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Abstract: Antarctic basal water storage variation (BWSV) refers to mass changes of basal water be-
neath the Antarctic ice sheet (AIS). Identifying these variations is critical for understanding Antarctic
basal hydrology variations and basal heat conduction, yet they are rarely accessible due to a lack
of direct observation. This paper proposes a layered gravity density forward/inversion iteration
method to investigate Antarctic BWSV based on multi-source satellite observations and relevant
models. During 2003-2009, BWSV increased at an average rate of 43 & 23 Gt/yr, which accounts for
29% of the previously documented total mass loss rate (—76 £ 20 Gt/yr) of AIS. Major uncertainty
arises from satellite gravimetry, satellite altimetry, the glacial isostatic adjustment (GIA) model, and
the modelled basal melting rate. We find that increases in basal water mainly occurred in regions with
widespread active subglacial lakes, such as the Rockefeller Plateau, Siple Coast, Institute Ice Stream
regions, and marginal regions of East Antarctic Ice Sheet (EAIS), which indicates the increased water
storage in these active subglacial lakes, despite the frequent water drainage events. The Amundsen
Sea coast experienced a significant loss during the same period, which is attributed to the basal
meltwater discharging into the Amundsen Sea through basal channels.

Keywords: Antarctica; basal water variation; multi-source satellite; gravity inversion

1. Introduction

In Antarctica, downward overburden from overlying thick ice and heat supplied by
geothermal and interfacial friction have generated a large amount of meltwater on the
interface between the ice sheet and its underlying bed [1,2]. Typically, the basal meltwater
could spread across the ice-bed interface, accumulate in subglacial lakes, migrate through
complex basal hydrological networks, or flow into surrounding oceans [2—4]. The presence
of basal water storage facilitates fast ice flow by lubricating the interface between the ice
sheet base and bed materials, and the variation in basal water storage may have an effect
on basal effective friction and trigger changing ice velocity [5-7].

Antarctic basal water storage variations (BWSV) are controlled by basal conditions
(basal temperature, geothermal flux, melting, freezing, etc.) and basal mass balance (BMB).
Basal conditions affect BWSV by controlling basal ice melting/ water freezing, and have
been studied by many researchers [8-17], through regional or continental radioglaciological,
geological, magnetic, seismic, sparse ice-core site measurements data, or ice-sheet models.
BMB affects BWSV through basal water migrations on the ice-bed interface, causing the
ice sheet’s vertical movement (IVM) through pumping up and down the overlying ice
sheet [2,18,19]. However, the continental BMB remains poorly understood due to the
lack of direct observation. Furthermore, changes in groundwater in basal aquifers also
influence BWSV, while the current knowledge on such changes is mainly confined to
coastal or ice-free regions of Antarctica [20,21] with a magnitude smaller than that of basal
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water migrations [20]. Therefore, the induvial effect of groundwater changes on BWSV are
ignored in this study.

To date, many studies have been conducted for the detection of BMB. The commonly
adopted approach is to examine local IVM (surface height variations) by satellite altime-
try, based on surface height variations in response to the basal water volume changes
caused by subglacial lakes’ filling or drainage [3,22]. However, this approach is effective
only in regions that are characterized by periodic or abrupt basal water migrations and
might be invalid in regions where basal water increase/decrease constantly, or where
surface expressions of basal water migrations are not sufficient (such as the Siple Coast
region [23]). Goeller et al. [24] proposed a balanced water layer concept on a continental
scale to present the evolution of subglacial lakes or water fluxes, and demonstrated the
variations of subglacial lakes and their effect on overlaying ice velocity, while the presented
results rely largely on the reliability of the building models. Besides, many combined
methods have also been conducted on AIS [25-29], with the object of reconciling the results
among individual geodetic techniques (including satellite altimetry, satellite gravimetry,
and GPS) by adjusting the proportion of mass change processes of AIS (such as surface
mass balance, ice dynamics, and GIA). Unfortunately, these methods are unable to isolate
BMB due to the fact that the Earth’s surface ‘thin layer” assumption used in gravity-mass
conversion process [30,31] ignores dual sensitivities of gravity variations to mass and dis-
tance variations [32]. To address this problem, gravity forward/inversion methods [33] can
be used to exploit the dual sensitivities of gravity and convert the known mass variations
to gravity variations and vice versa. In this way, BMB-induced gravity variations can be
obtained by subtracting variations caused by other components from the total Antarctic
gravity variations, and the associated mass variations can also be estimated accordingly.

