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Abstract To accurately evaluate the Antarctic Ice Sheet (AIS) mass change rate and its spatiotemporal characteristics, we
derive the AIS mass change series from April 2002 to December 2023 using an improved point-mass model approach with data-
driven regularization matrices and iteratively determined multiple regularization parameters. Then, we analyze the spatio-
temporal characteristics of the mass change rate over the AIS, focusing on four glacier basins in the Wilkes Land-Queen Mary
Land (WL-QML) region of the East AIS (EAIS), namely the Denman, Moscow, Totten, and Vincennes Bay glacier basins. The
results indicate that the AIS contribution to GMSL (global mean sea level) rise peaked at 5.99±0.43 mm in February 2020,
followed by a mass gain period lasting over three years, ultimately resulting in a total GMSL contribution of 5.10±0.52 mm by
the end of 2023. Moreover, the AIS experienced substantial mass loss during the 2011–2020 period, with a rate of 142.06±56.12
Gt a−1, mainly due to intensified mass loss in the West AIS and the WL-QML region of the EAIS. Further analysis shows that the
mass loss rate of the four glacier basins in the WL-QML region during the 2011–2020 period increased by 47.64±8.14 Gt a−1

compared with the 2002–2010 period, with expanded areas of mass loss spreading inland. Notably, the Vincennes Bay and
Denman glacier basins transitioned from mass balance and accumulation to intense mass loss, respectively. An in-depth
investigation reveals that the increased ice discharge and decreased SMB (surface mass balance) contribute 27.47% and 72.53%,
respectively, to the intensified mass loss of the four glacier basins. Overall, the study presents the mass change characteristics of
the AIS over the past 22 years, highlights the instability of four important glacier basins in the EAIS, and provides valuable
scientific insights for related polar research.
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1. Introduction

The Antarctic Ice Sheet (AIS) is a critical indicator of cli-
mate change and a significant contributor to global sea-level
rise (Shepherd et al., 2018). Therefore, monitoring the mass
changes over the AIS is essential for understanding global
climate change given its significant impacts on coastal eco-

systems, human populations, and economic stability (Op-
penheimer et al., 2019). Since 2002, the GRACE (Gravity
Recovery and Climate Experiment) mission and its successor
GRACE-FO (GRACE Follow-On) have provided unique
observations for tracking the mass redistribution over the
AIS (Tapley et al., 2019). Time-variable gravity field models
derived from the GRACE/GRACE-FO (GRACE/-FO) mis-
sion have consistently estimated continent-wide, decadal-
averaged mass balances, indicating ongoing mass loss in the
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AIS (Schrama et al., 2014; Forsberg et al., 2017; Mu et al.,
2017). For example, 95±50 gigaton (Gt) a−1 for the 2002–
2015 period (Forsberg et al., 2017), 89±43 Gt a−1 for the
2002–2020 period (Groh and Horwath, 2021), and 144±27
Gt a−1 for the 2011–2020 period (Willen et al., 2024). Most
recently, the anomalously high precipitation over the AIS led
to an unprecedented mass gain event between 2021 and 2022
(Wang et al., 2023a), raising the question of whether the AIS
mass change in 2023 continues to accumulate or returns back
to loss. To address this, it is imperative to answer this
question by extending the AIS mass balance record, as it
plays a vital role in predicting future sea level rise (Kopp
et al., 2017).
In addition to monitoring the most recent status of the AIS

