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Abstract

In the context of global warming, studies have shown that the Antarctic Ice Sheet (AIS) has been experiencing continuous mass loss,
constituting a significant contribution to global sea level rise. Utilizing an optimized input-output method (IOM), this study evaluates
the 2013~2022 mass balance of eight widely studied Antarctic drainage basins. By integrating RACMO2.4 surface mass balance
(SMB), BedMachine ice thickness, and ITS_LIVE annual velocity, we quantify the sensitivity of mass balance estimates to flux gate
(FG) location. Results demonstrate that while flux estimates along disparate radar tracks vary by <4%, discrepancies between
grounding line and flight-line-based gates can reach 20%, highlighting the importance of flux gate selection. Regional assessments
reveal a pronounced regime shift in East Antarctica: basins previously in near-balance or slight loss—including the Amery region
and Basins 12~13—transitioned to significant mass accumulation post-2020, primarily driven by a sharp increase in SMB. In
contrast, the Amundsen Sea sector in West Antarctica exhibited sustained and accelerating mass loss, with net deficits increasing
from —163.9+£15.3 Gta! (2013~2019) to -179.2415.5 Gt a! (2020~2022). This divergence stems from the dominance of anomalous
precipitation in the East versus persistent ice flux acceleration in the West.

1. Introduction

The Antarctic Ice Sheet (AlS), the largest terrestrial ice mass on
Earth, contains approximately 90% of the planet's total ice
volume. Its complete melting would trigger a global sea-level
rise of about 57 meters (IPCC, 2023; The IMBIE team, 2018).
Long-term research results indicate that the AIS is undergoing
continuous mass loss. According to the comprehensive
assessment results of mass balance, the AIS lost a total of
26704870 Gt of ice between 1992 and 2020, with a mass loss
rate of 95431 Gt a! (Otosaka et al., 2023). During the period
1992~1999, the average mass loss rate was estimated at 49451
Gt at. The lost rate increased to 70448 Gt a* during 2000~2009,
and further accelerated to 148454 Gt a* between 2010 and 2016.

At present, a variety of monitoring methods have been widely
employed in the study of ice sheet mass balance, including the
input-output method (IOM), satellite gravimetry method, and
satellite altimetry method (Rignot et al., 2019; Smith et al.,
2020; Velicogna et al., 2020). Altimetry method determines ice
sheet mass changes by repeatedly acquiring surface elevation
measurements over the same region based on laser altimetry
satellites (e.g., ICESat and ICESat-2) or radar altimetry
satellites (e.g., ERS-1/2, Envisat, CryoSat-2). Changes in
surface elevation over time are computed, and, by incorporating
the area of the monitored region along with the density of ice
and snow, volume and mass variations within the region can be
estimated (Aublanc et al., 2018; Flament and Rémy, 2012;
Shepherd et al., 2019; Zwally et al., 2015). The gravimetry
method estimates ice sheet mass changes by converting the
monthly time-variable gravity observations provided by gravity
satellites (e.g., GRACE and GRACE-FO) into spherical
harmonic coefficients, which are then transformed into
equivalent water height, allowing for the quantification of mass
variations in the ice sheet (Velicogna et al., 2020). The input-
output method estimates the mass balance of the AIS by
calculating the difference between mass input and mass output.
The input component, which includes mass gain from snowfall
and losses from sublimation, meltwater runoff, and surface

melting, is primarily quantified through the surface mass
balance (SMB). This is typically derived using regional climate
models and reanalysis datasets, such as RACMO (Van Wessem
et al,, 2018, 2014), MAR (Agosta et al., 2019), and ERA
(Hersbach et al., 2020). The primary output component is ice
discharge across the grounding line, quantified using surface ice
velocity, ice thickness, and grounding line position data
(Gardner et al., 2018; Rignot et al., 2019). Therefore, Input-
output method, as one of the three primary techniques for
monitoring Antarctic ice sheet mass balance, is constrained by
the accuracy of data on ice thickness, ice flow velocity, and
surface mass balance. This results in substantial uncertainty in
assessments of Antarctic ice sheet mass balance, particularly in
regions such as the Antarctic Peninsula and East Antarctica,
where uncertainty can reach as high as 51% (Davison et al.,
2025).

