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Abstract. In this study, surface mass balance (SMB) is esti-
mated from snow accumulation data collected in the nearby
area of Concordia Station, Antarctica. Results from the Ital-
ian and French stake farms are jointly analysed. The Ital-
ian stake farm 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. The French stake farm consists
of 50 stakes; observations started in 2004 with yearly sam-
pling during austral summer. Snow buildup 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 3 years in which an overestimation is
observed. Over the 2011–2023 period, the mean yearly ac-
cumulation recorded by the Italian and French stake farms is
7.3± 0.2 cm and 8.4± 0.1 cm, respectively. Bootstrap sim-
ulation 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 compari-
son of the observations with reanalysis datasets (ERA5 and

MERRA2) and regional models (RACMO2.4p1, MAR3.12)
indicates the former more in agreement with the observa-
tions. The potential interaction effect of the Station has also
been investigated by analysing wind direction during snow-
fall events, suggesting that buildings may influence accumu-
lation. In fact, in the hyper-arid environment of Dome C,
snow accumulation is largely governed by post-depositional
processes such as wind redistribution and clear-sky precipi-
tation. Buildings alter the wind field, enhancing erosion be-
neath them and forming snowdrifts leeward and laterally,
which may explain accumulation differences between the
ITA and FRA stake fields. 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 in-
creases 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 kgm−2 has
been estimated, taking into account the uncertainty of the ob-
servations and of the snow compaction effect. Results are
valuable for validating SMB estimated from reanalysis, re-
gional 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 for 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 dif-
ference between mass gain, primarily through snowfall, and
mass loss through sublimation, wind ablation, and surface
melting. However, due to Antarctica’s vast and remote ter-
ritory, SMB measurements pose significant challenges, rely-
ing on various methods and models to ensure accurate esti-
mates. The SMB of the Antarctic ice sheet is influenced by
a complex interplay of climatology and topography. The av-
erage continental elevation of over 2200 m (Fretwell et al.,
2013) results in reduced precipitation, with snow accumu-
lation decreasing further away from coastal moisture sources
(Thomas et al., 2017). The distribution of SMB, therefore, re-
flects the intricate balance between these climatic and topo-
graphic factors, including sublimation and wind redistribu-
tion. This is the case for the Dome C area on the East Antarc-
tic Plateau, where the change in surface elevation across
50 km is less than 10 m (Genthon et al., 2015).

A large fraction (two thirds) of the annual accumulation
at Dome C comes from clear-sky precipitation, such as dia-
mond dust and vapor condensation, rather than conventional
snowfall events (Stenni et al., 2016). While snowfall and dia-
mond dust provide the baseline input, post-depositional pro-
cesses exert the greatest influence on spatial and temporal
variability. Inland accumulation is primarily driven by fluc-
tuations in snowfall, which dominate interannual variability
in SMB (Noël et al., 2023). However, the apparent unifor-
mity of precipitation over tens to hundreds of kilometres is
disrupted by wind and surface processes, which modulate
local accumulation through redistribution across microtopo-
graphic features (Fujita et al., 2011). Wind is consistently
identified as the dominant control across the East Antarc-
tic Plateau. Processes such as drifting snow, erosion, and
redistribution create highly variable features including sas-
trugi, dunes, and megadunes, which contribute to substan-
tial local heterogeneity (Frezzotti et al., 2005; Eisen et al.,
2008). Sublimation – both surface and wind-driven – fur-
ther reduces accumulation, and in particularly dry areas like
Dome C, Dome Fuji, and Vostok, it may cancel out a signifi-
cant fraction of snowfall (Eisen et al., 2008). Over the central
plateau, katabatic winds actively shape the surface, driving
strong spatial variability even where precipitation is mini-
mal (Lazzara et al., 2012). At the South Pole, for instance,
annual accumulation decreased significantly from 1983 to
2010, largely attributed to changes in wind and sublimation
patterns rather than reductions in snowfall (Lazzara et al.,
2012). Topographic effects are also critical: dome sites gen-
erally exhibit lower spatial variability (3 %–9 %) compared
to regions with complex surface morphology, where variabil-
ity may exceed 40 % (Eisen et al., 2008). Small-scale features
such as sastrugi, wind crusts, and megadunes introduce ac-

cumulation noise two to four times the mean, occasionally
resulting in multi-year ablation (Frezzotti et al., 2005). On
larger spatial scales, Dome Fuji records demonstrate how ac-
cumulation differences are strongly correlated with position
relative to ice divides and prevailing wind directions, and are
further modulated by elevation and distance from moisture
sources (Oyabu et al., 2023). Overall, spatial variability at
kilometre scales is an order of magnitude greater than tem-
poral variability at decadal to secular scales (Frezzotti et al.,
2005). This highlights why dome sites such as Dome C are
often favoured for paleoclimate reconstructions: their rela-
tively stable conditions reduce the noise introduced by local
post-depositional processes, even though wind redistribution
and sublimation remain significant factors (Frezzotti et al.,
2005).