mass balance, it is important to identify the specific regions
where the ice mass loss occurs (Harig and Simons, 2015).
The AIS covers approximately 14 million km2 and it can be
divided into three regions: the East AIS (EAIS), the West
AIS (WAIS), and the Antarctic Peninsula Ice Sheet (APIS).
Since the WAIS and the Antarctic Peninsula collectively
contribute over 90% of the AIS mass loss (Shepherd et al.,
2018), their mass change characteristics have attracted most
of the research focus and have been well documented and
analyzed (Sasgen et al., 2010; Lee et al., 2012; Su et al.,
2018; Silva et al., 2020; Chuter et al., 2022; Yue et al., 2023).
In contrast, the overall mass change of the EAIS has gen-
erally been estimated to be near balanced or even positive,
which has resulted in relatively less scientific attention
compared with the WAIS and the Antarctic Peninsula
(Martín-Español et al., 2016; Gardner et al., 2018; Schröder
et al., 2019; Shepherd et al., 2019; Smith et al., 2020; Stokes
et al., 2022; Otosaka et al., 2023; Wang et al., 2023b).
However, there are large drainage sectors in the EAIS, and if
the entire EAIS completely melts there would be a global
mean sea level (GMSL) rise of 52.2±0.7 m (Morlighem et
al., 2020). In Wilkes Land, Totten glacier has a GMSL rise
potential of 3.9 m (Li et al., 2015) versus 3.3 m for the entire
marine sector of WAIS (Bamber et al., 2009); the nearby
Moscow glacier and Vincennes Bay’s glaciers contain 1.3-m
and 0.66-m GMSL rise potential, respectively (Rignot et al.,
2019); in the Queen Mary Land, the Denman glacier holds an
ice volume equivalent to a 1.5-m GMSL rise (Rignot et al.,
2019; Miles et al., 2021).
Recent reports indicate that more glaciers in the EAIS are

waking up (Qiu, 2017) and losing ice faster than anyone
thought (Witze, 2018). In particular, with the vulnerability to
enhanced mCDW (modified Circumpolar Deep Water) in-
trusion (Miles et al., 2016; Ribeiro et al., 2021), glaciers in
Wilkes Land and Queen Mary Land have exhibited in-
stability signs of ice thinning (Khazendar et al., 2013) and
extensive grounding line retreat (Li et al., 2016; Shen et al.,
2018; Picton et al., 2023) over the past two decades. This
prompts the need to monitor, evaluate, and understand the

mass changes of these glacier basins. With the GRACE/-FO
data, Velicogna et al. (2014, 2020) and Harig and Simons
(2015) have observed mass loss signals over Wilkes Land;
however, mass changes for individual glacier basins have not
been estimated. Subsequently, Mohajerani et al. (2018) tried
to qualify the glacier-basin-scale mass change of the Totten
and Moscow glacier basins and reported a mass loss rate
ranging from 14.6±4.1 to 18.5±6.6 Gt a−1 from April 2002 to
August 2016. However, due to the limited spatial resolution
of the large size of spherical caps near 3°×3° used in Mo-
hajerani et al. (2018), the mass changes of nearby glacier
basins in Vincennes Bay are not separated, which brings
uncertainty to the estimates of the Totten glacier basin and
remaining mass changes of Vincennes Bay glacier basins
unclear. Moreover, the mass change of the Denman glacier
basin is still unclear at present.
With the updated GRACE/-FO data (Chen et al., 2023), we

first generated a series of point-mass solutions over the AIS
with higher spatial resolution and accuracy using an im-
proved constrained point-mass model method (Wang et al.,
2023b; Yu et al., 2024). Then, we estimated the long-term
mass change rates over the AIS and the resulting GMSL
contribution from April 2002 to December 2023. Further-
more, we analyzed the spatiotemporal characteristics of the
AIS mass changes and emphasized mass changes of the less-
studied but important glacier basins of Totten, Moscow,
Denman, and Vincennes Bay in Wilkes-Queen Mary Land of
the EAIS.

2. Study area, datasets and methodology

2.1 Study area

The AIS comprises 27 drainage basins (see Figure 1a). These
basins are then grouped into three large regions according to
Shepherd et al. (2018): the EAIS (Basins 2–17), the WAIS
(Basins 1 and 18–23), and the APIS (Basins 24–27). This
study mainly focuses on four glacier basins in Wilkes Land
and Queen Mary Land, namely Denman, Moscow, Totten,
and Vincennes Bay, and their locations are depicted in Figure
1b. The Denman, Moscow, Totten, and Vincennes Bay gla-
cier basins cover an area of 265,529, 221,563, 555,995, and
134,874 km2, respectively. It should be noted that the areas
of the Vanderfjord, Adams, Anza, Bond, and Underwood
glacier basins are smaller than the native spatial resolution of
GRACE/-FO (~300 km); therefore, they are regarded as an
entity and referred to as “Vincennes Bay glacier basin”.