In recent years, the continuous release of high-quality ice
velocity and ice thickness datasets has significantly enhanced
the accuracy of AIS mass balance estimates. The annual ice
velocity product ITS_LIVE, published by Gardner et al,
provides high-resolution data at 120 m and 240 m. In addition,
the latest ice thickness dataset, BedMachine V3, with a spatial
resolution of 500 m, provides high-precision ice thickness
information (Morlighem et al., 2020). Moreover, the appropriate
selection of flux gates is crucial for reliable mass balance
estimates. Currently, two main approaches are employed to
define flux gates: one directly employs the grounding line as the
flux gate (Lin et al., 2023), while the other shifts the flux gate
inland to regions where high-quality ice thickness data exist
(Gardner et al., 2018; Rignot et al., 2019). The former generally
introduces higher uncertainty in the estimated ice flux, whereas
the latter effectively reduces this uncertainty but makes the final
results more sensitive to the applied surface mass-balance
corrections.

This study refines the input-output framework by integrating the
latest remote sensing data products and improving the location
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of flux gates, thereby enhancing the accuracy of mass-balance
estimates.

2. Study areas and Data

2.1 Study areas

We selected eight widely studied Antarctic drainage basins for
analysis, including Basins 9~13 in East Antarctica and Basins
20~22 in West Antarctica (Figure 1). Basins 9~11 are located in
Amery region and exhibit relatively stable mass balance,
whereas Basins 12 (Queen Mary Land) and 13 (Wilkes Land)
dominate regional mass loss. In West Antarctica, Basins 20~22
drive the continent's most severe mass depletion. Ice velocities
across these regions span a wide range, from slow to extremely
fast, and their spatial distribution provides a robust framework
for evaluating ice discharge and its associated uncertainties.
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Figure 1. Study area: (a) Basin 9~11, (b) Basin 12, (c) Basin 13,
(d) Basin 20, (e) Basin 21, 22.The base map is the Landsat
Image Mosaic of Antarctica (LIMA), and the background ice
velocity is derived from the ITS_LIVE annual ice velocity of
2015 (Gardner et al., 2018).

2.2 Data

In this study, we integrated multiple state-of-the-art datasets,
including the high-resolution annual ice velocity maps from
ITS_LIVE V2, the ice thickness product BedMachine V3, and
the latest surface mass balance data from RACMO2.4pl
(Gardner et al., 2018; Morlighem et al., 2020; VVan Dalum et al.,
2024). Detailed information about the data is provided in Table
1.

Surface Mass Balance (SMB): We utilized regional climate
models RACMO2.3p2 and RACMO2.4pl. RACMO2.3p2
offers 27 km resolution (5.5 km over the Peninsula) with
monthly data over 1979~2022, which captures stronger coastal
interannual correlations. The latest RACMO2.4pl provides
monthly outputs (1979~2023) at a refined 11 km resolution,
demonstrating enhanced overall simulation performance for key
climatic parameters (Van Dalum et al., 2024).

Ice Flow Velocity: Surface velocities were derived from the
ITS_LIVE Version 2 annual mosaics (Gardner et al., 2018).
Processed via the autoRIFT algorithm from Landsat imagery,
this product provides near-complete AIS coverage from 2013
onwards. Its 120 m spatial resolution is optimal for precise,
large-scale basin discharge calculations.

Ice Thickness: We employed BedMachine V3 (500 m
resolution), which synthesizes airborne radar sounding (RES)

data, InSAR velocities, and Reference Elevation Model of
Antarctica (REMA) topography using mass conservation and
streamline diffusion (Morlighem et al., 2020). Thickness
uncertainty is tightly constrained (< 30 m) along RES flight
lines but increases in interpolated regions.

Boundaries and Flux Gates: The grounding line was established
using a MEaSURES/ASAID composite (Bindschadler et al.,
2011; Rignot et al., 2019). In addition, we also utilized the FG2
flux gate configuration (Gardner et al., 2018), which
strategically shifts the flux gate inland to align with highly
accurate RES flight lines.

Data type Dataset Time period
Ice velocity ITS_LIVEV1 2013~2018
ITS_LIVE V2 2013~2022
Ice thickness BedMachine V3 1970~2019
Grounding line MEaSUREs 1992~2014
Flux gates FG2 1992~2013
SMB RACMO2.3p2 1979~2022
RACMO2.4pl 1979~2023

Table 1. Detailed information of the used data

3. Method

3.1 Calculation method for mass balance

The mass balance of each drainage basin was calculated using
the following equation:

MB = SMB — Discharge (1)

To account for significant interannual variability, this study uses
monthly RACMO2.4pl data (2013~2022) to ensure a high-
fidelity representation of mass changes.

