) indicates the former more in agreement with the
observations. The potential interaction effect of the Station has also been investigated by analysing wind direction during snowfall events,
suggesting that buildings may influence accumulation when they are upwind with respect to the stake farms. Additionally, two more stake
farms, located 25 km north and south of Concordia Station, are also analysed to study the SMB gradient across Dome C, confirming previous
results. On average, yearly SMB increases northward by 8-9% over the 50 km span between the southern and northern stake farms. At
Concordia, for the 2004-2023 period, a mean SMB of 27.21+0.60 kg m has been estimated, taking into account the uncertainty of the
observations and of the snow compaction effect. Results are valuable for validating SMB estimated from reanalysis, regional climate models

and remote-sensing data.
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1 Introduction

The Surface Mass Balance (SMB) of the Antarctic ice sheet is a critical parameter in understanding its contributions to global
sea-level rise and to the climate system, for ice sheet dynamics and ice-core dating. SMB is defined as the difference between
mass gain, primarily through snowfall, and mass loss through sublimation, wind ablation, and surface melting. However, due
to Antarctica's vast and remote territory, SMB measurements pose significant challenges, relying on various methods and
models to ensure accurate estimates. The SMB of the Antarctic ice sheet is influenced by a complex interplay of climatology
and topography. The average continental elevation of over 2200 m (Fretwell et al., 2013) results in reduced precipitation, with
snow accumulation decreasing further away from coastal moisture sources (Thomas et al., 2017). The distribution of SMB,
therefore, reflects the intricate balance between these climatic and topographic factors. This is the case for the Dome C area
on the East Antarctic Plateau, where the change in surface elevation across 50 km is less than 10 m (Genthon et al., 2015).
Climate change adds another element of complexity to SMB dynamics. Rising temperatures are expected to increase snowfall
in Antarctica's interior, partially offsetting mass losses from ice melt and calving on the coasts (Ning et al., 2024). However,
the extent of this compensatory effect is uncertain, as SMB is a small difference between large fluxes. Even small inaccuracies
in measuring these fluxes can significantly affect mass balance estimates, highlighting the need for precise and comprehensive
observations.

One of the most common methods for SMB measurement involves stake observations. This simple and reliable technique
requires embedding stakes into the snowpack and periodically measuring the height of the snow relative to the stake. By
combining these measurements with snow density data, the water-equivalent SMB can be calculated. Different approaches
exist to establish the most appropriate snow density value to use. In East Dronning Maud Land, Takahashi et al. (1994) used
the snow density through the upper 2 m, while Kameda et al. (1997) and Satow et al. (1999) used densities from the surface to
the bottom of the annual snow layer. Ekaykin et al. (2020) compared direct measurements of the snow compaction, by installing
two stakes at different depths very close to each other, with the estimates derived from a stationary snow density profile at
Vostok, thus allowing to correct a SMB dataset of more than 50 years (Ekaykin et al., 2023). Stake farms and profiles remain
the backbone of many SMB studies, offering invaluable insights into annual and even monthly variations in SMB. Despite
advances in observational techniques and modelling, challenges persist. Deploying and maintaining automatic weather stations
(AWS) and stake farms in Antarctica's extreme environment is resource-intensive, leading to sparse coverage (Eisen et al.,
2008). Long-term SMB observations are rare but invaluable. Since 1970 Vostok has maintained a stake array to monitor SMB,
providing continuous data critical for assessing trends and validating models (Ekaykin et al., 2023). Similarly, studies at South
Pole, Dome Fuji, the old Dome C site, Dome A, Talos Dome, and others, also from traverses and near the coasts, have enhanced
our understanding of SMB variability across the East Antarctic Plateau (Frezzotti et al., 2007; Kameda et al., 2008; Agosta et
al., 2012; Favier et al., 2013; Genthon et al., 2015; Ding et al., 2016; Ekaykin et al., 2023). These observations have revealed
significant temporal and spatial heterogeneity in SMB, emphasising the importance of localised measurements in capturing

the variability of snow accumulation and redistribution.
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Ground-Penetrating Radar (GPR) (Eisen et al., 2008; Urbini et al., 2008; Cavitte et al., 2018) and ultrasonic sensors (Reijmer
et al., 2003) offer promising alternatives but require calibration against ground-based data to ensure accuracy. In fact, these
more technologically advanced methods complement stake observations by capturing spatial patterns and providing data over
short timescales or across challenging terrains. Furthermore, integrating SMB measurements with ice-core studies can provide
historical context, linking modern observations to past climate variations and helping predict future changes (Kameda et al.
2008; Favier et al., 2013; Vandecrux et al., 2024; Ekaykin et al. 2024). GPR has shown its effectiveness in mapping spatial
variations in SMB on Dome C, where small topographic changes correspond to significant SMB variations, revealing
isochronous layers in the snowpack (Urbini et al., 2008; Cavitte et al., 2018). GPR data show that SMB increases by ~10% at
Dome C from South to North over 50 km (but a spatially stable gradient is present at larger scale through the last ~73 kyr,
Cavitte et al., 2018), despite the gentle slope as it is related to continentality, confirmed by model estimates and observations
at the stakes (Urbini et al. 2008, Genthon et al. 2015, Vittuari et al., in press).