2.2 Datasets

To generate the point-mass solutions over the AIS, the
GRACE/-FO monthly spherical harmonic coefficients, spe-
cifically the Tongji-Grace2022 data are used in this study.
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This dataset is up to a degree/order of 96 and spans from
April 2002 to December 2023 (with an 11-month gap from
July 2017 toMay 2018) (Chen et al., 2023). Since GRACE/-FO
missions measure absolute gravity, the cumulative mass

change during the gap between GRACE and GRACE-FO
can be determined with the first GARCE-FO and the last
GRACE observations (Sasgen et al., 2020). Therefore, the
data gap need not be filled in computing mass change rate.
Since the Degree-1 coefficients are not measured in
GRACE/-FO’s center-of-mass frame, we added them back
with those provided in Technical Note-13 (Sun et al., 2016).
All C20 coefficients and C30 terms after August 2016 are
replaced with corresponding values from Technical Note-14
(Loomis et al., 2019, 2020). The effect of GIA (glacial iso-
static adjustment) is removed with the IJ05_R2 model (Ivins
et al., 2013).
The Regional Atmospheric Climate Model Version 2.3p2

(RACMO2.3p2), with a spatial resolution of 27 km×27 km,
is used to estimate the SMB (surface mass balance) over the
AIS from January 2003 to December 2023 (van Wessem
et al., 2018). RACMO2.3p2 combines the dynamics of the
High-Resolution Limited Area Model (HIRLAM) (version
5.0.6; Undén et al., 2002) and the physics of the ECMWF-
IFS (European Centre for Medium-Range Weather Fore-
casts-Integrated Forecasting System) (ECMWF, 2008).
HIRLAM provides the best operational short-range fore-
casting system and solves explicit dynamical computations.
The ECMWF-IFS models the physical processes and re-
solves the smaller-scale atmospheric processes through
parameterization. The input data for these physical processes
includes prognostic variables such as wind, temperature,
humidity, cloud fraction, and liquid/ice water content. Con-
sequently, relevant variables of SMB, such as precipitation,
are derived from these outputs (van Wessem, 2016). The
RACMO2.3p2 SMB and ice discharge from 2002 to 2023 for
the Denman, Moscow, Totten, and Vincennes Bay glacier
basins, as provided by Davison et al. (2023), are used to
validate and interpret the observed mass changes by
GRACE/-FO.
The monthly elevation change estimates over the AIS from

satellite altimetry (Nilsson et al., 2022) for the 2002–2020
period are used to compare the spatial patterns of mass
change rates derived from GRACE/-FO. The surface eleva-
tion changes (SEC) due to GIA and elastic solid earth re-
bound are corrected using the IJ05_R2 model (Ivins et al.,
2013) with a scale factor of 1.0205 (Groh et al., 2012). Then,
the SEC is converted to mass change using the method of
Kuipers Munneke et al. (2015), in which the Institute for
Marine and Atmospheric research Utrecht-Firn Densifica-
tion Model (IMAU-FDM; Veldhuijsen et al., 2023) and
RACMO2.3p2 are used (van Wessem et al., 2018).

2.3 Improved constrained point-mass model approach

To estimate monthly mass changes over the AIS, here we use
the Improved Constrained Point-Mass Model (ICPM) ap-
proach developed based on that of Wang et al. (2023b). In