Ice discharge is the mass of ice flowing across the grounding
line per unit time. It is calculated by establishing a flux gate (FG)
along a discretized grounding line, where each segment of
length ds extends vertically through the ice thickness H. Total
basin discharge is the aggregate flux of all segments, computed
via equation (2):

FIUX :Z(indy| +Vy|dx|)Hipice (2)

i=1

In equation (2), the unit segment is projected onto the x and y
axes as dxi and dyi, respectively. Similarly, the ice velocity is
resolved into its x and y components, vxi and vyi. Hi denotes the
ice thickness at the i-th segment, and pice represents the ice
density, typically assumed to be 917 kg m3. To accurately
represent ice discharge at the grounding line, a correction term,
Correg-gL, must be applied to the FG calculation. This
correction accounts for SMB, basal melt, and dynamic volume
change within the region bounded by the FG and the grounding
line. Given that SMB constitutes ~95% of this correction
(Gardner et al., 2018), it is calculated with the specific polygon
enclosed by the FG, grounding line, and basin boundary. Using
RACMO2.4pl data, the corrected discharge is expressed as
follows:

Discharge = Flux + Corr.;_, 3
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3.2 Assessment of uncertainty in mass balance

When calculating ice flux across the FG, the primary sources of
uncertainty are from ice thickness and ice velocity. Therefore,
the ice flux uncertainty can be derived from equation (2) based
on the law of error propagation, resulting in equation (4):

Ofux = P\/Z[(indyi +Vyidxi)20|i‘ +H? (dyizavzx, + dxizo—vzy‘ )] (4)

i=1

Where oni denotes the uncertainty of ice thickness Hi, while cvxi
and owyi represent the uncertainties in ice velocity in the x and y
directions at the same unit. Further simplification of equation (4)
leads to equation (5)
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To determine the total ice discharge uncertainty at the
grounding line, the correction term uncertainty ocorre-cL mMust
be incorporated. Assuming statistical independence between the
flux uncertainty and the correction term uncertainty, the
combined uncertainty is derived as follows:

_ [ 2 2
O-Dlscharge - (GFqu + O-CorrFG,GL) (6)

The uncertainty of correction term, ccorrF-GL, IS derived from
the uncertainty of the SMB within the region between the FG
and the grounding line. Finally, the uncertainty in mass balance
for each basin is calculated using the following equation:

2 2
O-MB = (GSMB + UDischarge) (7)

3.3 Data Preprocessing and Experimental Design

We utilized monthly RACMO2.4p1 (2013~2022) for SMB
calculation due to its superior performance over RACMO2.3
(Van Dalum et al., 2024). Lacking native uncertainty fields,
conservative SMB error estimates were derived using the
elevation-dependent  function from RACMO2.3p2 (Van
Wessem et al., 2018) and RAMP DEM topography. Ice velocity
data from ITS_LIVE V1 (2013~2018) were extended to 2022
using V2, with gaps infilled via contemporaneous V1 and
adjacent V2 data to ensure flux completeness. To address
anomalous V2 uncertainty fields in Basins 12~13 and 20~22,
we substituted them with V1-derived uncertainty values—
applying direct V1 estimates for the 2013~2018 period and
utilizing the 2013~2018 average as a proxy for 2019~2022.
Given that ice thickness remains the dominant source of error
(Morlighem et al., 2020), we assessed three flux gate (FG)
locations (Figure 2): GL/FGO (along the grounding line), FG1
(positioned where thickness uncertainty < 30 m via
BedMachine V3), and FG2 (Gardner et al., 2018).

This study estimates ice discharge and associated uncertainties
for experimental basins, and analyzes the impact of gate
placement. Based on the result, we introduce a flux gate
placement strategy that balances proximity to the grounding line
against uncertainty reduction. Finally, ice discharge and its
uncertainty are reevaluated for experimental basins using the
optimized flux gate location.

Thickness Uncertainty(m)
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Figure 2. Spatial distribution of BedMachine ice thickness
uncertainties, airborne radar tracks and flux gates of Basin 12.

4. Result

4.1 Ice discharge uncertainty along grounding line

The baseline grounding-line flux gate (FG0) was discretized and
stratified by ice velocity for analyzing the impact of ice
thickness and ice velocity uncertainties on ice flux uncertainty
as shown in Figure 3. Although ice thickness uncertainty
generally dominates, velocity uncertainty becomes the primary
uncertainty source in low-velocity region, specifically in areas
of the Amery where ice velocity is below 30 m al
Consequently, the common practice of shifting flux gates inland
to align with RES flight lines—intended to minimize ice
thickness uncertainty—increases the uncertainty of correction
terms, thereby proving counterproductive in these areas.
Therefore, this study proposes a velocity-dependent FG
configuration strategy: in high-velocity regions, the FG is
aligned with RES transects to prioritize thickness accuracy; in
low-velocity regions, the FG is positioned near the grounding
line to minimize correction errors, as ice thickness uncertainty
and ice velocity uncertainty are comparable and total
uncertainty is relatively low. Using a ratio threshold of 1.5
(derived from Figure 3), we optimized the original
configuration into new FG1, which serves as the basis for all
subsequent results.