Regional Climate Models (RCMs), such as RACMO2.4pl (van Wessem et al., 2018) and MAR3.12 (Agosta et al., 2019;
Servettaz et al., 2023), have been instrumental in simulating SMB at high spatial resolutions. These models provide insights
into the spatial and temporal variability of SMB across Antarctica, accounting for processes like snowfall, sublimation, and
snow redistribution by the wind. However, biases remain a significant issue. For instance, Richter et al. (2021) found that
while RACMO2.4pl's SMB estimates for Vostok Station aligned well with observations, MAR3.12’s estimates exhibited a
positive bias, particularly in SMB seasonal distribution. Observational data from stake farms are crucial for validating and
improving these models (Favier et al., 2013). In general, Ning et al. (2024) highlighted that in the inner Plateau MAR has a
positive bias, of the order of 25-50% for the areas at an altitude of 3100-3300 m, i.e., where Dome C is located. On the other
hand, the ERAS and MERRA2 reanalysis offer some of the best model SMB estimates for those areas (Ning et al., 2024).

In conclusion, understanding the SMB of the Antarctic ice sheet is essential for assessing its role in global sea-level rise and
climate dynamics. While field measurements like stake observations provide foundational data, their limitations necessitate
the use of advanced methods such as GPR, reanalysis and RCMs. The interplay of topography, meteorology, and climate
change complicates SMB estimation, underscoring the importance of continuous innovation in measurement techniques and
model development. By addressing these challenges, researchers can improve predictions of the Antarctic ice sheet behaviour
and its implications for the global climate system.

In this article, the accumulation measurements taken at Dome C by means of stake farms are studied. Two stake farms are
located close to the Italian-French Concordia Station, at ~800 m and ~500 m southwest, while two adjacent stake farms are
located ~2 km South. Four more stake farms are further away, two placed 25 km North and two placed 25 km South of the
Station. The different distance of the stake farms from Concordia allows to evaluate the interaction with the Station structure.
The paper is organized as follows: Section 2 describes the stake farms, the data used, and introduces some statistical techniques;
Section 3 and 4 present and discuss the results, respectively, showing the SMB estimates in the Dome C area, the interaction

between buildings and wind, and its effect on snow accumulation; finally, conclusions are drawn in Section 5 .
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2 Data and methods
2.1 Stake farms

Concordia Station is an Italian-French research facility open all year round located at Dome C, at an elevation of 3233 m above
sea level (75.10°S 123.33°E). The Reference Elevation Model of Antarctica (REMA, 2 m of maximum resolution, Howat et
al., 2022) shows that the surface in this area has an extreme flatness (less than 0.1 m per km); being an optically derived
product, the buildings, the route of the logistic traverses and the airstrip emerge as features in the satellite images and REMA
(Fig. 1).

Regular observations of accumulation at the stakes began in January 2004 at a site managed by the GLACIOCLIM Project
(https://glacioclim.osug.fi/-Antarctique-), which is located ~2 km south with respect to the Station (FRA: 75.12°S 123.33°E,

red circles in Fig. 1). The stake farm consists of 50 2 m-long stakes, separated by 25 m, arranged in a cross-shaped structure.
The stake heights are recorded at least once a year during the austral summer season. In 2017, as the stakes began to be
submerged by the snow, a new 50-stake farm (FRAb) was deployed with new 3 m-long stakes installed 2 m apart from the
older ones. At the end of 2024, only 19 out of the 50 stakes installed in 2004 had been used for the height measurements, the
others being completely submerged; therefore, being too sparse, the 2024 data have been excluded from the analysis.

Another stake farm was installed in January 2006 at a site managed by the Italian PNRA (Programma nazionale di ricerche in
Antartide, i.e., National Antarctic Research Program), ~500 m south-southwest of the Station (ITAa: 75.10°S 123.32°E, purple
circles in Fig. 1). Here, measurements were conducted until the end of 2010, when a new stake farm was installed in its current
location (ITA: 75.10°S 123.31°E, black circles in Fig. 1), ~800 m away from the Station. Both stake farms consist of 13 2.2

m-long stakes, separated by 10 m. The height measurements have been taken approximately monthly.
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Figure 1. (a) Satellite map (© Maxar Technologies, Google Earth) of the area around Concordia Station, with the locations of stake farms
(circles) and of the Italian AWS (star); (b) elevation of the Concordia Station area (colours from REMA, Howat et al., 2022), and locations
of the Italian stake farms (ITAa, in purple circles, operative in 2006-2010, and ITA, in black circles, operative since 2010) and the French
stake farm (FRA and FRAD, red circles); (¢) zoom of (b) showing the distance of ITA and ITAa from the Station. Longitude and latitude are
shown in decimal degrees.

Finally, in 2006 the northern (74.88°S 123.39°E, 3228 m, blue circles in Fig. 2) and southern (75.32°S 123.39°E, 3226 m,
green circles in Fig. 2) French stake farms were also installed (FRA-N and FRA-S, respectively, with 2 m-long stakes). They
are located 25 km away from Concordia Station and consist of 50 stakes each. The northern stake farm was almost completely
submerged in 2024, as only 9 stakes remained operational. In 2018 and 2019, respectively, two more 50-stake farms were

added 2 m apart from the previous ones (FRAb-N and FRAb-S, respectively, with 3 m-long stakes).
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Figure 2. Elevation of the Dome C area (colours from REMA, Howat et al., 2022) and locations of the northern (FRA-N, blue circles) and
southern (FRA-S, green circles) French stake farms. The purple, black (very close to each other), and red circles are the stake farms near
Concordia Station shown in Fig. 1. Longitude and latitude are shown in decimal degrees.

