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Abstract. Accurate quantification of surface mass balance (SMB) in the Antarctic interior underpins ice sheet mass budget
assessments and ice core interpretation. Stake measurements, however, systematically underestimate SMB because firn
densification causes surface lowering unrelated to mass change. Here, we simulate firn compaction with a firn densification
model and correct stake records from 2008-2024 at Dome Argus (Dome A), East Antarctica, thereby refining SMB estimates
and their spatial variability. The mean annual corrected SMB is 24.14 kg m~2yr~1, 8.8 % higher than the uncorrected value
(22.19 kg m~2yr~1). Over the stake array, the RACMO2.4p1 regional model yields lower and more spatially uniform SMB
(17.50 kg m~2yr~1). Using automatic weather station observations, we estimate annual sublimation of 2.34 mm w.e. yr~! and

hoar deposition of 0.87 mm w.e. yr~!

, indicating that the net vapor flux is equivalent to 5.7 % of the total mass input. This
framework reduces densification induced bias in stake-derived SMB, provides an observational benchmark for evaluating
regional climate models, and supports accurate dating of ice core climate records from Dome A.

Keywords: Firn compaction model; surface mass balance; stake method; sublimation; East Antarctic; Dome Argus

1 Introduction

As the largest freshwater reservoir on earth, the Antarctic Ice Sheet (AIS) plays a decisive role in global sea-level rise through

its mass variations, and its complete melting would contribute significantly to global sea-level rise (Pritchard et al., 2025;
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Rignot et al., 2019). Recent assessments indicate that the AIS has been losing mass at an accelerating rate, with the estimated
loss around 131 Gt yr* (Diener et al., 2021). Dome Argus (Dome A), the highest region of the East Antarctic Ice Sheet, is
characterized by low temperature and low accumulation rate, representing the extreme climate conditions of the Antarctic
interior. These conditions result in well-preserved stratigraphic layers in ice cores, which facilitates chronological
reconstruction and make Dome A a good site for deep ice core drilling (Xiao et al., 2008a; Cui et al., 2010). Surface mass
balance (SMB), which comprises the net gain from snowfall less loss from sublimation/erosion, plays a significant role in the
mass balance of the AIS and hence global sea-level projections (Lenaerts et al., 2019). Accurate evaluation of the SMB is a
prerequisite for understanding the mass budget and for interpreting deep ice core records. This is particularly important at
Dome A, where deep ice core drilling is a major scientific objective. However, due to the extreme environment at Dome A,
reliable SMB quantification remains challenging.

The Regional Atmosphere Climate Model (RACMO) can provide large-scale estimations of SMB, but the paucity of ground-
based observations across the Antarctic interior requires in situ measurements to ensure reliable SMB (Mottram et al., 2021;
Van Wessem et al., 2018; Van Dalum et al., 2025). The classic stake method has been widely applied for measuring SMB
because of its simplicity, durability and low cost (Eisen et al., 2008). The principle of the stake method is to insert a stake into
the snow and record temporal changes in distance between the surface and the top of the stake, thereby obtaining surface height
variations (Ding et al., 2015; Kameda et al., 2008). In order to estimate SMB over Dome A, the Chinese National Antarctic
Research Expedition (CHINARE) established stake farms. During the period 2008-2013, stake array measurements indicated
an SMB of 22.9 kg m~2yr~! (Ding et al., 2016). However, a key limitation of the stake method is its sensitivity to firn
densification. The entire firn snow layer is constantly compressing under the influence of temperature and overburden pressure.
This means that the change of snow height is due not only to the accumulation of new snow but also to the compaction of firn
snow layers ( Li & Zwally, 2011; Smith et al., 2023). This leads to a systematic underestimation of SMB, particularly in low
accumulation areas such as Dome A.

Therefore, SMB derived from stake measurements must be corrected for firn densification effects. For example, at Vostok,
Ekaykin et al. (2020) estimated the densification-induced height reduction using two methods. One method was based on
Sorge’s law (Sorge, 1935) combined with measured density profiles to calculate the densification contribution, while the
second method was based on direct field measurements of the compaction within a small area. The two approaches indicate
that the true SMB is about 8 + 4 % higher than the uncorrected stake-derived estimate. At Dome Fuji, SMB estimates increased
by 27 % compared with approaches relying on near-surface density only (Takahashi and Kameda, 2007). At Summit Camp,
Greenland, compaction-related underestimation averages 15.12 cm a~! (Howat, 2022).