4.2 lce discharge and changes for basins from 2013 to 2022

To evaluate the influence of FG configurations on ice discharge
magnitude, we compared three sets of gates (FGO, FG1, FG2)
across basins 9~13 and 20~22. While interannual variability
remained consistent across all configurations, significant
discrepancies in absolute discharge were observed. Specifically,
grounding-line estimates (FG0) were systematically lower than
those from RES-aligned gates (FG1 and FG2), with maximum
deviations of 8.5%, 7.4%, and 19.5% in basins 12, 13, and 20,
respectively. The discrepancy between FGO—defined along the
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grounding line—and FG1 or FG2 can reach up to 20%. In
contrast, FG1 and FG2 estimates—both leveraging reliable
thickness measurements—differed by less than 4%. Analysis of
FG1 results (2013~2022) indicates relative stability in East
Antarctica and West Antarctica's basin 20. Conversely, basins
21 and 22 showed sustained growth, each averaging an increase
of 1.9 Gt a’ From an error-propagation perspective, FG1
significantly outperformed FGO by minimizing thickness
(a) (b)
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uncertainty. For instance, in the Amery sector, 75% of FG1
segments maintained oH < 30m, compared to only 21% for FGO.
However, regional performance varied; while FG1 generally
minimized uncertainty, FG2 was superior in basin 13. This
suggests that while reducing ice thickness uncertainty is critical,
the total uncertainty is a combined function of discharge
magnitude, ice thickness uncertainty, and ice velocity
uncertainty.
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Figure 3. Ice flux uncertainty results from ice thickness uncertainty and ice velocity uncertainty across different velocity ranges in the
experimental basins: The blue columns represent the uncertainty caused by ice thickness data for all flux gate units within each ice
flow velocity range; The black columns represent the uncertainty caused by ice flow velocity data for all fluxgate units within each

ice flow velocity range.

4.3 Mass balance and changes for basins
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Figure 4. Mass balance of the experimental basins from 2013 to
2022: mass balance for 2013~2019 (blue), 2020~2022 (red),
and 2013~2022 (yellow).

Figure 4 illustrates the mass balance evolution of Antarctic
basins 12, 13, 20 and 22 from 2013 to 2022. During the
2013~2019 period, basins 12 and 13 in East Antarctica
experienced substantial mass loss, while basins 20 and 22
likewise exhibited pronounced negative mass balance,

confirming these regions as major contributors to Antarctica’s
net mass loss. During 2020~2022, enhanced precipitation led to
widespread positive surface mass balance anomalies across East
Antarctica, with the most prominent increases observed in the
Amery, Queen Mary, and Wilkes Land regions. In contrast,
changes across West Antarctic basins were comparatively minor.
As a result, basins 12 and 13 shifted from persistent mass loss to
substantial mass gain during this period. Meanwhile, the
Amundsen Sea sector continued to experience severe mass loss,
further intensified by ongoing increases in ice discharge.
Overall, the anomalous mass accumulation across Antarctica
during 2020~2022 effectively moderated the ice sheet’s
contribution to global sea-level rise.

5. Conclusion

This study investigates the impact of flux gate selection on the
estimation of ice flux and its associated uncertainty using the
input-output method. It discusses the respective effects of ice
velocity and ice thickness uncertainties on the overall
uncertainty of ice flux estimation and proposes a new method
for defining flux gates. The results indicate that the difference in
estimated ice flux between flux gates based on observational
data is less than 4%, while the deviation can reach up to
approximately 20% when comparing flux gates based directly
on the grounding line with those derived from observations.
According to the mass balance results in this study, the entire
Amery region remained in a slightly negative balance during
2013~2019, with basins 12 and 13 experiencing substantial
mass loss, reaching -14.449.8 Gt a! and -18.4#17.3 Gt a’,
respectively. Notably, following a prolonged period of mass
loss, these basins exhibited mass gain during 2020~2022. The
accumulation rate for the entire Amery region during this period
reached 22.2+3.9 Gt al, while basins 12 and 13 reached
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49.2+12.9 Gt a! and 55.1+20.8 Gt a1, respectively. In contrast,
West Antarctica showed an accelerating trend in mass loss
during 2013~2022. Specifically, basins 20 to 22 in the
Amundsen Sea sector exhibited an increase in ice flux at a rate
of 3.3#1.1 Gt a1, with an overall mass balance of -168.4#15.4
Gtal
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