2.2 Reanalysis and regional climate models datasets

For this study, hourly snowfall, snow sublimation and deposition were extracted for the pixel nearest to Concordia Station
over the 2004-2023 period from the ERAS reanalysis produced by the European Centre for Medium-Range Weather Forecasts
(ECMWEF, horizontal resolution 0.25°x0.25°, which corresponds to ~28 km north-south and ~7 km east-west for the area of
Dome C, Hersbach et al., 2018) and from the Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2, horizontal resolution 0.5°x0.625°, which corresponds to ~55 km north-south and ~18 km east-west for the area
of Dome C, Gelaro et al., 2017). Over the same period but with monthly resolution, snowfall, snow sublimation and deposition
were also extracted from regional climate models MAR (Modéle Atmosphérique Régional) and RACMO (Regional
Atmospheric Climate Model). Both models are specifically developed to study the polar regions, and forced at their lateral
boundaries and over the ocean by the ERAS reanalysis. RACMO has a horizontal resolution of ~27 km and MAR of ~35 km.
The version 2.4p1 of RACMO (van Dalum et al., 2024) and the version 3.12 of MAR were used (Agosta et al., 2019; Servettaz
etal., 2023).
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2.3 Snow density

At the Concordia Station, in the nearby area of the current Italian stake farm, snow density has been measured since December
2014 monthly in snow trenches dug from the surface to 1 m deep at 10 cm intervals. To drill the snowpack, a core barrel 4.5
cm in diameter of 25 cm long was used: it was inserted horizontally in the snow and the snow density was calculated from its
weight. The standard errors of the mean, for the various depths, are in the range from +3.5 to +5.5 kg m while the 95%
confidence intervals are between +7 and 10 kg m~ (Fig. 3). Each month a single measurement was performed for each layer.
From these long and continuous time series, a constant mean density profile can be obtained. For the first layer near the surface,
the mean value for the 2014-2023 period was 321 kg m>, very close to the value used by Genthon et al. (2015) (320 kg m™)
and it increased, not monotonically, up to 353 kg m= at 1 m depth. Snow density at the stake base is a crucial parameter to
evaluate the SMB, i.e., to convert the snow accumulation in centimeters to millimeters of snow water equivalent (s.w.e.).
However, over time some stakes may be buried more than 1 m from the surface due to snow accumulation; therefore, it is
necessary to know the snow density beyond 1 m depth. One possibility is to consider the model by Leduc Leballeur et al.
(2015):

B(h) = 922 — 586 * exp(—h * 0.017) (1)

where p(h) is the mean snow density, in kg m™, at a depth h, in meters, which provides a continuous estimate of the firn
density down to hundreds of meters.

The snow water equivalent provided by the models in millimetres s.w.e. have been converted in centimetres of snow by using
320 kg m* as surface snow density p,, as in Genthon et al., 2015.
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Figure 3. Observed snow density from 0 to 1 m depth at 10 cm intervals (black line) near Concordia Station for the 2014-2023 period, and
95% confidence intervals (bars); the model (blue line) is the Eq. 1.
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2.4 Automatic weather stations (AWSs)

Hourly wind speed and direction are derived from the observations of the Italian AWS Concordia (75.105°S 123.309°E, 3230
m), managed by the Italian Antarctic Meteo-Climatological Observatory of the PNRA, which are available for the 2005-2023
period; a Vaisala Milos 520 model station is installed 3 m above the ground and equipped with both heated and unheated

aerovane, and an ultrasonic wind sensor WS425 (https://www.climantartide.it/strumenti/aws/Concordia/index.php?lang=en).

2.5 Snow compaction

Generally, the snow compaction effect cannot be ignored. The snow layer between the surface and the stake base is compressed
because of the weight of the new snow; therefore, the height measured at the stakes actually underestimates the real increase
in snow depth (Ekaykin et al., 2020). Considering this process, the annual SMB estimate was increased by 8% at Vostok
(Ekaykin et al., 2020, 2023) and by 27% at Dome Fuji (Takahashi et al., 2007; Kameda et al., 2008). At these locations, direct
estimates of the snow compaction were possible as the snow density at the base of the stakes was measured jointly to the stake
height or by comparison of two stakes of different length very close to each other. The yearly compaction 8b of a snow layer
between the surface (with snow density p,) and the stake base (with snow density p;) can be evaluated as (Ekaykin et al.,
2020):

8b = SMB « (i - i) Q)

Po Ph

2.6 Bootstrapping

The Italian and French stake farms near Concordia Station consist of 13 and 50 stakes, respectively, with 50 more considering
also the recently installed FRAb stakes. To evaluate the possibility that differences between the two sets of observations, i.e.,
the Italian and French stake farms, could arise from their different size or proximity to the buildings, a bootstrapping was
implemented. In this procedure, once the normality distribution of the data has been verified by means of the Anderson-Darling
test, a random sampling of 13 values out of the 50 observations (or less in the recent years) from the French stake farm is
repeated 10,000 times. Thus, for each year over the 2004-2023 period, the mean accumulations for these 13 samples are
evaluated jointly with their 95% confidence intervals. Then, these intervals are compared to the observations coming from the

Italian 13-stake farms by means of the Student’s t-test and F-test.