Figure 1 (a) Regional geographical distribution of basins 1–27; (b) a
location map showing the Denman (red circles), Moscow (blue circles),
Totten (orange circles), and Vincennes Bay (green circles) glacier basins
along with the spatial distribution of point-mass positions. In (a), the EAIS,
WAIS, and APIS are shown in orange, light green, and pink, respectively,
and basin boundaries are obtained from https://earth.gsfc.nasa.gov/cryo/
data/polar-altimetry/antarctic-and-greenland-drainage-systems; the land
information is from https://doi.org/10.1594/PANGAEA.951482. QEL,
Queen Elizabeth Land; CL, Coats Land; DML, Dronning Maud Land; EL,
Enderby Land; KL, Kemp Land; PEL, Princess Elizabeth Land; WⅡL,
Wilhelm II Land; QML, Queen Mary Land; WL, Wilkes Land; TA, Terre
Adélie; GⅤL, George Ⅴ Land; OL, Oates Land; VL, Victoria Land; KIS,
Kamb Ice Stream; ASS, Amundsen Sea sector; AP, Antarctic Peninsula. In
(b), green dashed lines indicate the boundary of glacier basins, the
boundary data for these four glacier basins are obtained from https://doi.
org/10.5067/AXE4121732AD.
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practice, we first set 2024 point-mass points of 1°×1° equal-
area and 3616 pseudo-observations at the satellite altitude to
cover both the AIS and its 600 km (about twice GRACE/-FO
natural spatial resolution) buffer zone as in Wang et al.
(2023b). Then, the design matrix is determined via Newton’s
law of gravitation, and ellipsoidal correction is considered
(Ditmar, 2018). Considering that the observation equation is
ill-conditioned, we constructed a series of data-driven reg-
ularization matrices to improve the spatial resolution of the
solutions (Wang et al., 2024). The RMS (root mean square)
of regularization matrices for point-mass over the buffer
zone is set to 4 cm to correct for the land-to-ocean signal
leakage. Finally, we derived the regularized solutions using
iteratively determined multiple regularization parameters,
i.e., iterative shrinking generalized ridge regression (IS-
GRR) (e.g., Yu et al., 2024). The uncertainty of the point-
mass solutions is evaluated using their MSE (mean squared
error) in the constrained point-mass model.
Compared with the point-mass model proposed by Wang

et al. (2023b), our approach introduces an improved method
for determining the regularization matrix and regularization
parameters. Specifically, while Wang et al. (2023b) em-
ployed a constant regularization matrix, we adopt a data-
driven regularization matrix proposed by Wang et al. (2024),
which is updated monthly based on GRACE observations.
Furthermore, we introduce multiple parameter regularization
proposed by Yu et al. (2024), whereas, Wang et al. (2023b)
applied the Tikhonov regularization with a single regular-
ization parameter for each observation equation (Tikhonov,
1963a, 1963b). The multiple parameter regularization can
effectively balance signal retention and noise suppression
across various spectral domains, outperforming the com-
monly used Tikhonov regularization (Yu et al., 2024). Fur-
ther details of the ICPM approach are provided in Appendix
(https://link.springer.com).

2.4 Mass change rate estimation

The mass change for a region is calculated by summing
point-mass values at the ground within that region. The mass
change rate for a given period is determined by least squares
fitting to the time series of mass change M(t) of a ground
point-mass or a region, using the following equation:

M t a bt A T t

A T t T T

( ) = + + cos 2

            + cos 2 ,  = 1,  = 1
2, (1)
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1

1

2
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2 1 2

where a and b are the constant and mass change rate; the
third and fourth terms on the right-hand side represent the
annual and semi-annual signals, with A1, A2, θ1, and θ2 de-
noting the annual, semi-annual amplitudes and phases; t is
the time tag in years.

The uncertainty of the mass change rate at the 95% con-
fidence level is derived as follows:

E = 2 + , (2)btrend
2

GIA
2

where σb denotes the fitting error of the mass change rate in
eq. (1); σGIA is the standard deviation of the GIA model,
which is empirically calculated through a multi-model
comparison as described by Smith et al. (2020). This com-
parison includes six GIA models from Whitehouse et al.
(2012), Ivins et al. (2013), A et al. (2013), Caron et al.
(2018), Peltier et al. (2018), and Sasgen et al. (2018).

2.5 GMSL contribution estimate

In this study, we quantify the contribution of ice sheet mass
changes to GMSL, which is determined based on the re-
lationship that a 362.5-Gt mass variation corresponds to a
1-mm GMSL change (Cogley, 2012). A negative mass
change for a given region indicates a loss of land mass in Gt,
and the corresponding increase in ocean mass is expressed in
mm GMSL. Therefore, the mass change rate for a region is
expressed in Gt a−1, while the corresponding GMSL change
is measured in mm a−1.
The contribution to GMSL can be derived by the following

equation:

h m
s= , (3)GMSL

ice
w ocean

where mice denotes the ice mass change in Gt; ρw is the
density of water, typically assumed to be the density of
freshwater (1×103 kg km−3), as used in Blazquez (2020);
socean represents the area of the global ocean, approximately
362.5×106 km2 (Cogley, 2012).
Then, the relevant values are substituted into eq. (3), and

the GMSL contribution can be directly estimated using the
following formula:

h m= 362.5 , (4)GMSL
ice

in which the unit of mass changemice is Gt (Gt a
−1 for its rate)

and that of the GMSL contribution hGMSL is mm (mm a−1 for
its rate).