To quantitatively describe the role of snow densification, researchers have established a series of firn densification models
based on empirical and physical principles (Herron & Langway, 1980; Arthern et al., 2010; Li & Zwally, 2015). However,
these models have rarely been applied to long-term SMB observation. In this study we use a densification model to simulate
the compaction process of snow layers, correcting height changes unrelated to mass change, and thus obtain a relatively

accurate estimate of SMB. In addition, high frequency continuous measurements from automatic weather stations (AWS) are
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used to estimate surface sublimation and hoar deposition. Sublimation and deposition are important components of surface
mass exchange at Dome A (Lenaerts et al., 2019; Ma et al., 2020, 2024). In Dronning Maud Land, surface sublimation can
remove 3-9 % of annual solid precipitation, and combined ablation processes during the summer season can remove 15-56 %
of solid precipitation (Van den Broeke et al., 2004). At Dome A, where surface melting is absent, sublimation represents the
second largest component of the SMB after precipitation. Based on Dome A AWS data from 2005 to 2013, there was a
sublimation loss of 2.22 + 0.02 mm w.e. yr~! and a deposition gain of 1.37 + 0.02 mm w.e. yr~! (Ding et al., 2016). Under
Dome A winter conditions, vapor flux occurs from atmosphere to the snow surface, indicating that hoar deposition dominates
over sublimation (Ma et al., 2024). Accurately constraining this flux is critical not only for the regional mass budget but also
for interpreting near-surface stratigraphy and for dating ice-core climate records.

The integration of model with in-situ observation provides a framework for refining SMB estimates in the Antarctic interior.
In this study, we utilized a firn densification model, driven by ERAS reanalysis, to simulate firn compaction progress and
correct the long-term records at Dome A. Additionally, we quantified the contributions of sublimation and deposition to the
SMB using AWS observation, and evaluated the performance of RACMO2.4p1 against the corrected in-situ measurements.

This provides a precise SMB benchmark for Dome A and advances the understanding of surface mass exchange processes.

2 Data and method
2.1 Observations

To correct stake-derived SMB for densification and to quantify surface sublimation/deposition — the two key objectives of
this study — we utilized two independents in situ datasets: (1) long-term stake array measurements of surface height and

density, and (2) high-frequency meteorological observations from an automatic weather station.

2.1.1 Stake array

In 2008, 49 bamboo stakes were installed over 30 X 30 km area around Dome A with a spacing of 5 km (Ding et al., 2015,
2016). Surface height was recorded in 2008, 2011, 2013, 2024, providing three accumulation intervals (2008-2011,2011-2013,
2013-2024). Near surface snow density was measured at the depth of 0.2 m at each site and was used to convert height change
to water-equivalent SMB. Stakes with missing height records in specific period were excluded from the corresponding period

mean.

2.1.2 AWS

To analyze the surface energy exchange and quantify sublimation/deposition processes at Dome A, this study uses air
temperature, subsurface temperature, wind speed and direction, relative humidity, and surface air pressure data from the Dome

A AWS (-80.37° S, 77.37° E). This AWS, built in collaboration with Australia and deployed in 2005, is at an elevation of
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4093 m asl and is one of the highest AWS in Antarctica. The dataset is part of the PANDA AWS network which provides
important basic information for investigating the energy and mass balance of the Antarctic Plateau (Ding et al., 2022). Prior

to use, the AWS data underwent quality control and gap filling.

2.2 ERAS reanalysis

The fifth generation ECMWF atmospheric reanalysis of global climate was used as the driving data for the firn densification
model (Hersbach et al., 2023). ERAS provides global meteorological fields with a spatial resolution of 0.25° X 0.25°. Monthly
surface temperature (Ts) and total precipitation (TP) were obtained for the period 1979 to 2024. We focused on the site at -
80.4° S, 77.3° E which is closest to the Dome A AWS. ERAS captures surface temperature variability reasonably well, and
despite uncertainties in precipitation, it provides a continuous dataset suitable for driving firn densification simulation (Roussel

et al., 2020; Zhu et al., 2021; Kurita et al., 2025).

2.3 Regional climate model RACMO2.4p1

To provide a spatially and temporally continuous reference for comparison with stake-derived SMB, we used the SMB product
from the Regional Atmospheric Climate Model (RACMO) version 2.4p1, developed and maintained by the Royal Netherlands
Meteorological Institute (KNMI). RACMO2 .4p1 provides gridded SMB at 11 km resolution for 1960-2023 and is widely used
for Antarctic SMB assessment (Van Dalum et al., 2024, 2025). Therefore, the densification-corrected stake SMB in this study

provides an independent benchmark to evaluate RACMO2.4p1 performance and potential biases over Dome A.
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Figure 1: Location of Dome A and the spatial configuration of observations and model grids. (a) Map of the AIS showing the location of
Dome A (red), Dome B, Dome C, Dome Fuji, Vostok, and South Pole (orange). The black box indicates the region enlarged in panel (b). (b)
Enlarged view of the Dome A area, showing the distribution of the stake array (black circles), the Dome A AWS (red star), and RACMO

grids (blue triangles). The RACMO grids fully cover the spatial extent of the stake array.
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2.4 Firn densification model

To quantify surface height changes driven by densification, we apply the Li and Zwally firn densification model developed in
2015 (LZ-2015) to simulate the temporal evolution of the snow column (Li & Zwally, 2015).