3 Results
3.1 SMB near Concordia Station

The cumulative SMB recorded by the stake farms near Concordia Station is shown in Figure 4. The zero has been set at the

beginning of 2011, the first year with complete data at the ITA stake farm. The ITA observations are generally below the FRA
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and FRADb data, indicating SMB underestimation by the former with respect to the latter. On the other hand, the previous Italian
stake farm, ITAa, had similar or larger accumulation with respect to FRA, but the scarcity of the common period (5 years)
makes it difficult to draw conclusions. The FRA and FRAb observations are comparable. Note the different temporal resolution
of the datasets, with the ITA observations capable of detecting intra-annual events, e.g., the relatively large accumulations

recorded in September 2021 and March 2022, which cannot be appreciated by FRA and FRAD observations.
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Figure 4. Cumulative SMB from the Italian and French stake farms near Concordia Station with respect to the beginning of 2011. Continuous
coloured lines connect the mean values while the dashed lines indicate =1 standard deviation of each dataset.

From these data, it is possible to extract yearly SMB, which is reported in Figure 5. However, the stakes observations do not
always cover exactly 365 days, nor they generally refer precisely to the calendar year (1 January - 31 December) because of
the different schedules of the Italian and French observers, and due to the meteorological conditions, which constrain the
possibility to get outside of the Station to take the measurements. Since the French observations are less frequent than the
Italian ones, the date of the French measurement closest to the beginning of each year has been considered as reference to
compute the yearly accumulation, and the date in the ITA dataset closest to this reference date has been selected. As an
example, if in a certain year the date of FRA closest to New Year’s Day is 10 January, and the ITA’s closest available dates
are 29 December (of the previous year) and 15 January, 15 January is chosen for ITA as the starting date to evaluate the SMB
of that year. In fact, 15 January is closer to 10 January than 29 December, despite 29 December being closer to New Year’s
Day than 15 January. The number of days used for each year to calculate the yearly SMB is shown in Figure S1. The

measurements of FRA and FRADb are collected on the same day.
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Figure 5. Yearly mean SMB from the Italian and French stake farms near Concordia Station. The uncertainty bars indicate the standard
errors of the mean values.

The SMB values estimated by the reanalysis and regional climate models have been compared to the measurements taken at
the stakes. Figure S2 reports the yearly SMB for the 2004-2023 period, i.e., the sum of the snowfall and snow deposition minus
snow sublimation, according to ERAS, MERRA2, RACMO2.4pl and MAR3.12, for the pixel nearest to Concordia Station.
Results are also summarized in Table S1. In this case, the values refer to the correct calendar years, as not all the datasets are
available with daily resolution. Figure 6 shows the anomaly of the SMB (with respect to the 2004-2023 climatology, expressed
as percentage). While Figure S2 highlights that MAR3.12 provides larger values with respect to the other datasets, the
anomalies of Figure 6 indicate that the temporal evolution is nearly the same across all the reconstructions, as it was expected
because the regional models are initialized on ERAS. This confirms the findings of Ning et al. (2024), according to which
ERAS and MERRA?2 datasets provide some of the best model representation of the snow variability in the inner Plateau of
Antarctica since 1979. In Table S1 the difference of the estimates of ERAS and MERRA?2 between the calculation of the yearly
total using the calendar year and the dates of the observations of the FRA stakes, are reported. Yearly differences are less than
5% most of the time, with maxima in 2022 (+19.0% and +26.6%%, respectively) as the days available for the yearly sum using

the dates from the stakes observations are only 295, and minima in 2023 (-16.2% and —16.9%, respectively), with 406 days.

10
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Figure 6. Yearly SMB anomaly (2004-2023 climatology, in %).

The SMB observations and reconstructions are summarized in Table 1. During the longest period of continuous analysis, from
2004 to 2023, only FRA observations are available, providing a mean annual value of 8.2 cm, with a 95% confidence interval
of 8.1-8.4 cm. The maximum possible underestimate for this value due to snow compaction (whose estimation is explained
below) is 0.6 cm but it is 0.3 cm on average (Table 2), giving a sum of 8.5 cm. ERAS and MERRA2 provide the closest
reconstructions to this value, 8.5 and 9.1 cm, respectively. During the 2006-2010 period, when both FRA and ITAa
observations are available, the mean values they provide are not compatible according to a Student’s t-test (p-value = 0.02). In
the 2011-2023 period, mean values of FRA and ITA are not compatible either (p-value < 0.01). Finally, in the 2017-2023
period, when also FRAD is available, the SMBs observed by FRA and FRAb are compatible (p-value = 0.40), while the value
of ITA is not compatible with the one of FRA (p-value = 0.04), nor with the one of FRAD (p-value = 0.01). The F-tests
performed on the same pairs of datasets indicate that there is no statistical difference (p-value > 0.05) for the standard
deviations.

Considering the 2004-2023 period, to have for the models the same SMB estimate as FRA and taking into account the range
of the possible compaction, the surface densities p, should be 307-328, 330-352, 261-279 and 438-468 kg m, for ERAS,
MERRA2, RACMO?2.4p1 and MAR3.12, respectively. Only the ERAS range of density is compatible with the measured data

shown in Figure 3.