3. Results and analysis

3.1 Long-term and interannual mass change from 2002
to 2023

Figure 2a shows the spatial distribution of mass change rates
over the AIS from April 2002 to December 2023, with seven
regions of significant mass change rates labeled. In Figure
2b, the mass change time series and the resulting GMSL
change of the seven regions and the AIS are plotted.
The mass change estimates exhibit considerable spatial
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variation across the coastal AIS, with distinct mass loss and
gain signals during the study period. Specifically, the
Amundsen Sea sector (ASS) in WAIS stands out with the
largest-magnitude mass loss of 3364.40±174.60 Gt
(equivalent to 9.28±0.48 mm GMSL rise contribution) dur-
ing the study period. TheWilkes Land (WL) and neighboring
Queen Mary Land (QML) in the EAIS also show a notable
mass loss rate. Although much less than that of the ASS, the
WL-QML is the second largest GMSL contributor of the AIS
before an unprecedented surface mass accumulation around
2020 (Wang et al., 2023a), it cumulatively contributed
482.13±54.38 Gt (equivalent to 1.33±0.15 mm GMSL rise
contribution) from April 2002 to February 2020. Ad-
ditionally, the coastal regions of Oates Land and George V
Land (OL-GVL) show a slight mass loss signal. However,
this region makes almost negligible contributions to GMSL
at present, because the mass gain in the second decade offsets
the loss in the first decade of the 21st century. In contrast, the
Kamb Ice Stream (KIS) has gained mass in the study period,
associated with long-term thickening and reduced ice stream
flow velocities (Pritchard et al., 2009; Pritchard et al., 2012).
Dronning Maud Land (DML) and Enderby Land (EL) ex-
hibit clear mass gain rates, particularly in the years 2009,
2011, and 2021–2022 when intense snowfall events occurred
(Boening et al., 2012; Wang et al., 2023a). Overall, the
spatial distribution of long-term mass change rates generally
agrees with that recovered by previous studies from
GRACE/-FO data (Velicogna et al., 2020; Groh and Hor-

wath, 2021) but adds more spatial variability and details,
such as the slight mass loss around the KIS and the mass gain
over Basin 1. These additional signals benefit from the
higher degree/order GRACE/-FO data that contain more
observation information and the constrained point-mass
method that improves the spatial resolution of the estimates.
These additional signals can be confirmed with those in high-
resolution elevation change maps from satellite radar alti-
metry, such as those in Figure 2 of Shepherd et al. (2019).
We present the mass change series and resulting GMSL

contributions for the entire AIS from April 2002 to De-
cember 2023 in Figure 3. The AIS mass changes show a
long-term mass loss rate with significant interannual varia-
bility. Based on previous findings indicating that the AIS
mass changed around the years 2010 and 2020 (Nilsson
et al., 2022; Wang et al., 2023b), we divide the mass change
time series into three periods, i.e., the first decade of the 21st
century (roughly 2002–2010), the second decade (2011–
2020), and the beginning of the third decade (2021–2023)
and estimate the mass change rates for three corresponding
periods. Moreover, we map the spatial distributions of mass
change rates and show the regional mass loss rates of seven
regions in Figure 4. Here, we calculate the AIS mass change
rate from 2002 to 2023 as –111.13±55.58 Gt a−1, which is
slightly lower than the rate from 2002 to 2020, due to a mass
gain (107.79±74.90 Gt a−1) from 2021 to 2023. Figure 3 in-
dicates that during the study period, the AIS cumulatively
contributed the most to the GMSL rise of 5.99±0.43 mm in

Figure 2 (a) Spatial distribution of mass change rates over the AIS from April 2002 to December 2023. The unit “w.eq.” is short for “water-equivalent”.
The boundaries of the seven regions are shown in green solid lines. DML, Dronning Maud Land; EL-KL, Enderby Land and Kemp Land; KIS, Kamb Ice
Stream; OL-GVL, Oates Land and George V Land; AP, Antarctic Peninsula; WL-QML, Wilkes Land and Queen Mary Land; ASS, Amundsen Sea sector. (b)
Mass change time series for the seven regions and the AIS with the gap between GRACE and GRACE-FO shown in grey shadow.
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Figure 3 Mass change series for the AIS from April 2002 to December 2023. The grey shadow shows the gap between GRACE and GRACE-FO.