LZ-2015 is a semi-empirical model developed for polar firn and based on the classic Herron—Langway (HL) framework
(Herron & Langway, 1980), with formulations better suited to Antarctic conditions. Using snow surface temperature and
surface accumulation as external forcing, the model computes the transient density profile from the surface to pore close-off
depth and outputs the compaction needed to estimate the cumulative subsidence attributable to densification. This model has
been applied to several Antarctic interior sites to quantify firn response times to accumulation and temperature variation,

including sites on the cold and low accumulation Antarctic plateau such as Vostok.

2.4.1 Model description

Stake measurements record the relative snow surface height change which reflect not only the net mass change but also vertical
motion associated with firn compaction. SMB is defined as a mass flux and we adopt the equation of Li and Zwally (2015) to
partition the observed height change:

dH(D) _ A®) _ _m®_,  dB
at st Vfc(t) i Vlce + dt’ (1)

In Eq.(1), dH(t)/dt is the rate of snow height change. A(t) is the net surface mass input including the net of snowfall,
sublimation and hoar deposition, pg; is the density of the surface snow, and A(t)/pg¢ represents the associated surface rise rate.
We prescribe pgs as the mean snow density measured at 0.2 m depth whose value is approximately 300 kg m~3 across the
Dome A stake array. Vi.(t) denotes the vertical velocity due to firn densification. A, (t)/p; is the rate of ablation lowering. Vi,
denotes the vertical velocity of glacier ice at the firn-ice boundary, and dB/dt is the vertical bedrock motion (isostatic uplift).
For Dome A, we assume Ay, (t)/p;, Vice, and dB/dt are zero because, respectively, there is no surface melt/runoff, ice dynamics
is not considered in a 1-D firn column and bedrock vertical motion is small relative to the surface height changes (Whitehouse
etal.,, 2012).

The time integral of V. yields cumulative subsidence attributable to compaction. Following the mass conservation formulation
of Li and Zwally (2002) , the compaction velocity at depth z is determined by the local density p(z) and compaction rate
dp(z)/dt:

_rz 1 [dp(2)
Vielz,0) = [ == [%2] dz 2)

z; is set at the lower boundary of the model, such as the firn-ice transition corresponding to close-off density of 830 kg m™3.
The key principle of the LZ-2015 model is to describe the variation of density within the firn column. According to the Li and

Zwally (2015) formula, the rate of density change can be expressed as:

dpo(i,t) = £8.36(273.2 — T)"2%14, (z, ) [pice — p(2,£)] 3)
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where T is the temperature of the snow layer, calculated with the one-dimensional heat conduction equation; pj.e is the density

3

of pure ice, which is 917 kg m™3; p(z, t) is the density at depth z and time t; and A; (z, t) is the local accumulation rate that

governs overburden loading and thus drives compaction.

M@0 =1/t ], o, AL, )
where t, denotes the time for a snow layer initially at the surface to reach depth z through accumulation and compaction.
A;(z,t) represents the average temporal evolution of the overlying load acting on a firn layer at that depth, which propagates
in response to changes in surface accumulation.

The empirical parameter 8 is constrained by matching simulated and observed density profiles. Following LZ-2015, § is
defined piecewise for two density regimes:

Br = Bscaer (—1.218 — 0.403T,,) (p < 550) (5)

B2 = Bscaie21(0.792 — 1.0804,, + 0.00465T,,) (p > 550) (6)
where A, is the long-term mean accumulation rate at the site and Tj,, is the mean annual surface temperature. 4,,, and Ty, are
calculated as multi-year means from the forcing dataset. These two stages respectively describe rapid densification in shallow

layers, when the density is less than 550 kg m™3

, and slow densification in deep layers, when the density is greater than 550
kg m~3. From ice-core measurements at Dome A, the firn reached the close-off density of approximately 830 kgm™3 at a
depth of 71 m, which provides an observational constraint. To enhance the applicability of the model to low temperature and
low accumulation, this study introduces two independent dimensionless coefficients Bgcqi01 and Bgeqiez to the LZ-2015
empirical formulation. This approach allows adjustment for the rapid and slow densification process independently without
changing their corresponding relationship. We regard them as calibration parameters: Bgcqi01 Was optimized to match the

3

observed depth of 18.05 m where the density reaches 550 kg m™>, while S 4., Was determined based on the close-off depth

of 71.08 m where the density reaches 830 kg m™3.