(cm) FRA FRADb ITAa ITA ERAS5 | MERRA2 | RACMO2.4pl | MAR3.12

2004-2023 | 8.2 (8.1-8.4) 8.5 9.1 7.2 12.1

2006-2010 | 7.6 (7.2-7.9) 6.4 (5.5-7.3) 7.9 8.6 6.7 10.7

2011-2023 | 8.4 (8.2-8.6) 7.3 (7.0-7.7) 8.5 8.8 7.2 12.4

20172023 | 7.9 (7.5-8.4) | 8.2(7.8-8.6) 68(59-78) | 85 8.7 73 123

11
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Table 1. Mean SMB and, in parenthesis, the 95% confidence intervals CI, from the stake farms and the models near Concordia Station for
different periods. The estimate from the models have been converted from snow water equivalent to snow accumulation using py = 320 kg
m>. All values are in cm.

The effect of snow compaction §b cannot be estimated directly, as no observation of the snow density at the base of the stakes
is taken jointly to the measurements of the stake height. The old and new French stake farms are not close enough (2 m) to
directly evaluate the snow compaction observing the shift in the accumulations, as the variability in the small-scale topography
(i.e., micro-reliefs and sastrugi) and in the snow density lowers the spatial correlation between the measurements at the stakes
(Frezzotti et al., 2007; Ekaykin et al., 2023). In fact, the correlation coefficients between the pairs of adjacent stakes are
statistically significant only for 13 stakes out of 50. The yearly estimate of §b is possible considering both Equation 1 and
Equation 2. First, pj, is estimated from Equation 1, as the depth of each stake whose base h is known. Then, to take into account
the variability of the snow density, N=1000 samples are taken from a Gaussian distribution having p;, as mean value and o,,,=
4.4 kg m as standard deviation, which is the average of the standard errors found at the different depths shown in Section
2.3. Besides, p, and SMB are estimates too; therefore, the procedure explained for pj, is also applied to p, and SMB, with the
Gaussian distribution of SMB having the mean value and standard deviation of the SMB estimations provided by the models.
Thus, a mean value of §b is obtained for each year applying Equation 2, but also the 95% confidence intervals, for all the stake

farms. Results are shown in Table 2.

(cm) FRA FRAb ITAa ITA
2004-2023 | 0.3 (0.1 -0.6)
2006-2010 | 0.2 (-0.1-0.5) 0.1(-0.2-0.4)
2011-2023 | 0.4(0.0-0.7) 0.2(-0.2-0.5)
2017-2023 | 0.4(0.0-0.8) | 0.3(-0.1-0.6) 0.2 (-0.1-0.5)

Table 2. Mean snow compaction db and, in parenthesis, the 95% confidence intervals CI, at the stake farms near Concordia Station for
different intervals of years. All values are in cm.

Considering the longest available time series, FRA, over the 2004-2023 period a mean annual SMB in water equivalent can
be calculated by multiplying the value of Table 1 by p, = 320 kg m obtaining 26.29 kg m2 with a standard error of 0.23 kg
m2, and finally 27.2120.60 kg m if the compaction effect (Table 2), with an error of 0.56 kg m2, is also taken into account.
This value confirms the snow accumulation of the last 60 years derived from ice cores and GPR with respect to the B-tritium
marker, and the increase with respect to the Tambora-marker of 1816; the lowest SMB belongs to the 1602-1739 period with
~26 kg m~? (Urbini et al., 2008). The analysis of GNSS poles revealed that over the 1996-2014 period the SMB was 31.1+1.8
kg m (estimated using p, = 340 kg m, it is 29.3 kg m2 using p, = 320 kg m™>), a slightly higher value when compared to
the other data probably because of the influence of the larger pole diameter (10 cm, while the diameter of the stakes is 2 cm)

on snow-drift driven accumulation (Vittuari et al., in press).
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3.2 SMB across Dome C

The French stake farms located 25 km North and South of Concordia Station allow to study in more detail the SMB variability
around Dome C. Previous studies (Urbini et al., 2008; Genthon et al., 2015; Cavitte et al., 2018; Vittuari et al., in press) have
already provided the evidence of the presence of a gradient in the accumulation, i.e., the southern area, being further away
from the precipitation source with respect to the northern area, observes on average less accumulation (Genthon et al., 2015).
The cumulative SMB over the 2006-2023 period shown in Figure 7a confirms these findings, as accumulations decrease going
from North to South. However, the difference between the accumulations near the Station (i.e., FRA and FRAD) and the
southern site (i.e., FRA-S and FRAD-S) is lower than the difference between the former and the northern site (i.e., FRA-N and
FRAD-N). However, the yearly SMB (Figure 7b) indicates that in some years the hierarchy of the accumulation is not respected,
as for example in 2013 the largest SMB was observed in the southern site and the lowest in the northern site. In Section 4.2

the representativeness of the single and multi-year averages is discussed.
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Figure 7. (a) Cumulative SMB from the French stake farms near Concordia Station, and in the southern and northern sites for the 2006-
2023 period, with respect to 2011; (b) yearly SMB derived from (a), the uncertainty bars indicate the standard errors of the mean values.

The mean SMB observations and snow compaction &b has also been evaluated for the northern and southern stake farms;
results are shown in Table 3 and Table 4, respectively, jointly with the FRA and FRAb values evaluated over the same intervals.
Note that only from 2019 the new stake farms FRAb, FRAb-N, FRADb-S, are all available.