Figure 4 Spatial distributions of mass change rates over the AIS and seven important regions for three sub-periods of 2002–2010 (a), 2011–2020 (b), and
2021–2023 (c).
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February 2020. Following a three-year period of mass gain,
the AIS cumulatively contributed 5.10±0.52 mm to the
GMSL rise from April 2002 to December 2023.
The mass change rate from 2002 to 2020 is −120.23

±55.64 Gt a−1, falling within the error range of other recent
studies with GRACE/-FO data, such as −90.9±43.5 Gt a−1

from April 2002 to July 2020 (Groh and Horwath, 2021) and
−126±9 Gt a−1 from April 2002 to August 2019 (Loomis
et al., 2020). Moreover, our estimate agrees well with the
IOM (Input-Output Method) result of −89±99 Gt a−1 from
2000 to 2020 (Yang et al., 2023) and a satellite altimetry
result of ~−118 Gt a−1 from 2003 to 2019 (Smith et al.,
2020). Notably, our findings reveal that the mass loss rate in
the second decade of the 21st century (142.06±56.12 Gt a−1)
is twice that in the first decade (73.79±56.27 Gt a−1). Fur-
thermore, the mass loss rate estimate of the AIS from 2011 to
2020 is generally consistent with the result derived from
satellite altimetry of Schröder et al. (2019), which is 137±25
Gt a−1 from 2010 to 2017. Moreover, from Figure 4a and 4b,
it is evident that the intensity of mass loss primarily origi-
nated from the ASS and WL-QML. Specifically, the mass
loss rate of ASS is intensified from 102±15 to 169±21 Gt a−1

associated with accelerated grounding line retreat in the Pine
Island and Thwaites glaciers (Davison et al., 2023). Mean-
while, the WL-QML region shows a notable shift from a
slight mass gain to a severe loss, which highlights the im-
portance of monitoring the stability of glaciers in this region
of the EAIS. Further details are provided in Section 3.2.

3.2 Intense mass loss over Wilkes Land and Queen
Mary Land in East Antarctica

Focusing on the intense mass loss over Wilkes Land and
Queen Mary Land in East Antarctica, we compute the mass
change time series for four key glacier basins in this region—
Denman, Moscow, Totten, and Vincennes Bay, and estimate
their mass change rates for the periods of 2002–2010 and
2011–2020. The results are presented in Figure 5. The four
glacier basins exhibit long-term mass loss signals, accom-
panied by seasonal and interannual variability. The mass
change rate for the Denman glacier basin shifted from a state
of mass accumulation (5.44±2.88 Gt a−1) for the period
2002–2010 to a intense mass loss with a change rate of
–14.32±2.90 Gt a−1 for the period 2011–2020. The mass
change rate of the Moscow glacier basin is –5.56±2.87 Gt a−1

for 2011–2020, nearly three times the rate for the period
2002–2010. Besides, the mass loss rate of the Totten glacier
basin increased from 6.35±2.94 Gt a−1 during the period
2002–2010 to 19.90±2.88 Gt a−1 during the period 2011–
2020, which generally agrees with the finding in Harig and
Simons (2015) that the Totten glacier basin has experienced
local mass loss and acceleration from 2003 to 2014. Most
strikingly, the Vincennes Bay glacier basin was relatively

stable for the first decade but started to show a significant
mass change from its original state after 2010, and its mass
change rate reached –10.92±2.84 Gt a−1 during the period
2011–2022. The intense mass loss of the Denman, Moscow,
Totten, and Vincennes Bay glacier basins contribute to a
GMSL rise of 0.14±0.03 mm a−1 during the period 2011–
2022.
Previously, McMillan et al. (2014) reported a mass loss