2.4.2 Model configuration and calibration

The firn column was extended to 120 m and discretized into 12000 uniform vertical layers with a layer thickness of 1 cm. The
model is advanced with a monthly time step, consistent with the temporal resolution of the ERAS forcing data. At each time
step, monthly surface temperature and total precipitation are prescribed to update the temperature field, overburden loading,
density evolution, and vertical displacement of the snow layer.

Model experiments comprise two stages:

1. Spin-up: using ERAS mean temperature and accumulation over 1979-2010 as climatological forcing, we ran a 2700 years
integration to achieve a quasi-equilibrium. The climatological values from this are -51.29 °C and 0.016 m w.e. yr~. A dual-
stage calibration was implemented to determine the optimal scaling factors. .41 Was determined to be 2.10, ensuing the
simulated density reached 550 kg m™3 at 18.05 m; and B.q.2 Was determined to be 3.86, to give a close-off depth of 71.08

m. The resulting density profiles are analyzed in Sect.3.1.
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2. Transient Simulation: the spin-up output was used as the initial condition, and the model was integrated forward under time-
varying ERAS forcing to simulate the temporal evolution of the firn density profile and the associated surface elevation change

due to densification.

2.5 Estimation of sublimation

Sublimation at Dome A was calculated using the bulk-aerodynamic method (Oke, 1987). LE is expressed as:

LE = pLsCru(q — qs) (7)
where p is the density of air (calculated as p = (pyP)/P,); Ls is the latent heat of sublimation (2.834 MJ] kg™1); the bulk
transfer coefficient Cy is set to 0.00129 under stable atmospheric conditions and to 0.002 under unstable conditions; u is the 4

m wind speed; g and g are the specific humidity at 4 m and at the snow surface, calculated using the saturation vapor pressure

es (Bolton, 1980).

g5 ~ ees/p (e = 0.622) ®)
e, = 612080 [227] g

The sublimation rate Mg was obtained from Mg = LE /L. When the process is deposition, M, takes a negative value.

3 Results
3.1 Density profile

Across the full firn column, density increases monotonically with depth, and the simulated 2024 density profile agrees well
with the ice-core observation (Fig.2a). The density of the ice core is measured using the gravimetric method. When the core
geometry is well preserved, this method can provide a relatively reliable estimate of density, whereas biases are more likely to
occur in low density snow (Morris and Cooper, 2003; Hawley et al., 2008). This simulation captures the process by which
each snow layer is gradually compacted under the influence of overlying pressure and temperature. The surface density started
at 300 kg m~3, in good agreement with the mean measured from the stake array. At depth of 18.05 m, the density reached 550
kg m~3, where the near-surface firn is mainly driven by rearrangement and packing of snow grains. Over the intervening depth,
the density profile exhibited a steep slope, indicating that the compaction of the shallow layer of snow occurs rapidly. When
the density exceeds 550 kg m™3, pressure sintering became the dominant mechanism, and the densification rate slowed down
(Ebinuma and Maeno, 1985; Stevens et al., 2023). Our simulated profile aligns with the structural transition of the firn column,
reaching the close-off density of 830 kg m~3 at 71.08 m, where air in the firn is almost completely isolated from the atmosphere
and most air becomes isolated in bubbles (Jang et al., 2019; Westhoff et al., 2024). The model reproduces the overall shape of
density-depth profile well, indicating that the inclusion of these two constraint points is necessary.

To focus on the compaction process directly relevant to stake measurements, we examined the near-surface firn variation in

detail by magnifying the density profile for the upper 0-5 m (Fig.2b). Specifically, the selected times of profile correspond to