(cm) FRA-N FRAb-N FRA FRADb FRA-S FRAD-S
2006-2023 | 8.7 (8.5-8.9) 8.1(7.9-8.3) 7.9 (7.7-8.1)
2019-2023 | 9.2 (8.6-9.7) | 9.0(8.4-9.6) | 8.4(7.7-9.2) | 85(7.9-9.0) | 82(7.7-8.7) | 7.5(6.9-8.1)

Table 3. Mean SMB and, in parenthesis, the 95% confidence intervals CI, from the French sites near Concordia Station and the southern

and northern stake farms for different intervals of years. All values are in cm.

(cm) FRA-N FRADb-N FRA FRAD FRA-S FRAD-S
2006-2023 | 0.3 (-0.1-0.7) 0.3 (-0.1-0.6) 0.2 (-0.1-0.5)
2019-2023 | 0.5(0.1-0.9) | 0.2(-0.2-0.6) | 0.4(0.1-0.8) | 03(0.0-0.7) | 0.4(0.0-0.7) | 0.3(-0.1-0.6)

Table 4. Mean snow compaction db and, in parenthesis, the 95% confidence intervals CI, at the French sites near Concordia Station and at
the southern and northern stake farms for different intervals of years. All values are in cm.

The difference between the mean value of FRA-S and FRAb-S in 2019-2023 is larger than the corresponding differences
between the new and old stake farms in the northern site and near Concordia Station. A Student’s t-test reveals that the two
datasets are leaning to compatibility (p-value = 0.08). This difference is mainly due to the 2023 observations: as clear from
Figure 7b, there is a difference of nearly 4 cm between FRA-S and FRAD-S in that year, which is unusual considering that the
two stake farms are only 2 m apart. In 2024 the difference between FRA-S and FRAD-S had an opposite behaviour (not shown)
and both the significance of these differences in 2023 and 2024 have been tested by means of a bootstrap sampling, providing
p-values < 0.01. The SMB gradient in the 50 km separating the southern and the northern sites has also been explored. Figure

8 compares the SMB mean total variation from South to North derived from the observations and the models. The regression
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line of the SMBs at the three points of the southern site, Concordia Station, and the northern site, has been multiplied by the
total distance (50 km), for the 2006-2023 period (red bar in Figure 8). The reconstructions of the models exhibit larger
variations than the observations. The increase in 50 km from South to North evaluated from the stake farms is 0.7+0.2 cm, i.e.

8-9% , confirming the spatial variability of SMB within three centuries of Urbini et al. (2008) using GPR internal layering.
16
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Figure 8. Mean yearly SMB total variation across Dome C obtained from the observations in the French stake farms and from the models.
The uncertainty bar indicates the standard error.

4 Discussion

4.1 Bootstrap

The difference between the SMB observed by the Italian and French stake farms near Concordia Station could be due to the
difference in the number of stakes, the different extent of the area covered by the stakes (approx. 0.01 and 1.72 km? for the
Italian and French stake farms, respectively), and/or the influence of the buildings which alter the blowing/drifting snow near
the surface or to other geographical/meteorological characteristics of the study area that might affect the SMB locally. A
bootstrap has been applied to assess the significance of the yearly differences. Results are reported in Figure 9a. ITA, 2011,
2020, and 2021 are outside or in the lower limit of the 95% intervals of FRA or FRAb, with p-values of the t-tests being < 0.01
for the first two years and < 0.10 for the third one, suggesting the possibility that some other effects than the different size

could play a role in determining these discrepancies.
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Figure 9. (a) Bootstrap simulation: yearly mean SMB and 95% confidence intervals (light grey bars) of FRA and FRADb. The red and yellow
bars are the FRA and FRAD observations, and the grey and black lines are the ITAa and ITA observations. (b) Mean uncertainty (black line)
in the yearly SMB associated with the bootstraps as the sample size increases from 10 to 50 stakes. Error bars range from the minimum to
the maximum difference between the observed FRA and the sampled values, for the 2004-2023 period.

It is possible to evaluate the mean, minimum and maximum yearly difference between the SMB observed by FRA and the
value obtained by the bootstrap, varying the sample size, i.e., the number of stakes. Figure 9b shows the relative difference (in
%) between the mean yearly SMB associated with the bootstraps and the observations, as the sample size increases from 10 to
50 stakes. The error bars cover the whole range from the minimum yearly difference (for the 2004-2023 period) to the
maximum. Therefore, while for a 13-stake farm the uncertainty associated to the yearly SMB is almost 30%, (ranging from

nearly 20 to 50%) for a 50-stake farm the uncertainty is halved, nearly 15%, on average (ranging from 10 to 25%).

4.2 Multi-year averages

Representativeness of the stake farms over time has also been evaluated. Following Frezzotti et al. (2007), for each stake farm
the percentage of stakes with an accumulation difference with respect to the average less than +10% is shown in Figure 10, for
different number of years. Thus, for one year only ~10-15% of the stakes have measurements which differ less than 10% from
the average of the belonging stake farm, for a running mean of 5 years this percentage increases to ~30-40%, at 10 years it is
~55-70% and afterwards the increase is less steep. Note that the ITA stake farm takes more time (a couple of years on average
for intervals > 5 years) to reach the representativeness of the French stake farms. The causes of the different behaviour of the
ITA and FRA stake farms are explored in the next Section (4.3). Thus, excluding the peculiar case of ITA, the time required
for the SMB measured at a stake farm in the Dome C area to overcome the noise induced by the local micro-relief, i.e., reaching

the 70% threshold of the number of stakes with difference less than 10% compared to the average, is 10-12 years.
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Figure 10. Number of stakes (in %) with less than 10% difference in accumulation from the mean of the stake farm for different year
intervals.