rate of 10±3 Gt a−1 for the Totten glacier basin between 2010
and 2013 with satellite altimetry data; and Li et al. (2016)
documented a mass loss rate of 6.8±2.4 Gt a−1 from 1989 to
2015 with the IOM. Both values are consistent with our
estimate for the first period despite the differences in time-
span. However, their results are less than ours for the period
2011–2020, indicating that the mass loss of the Totten glacier
basin is more severe than previously reported. Moreover,
using GRACE/-FO data, a prior work of Harig and Simons
(2015) estimated a mass loss of 17±4 Gt a−1 during the per-
iod 2003–2014 for a large region clockwise from QML to
OL-GVL, and Mohajerani et al. (2018) reported that the
Moscow and Totten glacier basins, including Vincennes Bay
glacier basin, have a total mass loss rate ranging from
14.6±4.1 to 18.5±6.6 Gt a−1 from 2002 to 2016. In this study,
our analysis complements previous work by showing mass
change rates of individual glacier basins within the WL-
QML region for two periods as shown in Figure 5. Besides,
we provide new findings that the four studied glacier basins
have a total mass loss rate of 3.06±5.77 Gt a−1 for the period
2002–2010 while the mass loss rate reaches 50.70±5.74
Gt a−1 for the period 2011–2020, suggesting an intensified
mass loss over the WL-QML region. The findings coincide
with the previous findings from independent observations of
satellite altimetry that WL-QML has been showing accel-
erating negative elevation change since 2010 (Nilsson et al.,
2022).
To further analyze the mass change characteristics of these

four glacier basins, we map the mass change rates for the
periods 2002–2010 and 2011–2020, as well as the difference
between the two periods in Figure 6a, 6c, and 6e. Ad-
ditionally, we provide corresponding mass change rate esti-
mates from satellite altimetry for comparison, as shown in
Figure 6b, 6d, and 6f. It can be observed that results from
both GRACE/-FO and satellite altimetry indicate glacier
mass loss in Wilkes Land during the 2002–2010 and 2011–
2020 periods. The mass loss signals are enhanced in the
period 2010–2020, with expanded areas spreading inland and
increased magnitude. For the Denman glacier basin, GRACE
results suggest a weak mass gain during the period 2002–
2010, whereas satellite altimetry indicates both mass gain
and loss signals. This may be attributed to the uncertainty
associated with the conversion from elevation change to
mass change, since the elevation changes for a similar per-
iod, as shown in Figure 2 by Shepherd et al. (2019), are
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mostly positive over the Denman glacier basin. During the
period 2011–2020, both GRACE/-FO and satellite altimetry
results indicate a significant mass loss rate for these four
glacier basins. Furthermore, Figure 6e and 6f suggest a no-
ticeable intensification of glacier mass loss rate for the
Denman, Moscow, Totten, and Vincennes Bay glacier basins
in this period.

4. Discussion

To reveal the direct driving factors of the mass change of the
Denman, Moscow, Totten, and Vincennes Bay glacier basins,
we present the annual variations in SMB, ice discharge at the
grounding line (Discharge), and glacier-basin-scale net an-
nual mass changes (or mass balance), derived from the IOM
(SMB minus Discharge) in Figure 7. SMB uncertainty is
calculated assuming a 6.1% uncertainty in monthly values,
as used in Li et al. (2016) and Mohajerani et al. (2018). Since
SMB variation is dominant by the sum of the total pre-
cipitation (snowfall plus rain) and sublimation (Bodart and

Bingham, 2019), we also show the spatial distributions of
mean total precipitation and sublimation for the periods
2002–2010 and 2011–2020, along with the corresponding
differences in Figure 8a–8f.
The differences between the mass loss rates for the periods