7
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the period of the stake observation. The 2024 density profile shows a rapid increase from 300 kg m~3 at the surface to about
385 kg m™3 at 5 m depth. Such a sharp change in density reflects pronounced surface compaction, which is a key source of
bias in SMB derived from the stake measurements. The black dotted line in Fig.2b indicates that the 2008 surface was located
0.87 m below the 2024 surface. This depth represents the position of 2008 surface after 16 years of accumulation and
compaction. The 2024 density values are higher than 2008 by approximately 13-17 kg m™2 at all equivalent depths, as
quantified by the Ap profile (purple), suggesting that the shallow snow experienced significant densification over this time.
Continuous snowfall at the surface gradually pushes the underlying layers downward and compacts them year by year. If the
process of compaction is ignored, the densification-driven subsidence embedded in the stake-recorded surface height change
is not accounted for, leading to an underestimation of the SMB. In this study, we isolated and removed the height change

associated with densification to obtain a corrected, more accurate SMB.
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Figure 2: (a) Simulated density profile for 2024 (blue line) compared with the observed ice-core density (open circles). (b) Comparison of
the simulated density profiles for 2008 (orange) and 2024 (blue) in the upper 5 m. Ap (purple line) indicates the density difference between
2024 and 2008 at equivalent depths. The dashed line marks the position of the 2008 surface, which is buried to about 0.87 m below the 2024

surface.

3.2 Long-term cumulative subsidence

From the derived high resolution density profiles, we quantified the subsidence of the entire snow layer due to compaction.
Figure 3a shows the time series of cumulative subsidence of the entire firn column from 1979-2024. The cumulative subsidence
increases linearly, suggesting a stable climate at Dome A, and accordingly, the overall compaction rate is also relatively stable.
The total subsidence over the entire period reached 2.68 m. To match the period of stake observation, this study calculated the
cumulative subsidence of the entire firn column from 2008 to 2024. Over these 16 years, the subsidence caused by compaction

is 0.959 m. This magnitude of subsidence underscores the necessity of correcting stake measurements for densification. Figure
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3b illustrates the influence of firn densification on snow layer and stake measurements. As the snow compacts, the 2008 surface
is buried beneath the 2024 surface, while the stake descends with the surrounding snow layers. Consequently, this cumulative

subsidence cannot be used for stake correction.
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Figure 3 (a) Simulated cumulative subsidence caused by firn densification from 1980 to 2024. The dashed vertical lines mark 2008 and
2024, and the purple arrow indicates a subsidence of 0.959 m between the two years. (b) Schematic illustration of the relative positions of
the 2008 and 2024 surfaces with the stake bottoms aligned to the same level. The dashed horizontal line marks the buried 2008 surface,
located 0.87 m below the 2024 surface, and the grey shading indicates increasing snow density with depth.

3.3 Simulation of subsidence at the stake-bottom depth

The stake measurement records the distance from the top of the stake to the snow surface. Because the stakes descend with the
surrounding firn layers, the densification occurring below the stakes base does not influence the readings. We only need to
consider the compaction between the snow surface and the stake base. This process caused the snow surface to descend relative
to the stake, thereby reducing the measured height increase and resulting in SMB being underestimated. It is important to
emphasize that the surface lowering only refers to the effect of firn densification. In reality, when deposition and snowfall are
included, the total snow surface relative to the stake may rise. In this study, the average insertion depth of the stakes is
approximately 1.64 m. The LZ-2015 model was used to simulate the total subsidence at this depth from 2008 to 2024 (Fig.4).
Since in practice the stakes were inserted to slightly different depths, this study designed two sensitivity simulations. The initial
depths were set to 0.8 m and 3 m respectively, and simulated the total subsidence of both depths from 2008 to 2024. Figure 4
shows the time series of cumulative subsidence for the three depths. For the mean insertion depth of 1.64 m, the cumulative
subsidence reached 0.104 m over the 16-year period. For the stake inserted relatively shallowly (0.8 m), the cumulative
subsidence reached 0.067 m. For the deeper stake (3 m), due to the thicker overlying firn column, the cumulative subsidence
is larger reaching 0.160 m. By incorporating the subsidence value into the readings of the surface height change, we obtained

1 without correction from 2008 to

a corrected and more reliable SMB estimate. The mean annual SMB is 22.19 kg m™?yr~
2024. When corrected for densification at a stake base depth of 1.64 m, the value increases to 24.14 kg m~2yr~1. The firn

9
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densification bias constitutes about 8.8 % of the uncorrected SMB estimates. These results clearly indicate that in low
temperature and low accumulation environments such as Dome A, firn densification substantially influence the accuracy of
stake measurement of SMB. Therefore, the correction method proposed in this study is essential for obtaining precise SMB

estimates in Dome A.

01691 3=

w164 m
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Figure 4 Cumulative subsidence simulated by the LZ-2015 model for 2008-2024 for stakes inserted to different base depths (0.8 m, 1.64 m,
3 m). The simulation results are shown for the mean stake depth of 1.64 m, as well as for 0.8 m and 3.0 m depths, which are used to estimate
the lower and upper bounds of uncertainty.