4.3 Effect of buildings on SMB

In this Section, the possibility that the Station building and the other man-made structures alter the blowing/drifting snow and
thus the SMB at the stakes near Concordia is explored. Both the Italian and the French stake farms are located upwind with
respect to the main wind direction near the surface, which is South (30% of the time, then 14% from SSW and 11% from SSE).
However, the prevailing winds during snowfall events generally blow from the sectors between NNW and ESE, with a peak
from NE. At 3000 m above the surface, back trajectories analysis revealed that the air masses which cause the 80% of snowfall
originate from the Southern Ocean in front of the Wilkes Land coasts and then arrive from NW at Dome C (Scarchilli et al.,
2011; Genthon et al., 2015). Nonetheless, differences exist when considering the cases in which the SMB observed at the
Italian and French sites are different from each other. In this analysis, the hourly snowfall data are either from ERAS (Fig. 11a)
or MERRA?2 (Fig. 11b) reconstructions, while the wind data are obtained from the Italian AWS of Concordia. Two cases are
considered: when the differences between the yearly SMB of ITA and FRA are below the 30th or above the 70th percentile
thresholds, respectively. The cases in which the differences between ITA and FRA are above the 70th-ile are 2011, 2017, 2018,
2020, while the cases in which the differences are below the 30th-ile are 2012, 2015, 2021, 2022 (indicated as “ITA<FRA”
and “ITA>FRA”, respectively, in Fig. 11). Note that some of these years have already emerged from the bootstrap analysis of
Section 4.1.
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the text for the details). Wind data taken from the Italian AWS of Concordia and snowfall from (a) ERAS and (b) MERRA2.
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Disregarding the presence of snowfall, the dominant wind direction evaluated from the AWS has a peak from South, as said
before. Conversely, when the hourly snowfall is above the 95th-ile and the wind speed is above the 70th-ile (4.1 m s!), the
wind direction is generally from the first quadrant, and differences exist between the cases “ITA<FRA” and “ITA>FRA”. The
main dissimilarities concern the North, NE and ENE sector. Mann-Whitney-Wilcoxon tests have been performed to
quantitatively assess the differences between the frequency of the wind arriving from those directions in the “ITA<FRA” and

“ITA>FRA” cases. Results are reported in Table 5.

North NE ENE
ERAS MERRA?2 ERAS MERRA?2 ERAS MERRA2
0.029** 0.057* 0.029** 0.029** 0.029** 0.029**

Table 5. P-values of the Mann-Whitney-Wilcoxon tests performed to assess the differences between the frequency of wind direction (from
AWS Concordia) of the “ITA<FRA” and “ITA>FRA” cases for North, NE, and ENE, when considering the snowfall data of ERAS or
MERRAZ2. ** and * denote the cases significant at the 95% and 90% thresholds, respectively.

These results suggest that the SMB recorded by the Italian and French stake farms differs very likely when the wind near
Concordia Station blows from certain directions, in particular NE, ENE and possibly North. In particular, when the wind is
from North the SMB at the French site is lower than usual with respect to the Italian site (average difference of 2.4 cm in the
annual SMB), suggesting that the Station located 2 km upwind interferes on the wind field. Contrariwise, when the wind is
from NE or ENE, the Italian stake farm records lower snow accumulation values average (difference of 4.3 cm in the annual

SMB), being the Station in this case 800 m upwind with respect to it.

4.4 Interaction of SMB with wind

The effect of the buildings can be also seen in the distribution of the number of stakes with negative SMB, i.e., with ablation.

The yearly fraction of this number is shown in Figure 12a. The ITA stake farm has more variability with respect to the FRA
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and FRAD ones, because of their different sizes but also as a probable effect of the enhanced turbulent mixing induced by the
presence of the buildings which enhances sublimation of snow during drifting/blowing with export in the atmosphere. Besides,
black carbon produced by the Station can also affect the albedo causing differences in surface temperature, sublimation, and
surface hoar frost formation, impacting the final snow accumulation (France et al., 2011). The ITAa series has values similar
to the FRA one but it is short, and these effects are not appreciated. The effect of the turbulence has been investigated
comparing the annual percentage of stakes observing ablation with the frequency of wind speed values at the AWS above
certain thresholds. The maximum linear correlation occurs when a threshold of 8.7 m s7! is considered for the ITA series (r =
0.65, p-value = 0.02), while for FRA the threshold is 9.8 m s7! (r = 0.45, p-value = 0.05).

The analysis of the stake measurements highlights a significant number of stakes with SMB value < 0, which reaches up to
30% of the stakes at the annual level (FRA, Fig. 12¢) and reaches 70% for the ITA stakes during the autumn season (Fig. 12a).
The absence of snow accumulation or erosion (value < 0) and the absence of corresponding deposition at the site mainly reflect
the ablation caused by wind-induced sublimation during transport/blowing, as well highlighted by the correlation between
SMB value < 0 and wind speed.

The sublimation caused by solar radiation is present only during the summer season, roughly between mid-November and
mid-January; the significance of these correlation coefficients shows that large wind speed values enhance snow ablation with
export in the atmosphere. In particular, observing Figure 12b, ablation is mainly present between September and November
(70% SMB < 0), when the wind speed is higher and the standard deviations do not reflect the equivalent amount of snow
deposition, as the snow is transported across the surface causing more variability in the accumulation. In December and January
surface sublimation induced by solar radiation and snow export in the atmosphere also contribute to the negative values at the
stakes.