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 un-
certain. 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 tech-
nique requires embedding stakes into the snowpack and pe-
riodically 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 den-
sity 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. Takahashi and Kameda (2007) were the first to sug-
gest that the appropriate snow density for deriving SMB from
stake measurements is the average snow density at the base
of the stake during the observation period, as this accounts
for snow compaction. Following this approach, Kameda et
al. (2008) applied this density in their SMB calculations at
Dome Fuji. Ekaykin et al. (2020) measured the mean den-
sity in the upper 20 cm of snow thickness in a number of
random points across the stake farm at Vostok, thus allow-
ing 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 an-
nual and even monthly variations in SMB. Despite advances
in observational techniques and modelling, challenges per-
sist. 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). Besides, stations are unevenly distributed: clustered
near coastal regions, with only a few inland installed on the
East Antarctic Plateau, including Dome C, Dome F, Vostok,
and other interior sites (Wang et al., 2023). AWSs, by captur-
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ing long-term records of key drivers – such as wind, humid-
ity, and temperature – enhance our understanding of how at-
mospheric processes impact SMB in remote high-plateau re-
gions. Long-term SMB observations are rare but invaluable.
Some AWSs are equipped with ultrasonic sensors to mea-
sure snow surface height changes by detecting the vertical
distance to the surface, but the uncertainty of the measure-
ments is not sufficient to properly examine the small snow
accumulation events that usually occur in the interior of the
East Antarctic Plateau (Wang et al., 2021). The AntSMB
dataset comprises observations from 675 sites across Antarc-
tica, including daily, annual, and multi-year records derived
from ice cores, snow pits, stake farms, ultrasonic sounders,
and ground-penetrating radar. The dataset reveals large spa-
tial heterogeneity in accumulation driven by local processes
like wind redistribution, slope effects, and surface rough-
ness, which are pronounced across interior plateau sites. By
integrating multiple measurement types (e.g. stakes, cores,
radar), the dataset allows quantification of the relative im-
pact of precipitation supply, erosion/deposition, and surface
sublimation, clarifying which processes dominate at interior
sites (Eisen et al., 2008; Wang et al., 2021). The combined
analysis of Ground-Penetrating Radar (GPR) profiles, firn
cores, and stake measurements indicates that Dome C ex-
hibits remarkable spatial homogeneity at the regional scale,
with only minor local variations in snow accumulation pri-
marily driven by surface microtopography and prevailing
wind patterns (Urbini et al., 2008). Temporal variability in
accumulation rates appears limited over decadal to centen-
nial scales, as confirmed by firn-core records, although inter-
annual fluctuations linked to episodic wind-driven redistri-
bution are evident. The consistency between point-scale ob-
servations and GPR-derived stratigraphy supports the relia-
bility of radar methods for spatial interpolation in this area.
Overall, the low flow velocity, minimal surface undulation,
and stable accumulation regime reaffirm Dome C as an op-
timal site for deep ice core drilling and long-term paleocli-
mate reconstructions (Urbini et al., 2008). Since 1970 Vos-
tok has maintained a stake array to monitor SMB, provid-
ing continuous data critical for assessing trends and validat-
ing 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 en-
hanced 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 measure-
ments in capturing the variability of snow accumulation and
redistribution.

GPR (Eisen et al., 2008; Urbini et al., 2008; Cavitte et al.,
2018) and ultrasonic sensors (Reijmer and van den Broeke,
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 long timescales or across challenging terrains. Further-
more, integrating SMB measurements with ice-core stud-
ies can provide historical context, linking modern observa-
tions 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 ef-
fectiveness in mapping spatial variations in SMB on Dome
C, where small topographic changes correspond to signif-
icant 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 continen-
tality, confirmed by model estimates and observations at the
stakes (Urbini et al., 2008; Genthon et al., 2015; Vittuari et
al., 2025).

Regional Climate Models (RCMs), such as RACMO2.4p1
(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 in-
sights into the spatial and temporal variability of SMB across
Antarctica, accounting for processes like snowfall, sublima-
tion, and snow redistribution by the wind. However, biases
remain a significant issue. For instance, Richter et al. (2021)
found that while RACMO2.4p1’s SMB estimates for Vostok
Station aligned well with observations, MAR3.12’s estimates
exhibited a positive bias, particularly in SMB seasonal distri-
bution. 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 ERA5 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 limita-
tions necessitate the use of advanced methods such as GPR,
reanalysis and RCMs. The interplay of topography, meteo-
rology, and climate change complicates SMB estimation, un-
derscoring the importance of continuous innovation in mea-
surement techniques and model development. By address-
ing 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 Sta-
tion, at ∼ 800 and ∼ 500 m southwest, while two adjacent
stake farms are located∼ 2 km South. Four more stake farms
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