3.4 Spatial distribution of SMB
3.4.1 Spatial distribution of observed SMB

The spatial distribution of SMB over Dome A during 2008-2024 was obtained from stake observation. The entire observation
period was divided into 2008-2013 and 2013-2024, and the overall mean SMB for 2008-2024 was also presented after
correction using the firn densification model (Fig.5). During 2008-2013, SMB exhibited strong spatial variability, with
alternating local maxima and minima with values ranging from 14.8 to 40.7 kg m~2yr~1 (Fig.5a). In the period 2013-2024,
the SMB distribution experienced changes: the peak of high SMB region declined, and one of the previous high SMB zones
at -80.45° S, 76.6° E became a low zone (Fig.5b). The two periods exhibit different SMB spatial patterns, indicating that the
distribution is not temporally stationary. Over the entire period from 2008 to 2024, the long-term SMB distribution was
smoother (Fig.5¢). The spatial distribution of SMB displays a clear trend, characterized by high value in the northwest and low
value elsewhere, with the high region averaging above 29 kg m~2yr~!. At Dome A, observations show no prevailing wind
direction. The observed SMB heterogeneity is more plausibly linked to wind-driven snow redistribution controlled by local
topography. Higher wind speeds over local topographic highs can enhance snow erosion, whereas reduced wind speeds in

adjacent lower-elevation areas can favour snow redeposition, which may contribute to the formation of local high-SMB zones.
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Figure 5 (a) Mean annual SMB from 2008 to 2013 derived from stake observations. (b) Mean annual SMB from 2013 to 2024 derived from
stake observations. (¢) Mean annual SMB from 2008 to 2024 after densification correction. (d) Mean annual SMB from 2008 to 2024
simulated by the RACMO2.4p1 model. Black dots indicate stake locations in (a)-(c) and RACMO grids in (d). Some stakes are missing in
certain years, so the number of available stake observations vary slightly among the panels.

3.4.2 Spatial distribution of SMB from RACMO

To evaluate the capability of the regional climate model to simulate the spatial distribution of SMB over Dome A, this study
used the RACMO2.4p1 at a horizontal resolution of 11 km from 2008 to 2024 (Van Dalum et al., 2025). The results show that
RACMO exhibits a gradient decreasing from northwest to southeast gradient, indicating that the model response to topographic
forcing is relatively accurate (Fig.5d). However, the SMB simulated by RACMO exhibits greater spatial homogeneity
compared to observations, with a notably reduced amplitude of variability. This discrepancy arises because RACMO provides
grid-cell mean SMB at 11 km resolution, which suppresses sub-grid spatial variability, whereas stake observations capture
highly localized SMB variations driven by wind redistribution interacting with surface micro-relief (sastrugi and dunes),
thereby producing larger point-scale contrasts (Richter et al., 2021; Cavitte et al., 2023; Stefanini et al., 2025). The mean
annual SMB of RACMO for this period is 17.50 kg m~2yr~1, which is considerably lower than the corrected observational
value of 24.14 kg m~2yr~1. Such underestimation has also been reported in the 2 km resolution RACMO simulation (Noél et
al., 2023). Although RACMO performed well in simulating the large-scale SMB trend of the Antarctic ice sheet, the simulation

of local SMB in the low accumulation, wind-affected Dome A region remains limited by the current resolution and
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parameterization schemes. High-resolution SMB observations with densification correction as obtained in this study can

provide crucial data for the improvement of regional climate models.

3.5 Sublimation and deposition at Dome A

Using the bulk-aerodynamic formulation described in Sect.2.5, sublimation rates for 2005 to 2024 were derived from the Dome
A AWS data. To reduce the impact of discontinuities in the winter wind speed observations, this study used the daily-mean
wind speed instead of instantaneous hourly values. When an entire day was missing, the climatological mean was used to fill

1

the gaps. Based on the 19-year averages of daily means, the total sublimation is 2.34 mm w.e. yr~ ", occurring mostly between

November and January in summer, while the total deposition is 0.87 mm w.e. yr~!

, primarily between February and April
(Fig.6). Overall, the gross annual surface mass input at Dome A is estimated to be 25.61 kg m~2yr~1. Net surface vapor flux
removes 1.47 mm w.e. yr~1, leaving a densification-corrected net SMB of 24.14 kg m~2yr~1. Thus, the net deposition-
sublimation equivalent to 5.7 % of the total input or 6.1 % of the estimated mean net SMB. Despite sublimation constituting a
relatively small fraction of the net SMB, it plays a role in the long-term evolution of surface snow structure. Sublimation leads
to preferential loss of lighter isotopes, altering the isotopic composition and ion concentration characteristics of ice core
(Hoshina et al., 2014; Ma et al., 2024). Although the long-term mean LE is less than 3 W m™2, it remains an important turbulent
heat loss component of the surface energy balance. Therefore, quantitative characterization of sublimation and deposition is

essential for accurately assessing the energy-mass balance and is crucial for interpreting snow composition changes and high-

resolution ice core records.
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Figure 6 Monthly distribution of daily mass flux derived from Dome A AWS observations from 2005-2024. Positive values indicate
sublimation and negative values indicate deposition. Violin plots show the distribution of daily mean values for each month, with width
representing probability density. Black circles denote the monthly mean, and short horizontal bars denote the monthly median. The inset
shows an enlarged view for April to September.
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4 Discussion
4.1 Correction for stake observation