Finally, the snow density observed between 0 and 10 cm below the surface has seasonal oscillations (Figure S3), with nearly
10% increase from winter to summer. This happens because the compaction near the surface mainly depends on the
temperature and it occurs mostly in summer and slows down significantly in the cold part of the year (Stevens et al., 2023;
Ekaykin et al., 2023). However, at interannual level if we consider the stakes heights taken in the same season (and if the
seasonal perturbations are the same from year to year) the density profile near the surface will be similar and thus this effect
is negligible, while the compaction due to the difference in density between the surface and the stake base is important at
interannual scale.

Broadening the perspective and considering the whole Dome C (Figure 12c), the yearly percentage of stakes with negative
values (considering the FRA, FRA-N and FRA-S together) is closely related to the difference between the snow accumulation
reconstructed by ERAS and the SMB stakes themselves, as the correlation between these two time series reaches 0.90 (p-value
< 0.01). While ERAS only considers the snowfall, snow deposition from air humidity and sublimation caused by radiation,

this high correlation confirms the importance of the ablation and snow export in atmosphere caused by wind also at dome sites.
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Figure 12. (a) Yearly percentage of the number of stakes with negative SMB (ablation) near Concordia Station; (b) mean monthly percentage
of the number of ITA stakes with negative SMB (black bars), mean monthly standard deviation of the accumulation of ITA stakes (blue
bars) and fraction of time with wind speed above the 8.7 ms™ threshold (red line); (c) yearly percentage of the number of stakes (FRA, FRA-
N and FRA-S) with negative SMB (blue line), difference of the yearly snow accumulation as seen by ERAS and the average of the FRA,
FRA-N and FRA-S stake farms (red line), and yearly snow accumulation reconstructed by ERAS5 (black bars).

5 Conclusions

The SMB at the French and Italian stake farms near Concordia Station has been analysed. The observations at the present
Italian stake farm are generally lower than the French ones, with some exceptions. A bootstrap analysis revealed that the
different size of the stake farms (13 stakes for the Italian and 50 for the French) only partly explain the difference between the
measurements. The same bootstrap analysis revealed that the uncertainty on the annual SMB of the 13 stake farms is ~30%,
but it can be lowered to ~20% using 30 stakes or ~15% with 50 stakes (as the French stake farm).

Combining the snowfall reconstructions from ERAS5 and MERRA2, and the wind observations from the Italian AWS
Concordia, a possible interaction of man-made structures on blowing/drifting snow during snow precipitation have been found.
In fact, when the SMB at the Italian stake farm is lower than the French one, the wind, when snowfall occurs, blows mainly
from NE or ENE. The opposite when the wind blows mainly from North. Therefore, when snowfall occurs and a stake farm is
downwind with respect to the Station, a difference in the SMB can be observed.

Considering the French stake farm near Concordia, whose observations are available for the longest period, 2004-2023, a SMB
of 27.21+0.60 kg m~? was estimated. No significant trend was found in this series, whereas a decrease has been found from
2005 to 2020 in the inland area of the Southern Indian Ocean sector of East Antarctica, between Dome A and the coast (Wang
et al., 2025). Direct observations of the snow density at the base of the stakes are not available to study the snow compaction
effect. However, an estimate has been performed by means of simulations, using many realistic profiles of the snow density
based on nearby observations collected over the last 10 years. The French stake farms located 25 km North and South of
Concordia have also been considered. The South-North SMB gradient across Dome C observed in previous studies is
confirmed and estimated to be 8-9%, even though there is interannual variability, and compared to recent model
reconstructions. Further studies can be done to assess the SMB seasonal distribution by means of the Italian stake farm, which
provide observations with monthly resolution and allows the analysis of extreme accumulations events, such as the March
2022 heatwave (Wille et al., 2024). As the Italian stake farm will be submerged over the next couple of years, the
recommendation (valid in general, not only for this specific case) is to install new stakes in the same location, to preserve the
homogeneity of the time series and being able to collect data monthly even during the polar night. At the same time, it is
recommended to increase the number of stakes to at least 30, to increase the representativeness of the stake farm and reduce
the noise. Instead, when considering the location for installing a new stake farm, it should be considered not only the dominant
wind direction but also the prevailing directions when snowfall occurs. The significant number of stakes with SMB value <0
is highly correlated to wind speed, confirming the importance of the ablation and snow export in atmosphere caused by wind

also at dome sites.
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Data availability: French stake farms observations are available at https://glacioclim.osug.fr/Donnees-d-Antarctique-en-
cours-de-construction; Italian stake farm observations are available at https://doi.org/10.71761/3¢796dbd-da9c-4f9f-b699-
4af9453b5dfb  (from 2023, older data will be added soon); snow density data are available at
https://doi.org/10.71761/5fdbb2ae-6¢40-4bd0-a502-7fb9844bd227; ERAS reanalysis data  are available  at
https://doi.org/10.24381/cds.adbb2d47; MERRA-2 reanalysis data are available at https://doi.org/10.5067/RKPHTS8KCI1Y1T,
RACMO24pl data are available at https:/doi.org/10.5281/zenodo.14217232; MAR3.12 data are available at
ftp://ftp.climato.be//fettweis/MARv3.12;  meteorological data  from the Italian AWS are available at
https://doi.org/10.12910/DATASET2022-002.
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