2002–2010 and 2011–2020 from GRACE/-FO data are
–19.76±4.08 Gt a−1 for the Denman, –3.84±4.06 Gt a−1 for
the Moscow, –13.56±4.11 Gt a−1 for the Totten, and –10.49
±4.03 Gt a−1 for the Vincennes Bay glacier basin. These
values are consistent with those from the IOM within their
uncertainties (see Figure 7). The annual mass loss for these
four glacier basins occurs when SMB falls below discharge,
and the increased ice discharge and decreased SMB are at-
tributed to the observed intensification of mass loss. Overall,
for the four glacier basins, ice discharge increased by 8.96
±14.59 Gt a−1, while SMB decreased by 23.65±27.53 Gt a−1

from the 2002–2010 period to the 2011–2020 period. This
indicates that ice discharge and SMB account for 27.47% and
72.53% of the mass loss intensification, respectively. Figure
8 shows that the accelerated mass loss in WL-QML during
the period 2011–2020 is mainly attributed to the anomalous

Figure 5 Mass change series for the Denman, Moscow, Totten, and Vincennes Bay glacier basins from April 2002 to December 2023. The unit of the mass
change rate isGt a−1, and the grey shadow shows the gap between GRACE and GRACE-FO missions.
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Figure 6 Spatial distribution of mass change rates for different periods and the corresponding differences. (e) is derived from (c) minus (a), and (f) is
derived from (d) minus (b),the left column is derived from GRACE/-FO, while the right is derived from satellite altimetry, the green dashed lines show the
boundary of the Denman, Moscow, Totten, and Vincennes Bay glacier basins.
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reduction in precipitation. In other words, the substantial
decrease in precipitation has resulted in a larger disparity
between the ice discharge loss and SMB accumulation in this
region. Moreover, the spatial distribution of the precipitation
reduction coincides with the reduction of mass loss, high-
lighting the role of precipitation in modulating the mass
changes over the WL-QML region (Kim et al., 2020).

5. Conclusion

In this study, we provide an extensive record of AIS mass
change from April 2002 to December 2023 and analyze the
corresponding spatiotemporal characteristics. Our in-
vestigation reveals that the previously reported record-
breaking mass gain of the AIS between the years 2021 and
2022 has continued through the year 2023, persisting for the
past three years from 2021 to 2023. Consequently, the AIS
has contributed negatively to the GMSL rise for the past
three years, and its total contribution to the GMSL rise was
reduced to 5.10±0.52 mm from April 2002 to December
2023. Moreover, our analysis shows that AIS mass loss was

the most substantial during the second decade of the 21st
century. During this period, there was an increasing rate of
mass loss within the ASS and an intensification of mass loss
in the WL-QML regions of the EAIS, with mass loss in
larger areas spreading inland and a higher magnitude of loss.
Specifically, the mass loss rate for four glacier basins of the
Denman, Moscow, Totten, and Vincennes Bay glacier basins
in the WL-QML region increased from 3.06±5.77 Gt a−1 for
the period 2002–2010 to 50.70±5.74 Gt a−1 for the period
2011–2020. The observed intensification of mass loss for the
four glacier basins is attributed to the increased ice discharge
and decreased SMB, with ice discharge and SMB con-
tributing 27.47% and 72.53%, respectively.
Our study provides the latest insights into the mass change

rates of the AIS, serving as a foundation for predicting future
AIS mass evolution and consequent impact on GMSL rise.
Furthermore, we present multiple lines of evidence from
GRACE/-FO, satellite altimetry, and the IOM for the intense
instability of the Denman, Moscow, Totten, and Vincennes
Bay glacier basins in East Antarctica. Notably, the Denman
glacier basin, previously less studied by the scientific com-
munity, has transitioned from a slight mass gain to a sig-

Figure 7 Annual SMB, ice discharge, and net mass changes for the Denman, Moscow, Totten, and Vincennes Bay glacier basins for the period 2002–2020.
The pink line shows the mean mass change for the period 2002–2010, while the cyan line corresponds to the period 2011–2020, the differences in mass
change between the two periods are labeled in the rectangular boxes (unit is Gt a–1).
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Figure 8 Spatial distribution of mean precipitation (a, c) and sublimation (b, d), along with the corresponding differences (e, f) in different periods. (e) is
derived from (c) minus (a) and (f) is derived from (d) minus (b).
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nificant mass loss state. The scientific community should pay
more attention to these coastal glacier basins in East Ant-
arctica with a multimeter GMSL rise potential, as this aspect
bears significant implications for addressing global climate
change.
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