While firn compaction is often negligible in high accumulation regions over short observation periods, our results demonstrate
that it becomes a critical source of bias in the low-accumulation environment of Dome A. The cumulative subsidence over
decadal timescales constitutes a considerable fraction of the observed surface height change and cannot be ignored. Based on
the LZ-2015 firn densification model forced by ERAS reanalysis, this study simulated the densification of a 120 m firn column
from 1979 to 2024 and at the average depth of stake base (1.64 m) from 2008 to 2024. The results show that the surface
subsidence can reach the order of ten centimetres over the 16 years. Consequently, neglecting the effect of densification will
lead to an underestimation of the actual SMB. By compensating for densification-driven surface lowering in stake
measurements, we removed height variations unrelated to mass change, yielding a more accurate SMB estimate.

Previous studies have proposed several approaches to correct systematic biases in stake-derived SMB, though the magnitude
of correction is not always directly comparable. For instance, at Dome Fuji, the large correction of about 27 % mainly reflects
a density correction rather than an exceptionally strong compaction correction. Kameda used the average snow density at the
stake base to convert height change to water-equivalent, implicitly accounting for compaction effects via the selection of a
representative density (Kameda et al., 2008; Takahashi and Kameda, 2007). In contrast, Vostok and Dome A (this study)
directly correct the densification-induced lowering of the snow firn column between the stake base and surface. Ekaykin et al.
(2020) recommended a smaller empirical correction of 8 + 4 % on total SMB at Vostok. At Dome C, Stefanini et al. (2025)
corrected stake-derived SMB with the formulation of Ekaykin, increasing the mean SMB from 26.29 to 27.21 kg m™2yr~1,
corresponding to a correction of 3.5 %. The much larger correction reported at Dome Fuji, relative to the smaller corrections
at Vostok, Dome C, and Dome A, arises mainly from differences in correction strategy rather than an enhance firn densification

rate at Dome Fuji itself.

4.2 Sources of uncertainty in correction

Recent studies have shown that uncertainties in firn compaction are mainly controlled by the choice of climate forcing, the
formulation of densification, and empirical parameters (Verjans et al., 2021; Veldhuijsen et al., 2023). This study at Dome A
is subject to similar sources of uncertainty, primarily stemming from the climate forcing data and the semi-empirical nature
of the model. The model is forced with surface temperature and total precipitation from the ERAS reanalysis. However, in
the interior of Antarctica, where observational data is extremely scarce, the accuracy of ERAS is limited. Previous
evaluations indicate that ERAS exhibits a warm bias at inland sites and a dry bias over the east Antarctic plateau (Zhu et al.,
2021; Wang et al., 2021). Combining these assessments with the climatological constraints reported by Xiao et al. (2008b)
and Hou et al. (2007), setting the long-term mean temperature and accumulation to -58.3 °C and 0.023 m w.e. yr~! could
lead to an estimated ~ 0.8 % change in the densification-corrected SMB. These biases inevitably propagate into the

simulated density profiles and compaction rates. The LZ-2015 model is a semi-empirical model originally calibrated for
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typical Antarctic conditions. Modest changes in empirical parameters can lead to compaction rate differences of tens of
percent (Horlings et al., 2021; Stevens et al., 2023). To reduce parameter uncertainty for Dome A, we used two independent
scaling factors. Nevertheless, residual uncertainty remains because the calibration relies on limited observational constraints.
Without applying the scaling factor, the subsidence of 1.64 m snow layer is limited to 0.05 m, leading to an SMB change that
is approximately 50 % of that obtained with scaling. In the estimation of sublimation and deposition, uncertainties may arise
from the precision of AWS instruments and from the reconstruction method of wind speed, leading to uncertainties in the
estimated contribution of sublimation and deposition to the SMB. At Panda-1 (74°39'S, 77°E; 2,737 m asl), Ding et al.
(2020) quantified that a £5 % perturbation in relative humidity can alter the latent heat flux by +22.7 %/—31.8 %, while a
—1.5 m s™! wind-speed bias leads to a —26 % change in latent heat flux. A similar sensitivity is reported for Dome A: Yang et
al. (2025) showed that increasing the wind speed by +1.5 m s7! could induce an approximately —28.5 % change in LE. These
results indicate that uncertainty in wind, moisture and reconstruction methods can translate to uncertainty in the sublimation
contribution to SMB. This is particularly relevant for the Antarctic interior, where the absolute magnitude of LE is small and

thus its relative sensitivity to input perturbations is high.

4.3 Climatic significance of accurate SMB evaluation in Dome Argus

Despite existing uncertainties, accurately assessing the surface mass balance (SMB) of AIS holds important climatic
significance. Antarctica lost 2671 =+ 530 Gt over 1992-2020, contributing 7.4 + 1.5 mm to global mean sea-level rise (Otosaka
etal., 2023). Moreover, the Antarctic-integrated SMB is of order ~ 2.3-2.5 X 103 Gt yr™1, but estimates from different models
still differ by several hundred Gt yr~1, underscoring the importance of independent observational benchmarks (Mottram et al.,
2021; Van Dalum et al., 2025). Meanwhile, firn processes are a leading limitation for altimetry-based mass-balance estimates,
with uncertainties in firn thickness changes reaching ~ 20-108 % at the basin-mean scale and ~ 54-186 % at the grid-cell scale
(Lundin et al., 2017; Kappelsberger et al., 2024). In addition, vapor exchange over the Antarctic interior cannot be climatically
negligible. At Dome C, net annual sublimation of 3.1-3.7 mm w.e. yr~! accounts for ~ 12-15 % of the annual SMB, while
post-depositional processes markedly alter the primary precipitation signal recorded in firn (Ollivier et al., 2025). The
sublimation and deposition processes play an important role in SMB, helping to interpret the depositional noise in ice core

archives and offering guidance for future ice core drilling in the Dome A.

5 Conclusion

Based on the stake array observation from 2008 to 2024 in the Dome A, Antarctica, this study quantitatively corrected the
error of SMB caused by snow surface subsidence due to firn densification using the LZ-2015 model driven by ERAS reanalysis
data. Furthermore, AWS observations were used to analyze the sublimation and deposition processes in this region.

We found that firn densification is a major source of error in stake method estimation of SMB. Over the 16-year period, the

cumulative subsidence at the mean stake-base depth of 1.64 m reached 0.104 m. The uncorrected SMB (22.19 kg m~2yr~1)
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was increased by approximately 8.8 % after correction, giving a more accurate SMB estimate of 24.14 kg m~2yr~1.

We also found that the short-term SMB in the Dome A region is affected by local topography and winds and has spatial
variability, especially in the northwestern sector. However, this spatial variability is not captured by RACMO2.4p1. In addition,
the corrected SMB (24.14 kg m~2yr~1) is higher than the RACMO simulation (17.50 kg m~2yr~1), suggesting that the current

version of the regional climate model may underestimate mass input over the Antarctic interior.

1 1

We estimated the total sublimation at Dome A as 2.34 mm w.e. yr~ ", while deposition is 0.87 mm w.e. yr™", resulting in a
net loss of 1.47 mm w.e. yr~t. The net deposition-sublimation accounts for approximately 5.7 % of the total input, or 6.1 %
of the estimated mean net SMB. Although the absolute values are small, their contribution to SMB is high, exerting a notable
impact on SMB.

The method proposed in this study, which integrates stake observation with a firn densification model, offers an effective way
to obtain accurate SMB in cold and low accumulation environments. This methodology applies to other inland ice sheets in
Antarctica, such as Dome Fuji and Vostok, as well as high-altitude regions of Greenland and glaciers in Tibet. We recommend
carrying out more ice core density profile measurements onsite. The high-quality data would be valuable to optimize the

empirical parameters, thereby further improving SMB calculations based on the regional climate models.

Code and data availability

The stake observations data is prepared for public release through the Chinese National Arctic and Antarctica Data Center.
The dataset DOI will be added to this section once it becomes available. Before the public release is completed, the stake
observations data and model code are available upon request to Minghu Ding (email: dingminghu@foxmail.com). ERAS
reanalysis data are available at https://doi.org/10.24381/cds.f17050d7 (Hersbach et al., 2023). Monthly RACMO2.4p1 data for
the SMB are available at https://doi.org/10.5281/zen0do.19255213 (Van Dalum et al., 2026). The Dome A AWS data is
publicly available from https://doi.org/10.26179/brjy-g225 (Heil et al., 2017).
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