To investigate the BMB and BWSV, a layered gravity density forward/inversion
iteration method is presented. Unlike previous direct/indirect local observation and
numerical simulation approaches, the proposed method relies little on conceptual ice
models, but on the input datasets consisting of multi-source satellite geodetic observation
and relevant models throughout AIS. Thus, the BMB and BWSYV results can cover the most
regions of AIS. Uncertainties in BMB and BWSV depend mainly on the errors of the input
datasets rather than the reliability of conceptual modes. The proposed method provides
a new approach for exploring the mass variation beneath the AIS, which is important for
understanding the Antarctic mass changes and the evolution of Antarctic basal conditions.

2. Materials and Methods
2.1. Overview of Mass Redistributions of AIS

Active mass redistributions of AIS, from surface to solid Earth, are dominated by
the following processes: snow accumulation, sublimation/runoff, and melting/firn com-
paction in firn layer (FL), ice dynamic flows (IDF), and ice sheet vertical movement (IVM)
in ice layer, BMB and basal melting/freezing in the ice-bed interface, glacial isostatic ad-
justment (GIA) of solid Earth (Figure 1). These mass redistributions processes, according
to the resulting impact on mass or height variations, can be classified into two categories:
1. mass-changing processes that contribute to mass variations, including snow accumula-
tion, sublimation/runoff, IDF, BMB, and GIA; 2. mass-conserving processes that contribute
to height variations without mass variations, including melting, firn compaction and
IVM. 1t is notable that IVM contains not only the ice layer’s vertical movement caused by
basal meltwater migrations (or BMB), but also the movement caused by ice-water volume
changes due to basal melting /freezing.
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Figure 1. Mass redistributions in AIS. Red texts are components that contribute to mass-changing
processes, and italic texts are components related to mass-conserving processes. Vertical arrows next
to the texts denote the contribution to height variation.

Accordingly, mass redistributions of AIS are expressed as superpositions of grav-
ity /height variations in each layer:

dgant = d8pr + dgipr + dgrym + d8pmp + d8GIa 1
dhant = dhgp, + dhipg + dhiym + dhgra )

where dg, .., dhan: are exterior gravity variations and surface height variations of AIS
(observed by GRACE and ICESat, respectively; see Sections 2.4.1 and 2.4.2), respectively.
Other subscripts of the terms in Equations (1) and (2) represent height and gravity vari-
ations caused by associated mass redistribution processes. Compared with the terms in
Equation (1), the BMB-related term is missing from Equation (2) because the BMB-induced
height variations have already been contained in the dhyyy term.

2.2. Estimation of BMB and BWSV

Separating BMB from the total mass variations is performed based on different sensi-
tivities of satellite observations on gravity and height variations of AIS. Then, BMB-induced
gravity variations dggy,z can be expressed through the modification of Equation (1):

dgpvp = d8ant — d8pL — d8ipr — d8vm — d8GIa 3)

In Equation (3), dg,,,; and dg;, are available from GRACE and GIA (see Section 2.4.3).
The remaining terms (dgg; , dgipr, and dgpy,) are gravity variations related to associated
height variations (dhpr, dhipr, and dhyyy) in Equation (2). However, satellite altime-
try’s limitation in vertical resolution makes it challenging to determine each height vari-
ation in Equation (2). To address this problem, we adopted a layered gravity density
forward/inversion iteration method to separate dgg,z and estimate BMB based on com
satellite altimetry/gravity data. Detailed procedures of the iteration method are described
as follows.

2.2.1. Initialization of the Iteration Procedure

Iterative procedure initiates with the assumption that no basal water migrations (no BMB)
occur in AIS. Accordingly, the initial value of dhyyy and dgpy; in Equations (2) and (3) are
set to 0. To ensure the time consistency of the input data, the dhgya term in Equation (2),
derived from GIA model-predicted height variation, is constrained by spare GPS observations
during the study period (see Section 2.4.3). Second, dhga and dhyyy are deducted from dhape
to obtain the initial residual height variation dhrpy (thatis, dhryy = dhant — dhgia — dhyywm).
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It is worth noting that dhgryy only contains height variations caused by the firn layer’s
processes and ice dynamic flow. Third, we utilize the density discrimination method,
simplified from the approach of Gunter et al. [25], to separate dhpp , dhipp from dhryy and
assign corresponding densities. The simplified density discrimination method differs from
Gunter et al. [25] in that it relies primarily on satellite altimetry observation data rather
than modelled climate data. The simplified density discrimination method is described
as follows:

4)

o= Pfirn for dhgr, Pice for (thHV — thL) if (thHV — thL)< 0& |thHV — thL| >204h
Prirn for dhruv otherwise

where pg;,, is firn density distribution of AIS [34]; dhyy, is height variation caused by
the spatio-temporal evolution of the firn layer and available from a time-dependent firn
densification model (FDM) (see Section 2.4.4). p;. is ice layer density (917 kg m~3). The

resulting uncertainty is expressed as og, = {/ 84, + 55 -

As shown in Equation (4), the negative height differences between dhrpy and dhgp
greater than 204y, are assumed to be caused by IDF (that is, dhjpr = dhryy — dhpr), then
Pice and pg, are assigned to dhypp and dhgy, respectively. In other cases, it is assumed
that no IDF occurs. Therefore, pg;,,, is assigned to dhrpy. Based on the assumption above,
the associated gravity variations (dg;pg, dgp; ) are estimated through the gravity forward
modelling method (see Supplementary Materials).

2.2.2. Estimating BMB and BWSV through Iteration Method

Based on the initial value of dgy; , dg;pp, and dgpyy,, we calculate dgg) 5 according
to Equation (3) and estimate initial BMB (mpyp, expressed by equivalent water height,
EWH) using a layered gravity density inversion method (see Supplementary Materials).
Then, a 300 km gaussian smoothing is applied on mpyp, in order to match the spatial
resolution of GRACE. It is worth noting that the layered gravity density inversion method
is applied based on the assumption that basal water migrations occur within a thin layer in
the ice-bed interface. In this process, BMB is estimated by solving the inversion problem
of the thin layer’s density. However, the initial BMB result is ‘unrealistic’ because the
thin layer assumption ignores the volume variations caused by basal water migrations
as water is nearly incompressible. The increase/decrease in basal water caused by basal
water migration would lead to the lift/drop of the overlying ice [2,18]. Following the same
logic, the basal ice-water volume changes induced by basal melting/freezing could result
in the ice sheet’s lift/drop as well. These ice sheet’s lift/drop processes, referred to as
ice sheet movement (IVM) in this paper, are also included in surface height variations
(dhrym in Equation (2)), and will in turn affect BMB estimation. To solve this problem,
we developed an iteration method described as follows. First, we combined initial EWH
of BMB and modelled basal melting rate data (mp)ys, see Section 2.4.4) to estimate dhyyn:
in basal melting region (where mpy; > 0), BMB is expressed in the form of liquid water,
and the associated dhyyys is expressed by dhyyn = mpyp; in basal freezing region (where
mgy; = 0), BMB is experienced in the form of ice, and the associated dhyyy is expressed by
dhyyy = mppp * Pice /1000. Second, dhyyys is used to recalculate the IVM-induced gravity
variations dgp. This process can be simplified by only updating the dhpyy term in
Section 2.2.1. Third, the subsequent procedures in Sections 2.2.1 and 2.2.2 are implemented
iteratively, until the mpyp is stable (the total BMB differences between two consecutive
iterations is smaller than 5 Gt/yr). Finally, BWSV is estimated through the combination
of mpyg and mpy: in basal melting regions, BWSV is mainly subject to liquid basal water
migrations and the melting of the ice base, and can be expressed by mpwsy = mpymp + mpwm;
in basal freezing regions, mpysy is 0 because liquid water would not occur in these regions.
The flowchart of the iterative procedure is shown in Figure 2.
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Figure 2. Flowchart for estimating BMB and BWSV. In upper pane, initial values of dgy; and dgipp
are calculated through surface density discrimination and gravity forward modelling method. In
middle pane, dgp, g are abstracted from the total gravity variations dg,,,,, and be used to calculate
mgyp through layered gravity inversion method. In lower pane, mpyg and basal melting data are
combined to obtain dhyyys, then the obtained dhyyys are used to update the relevant variations in the
first step for iteration until the BMB result is stable.

2.3. Uncertainty Estimation

Uncertainty estimation is performed according to the following three steps. In step 1,
uncertainty of each input dataset is converted to corresponding gravity uncertainties (terms
in the right side of Equation (5)). Among them, 6dg,..; is derived from the calibrated errors
of spherical harmonic coefficients provided by CSR, JPL, GFZ, and errors of degree 1&2
(see Section 2.4.1), through the method that modified from Wahr et al. [35]; 6dg,,,; is
derived from the standard deviations of height variations that relate to satellite altimetry
and inter-campaign biases corrections (see Section 2.4.2) and corresponding firn density,
through the error propagation law of the gravity reduction of cylinder model [32]. Similarly,
ddgrpn, 0dggia, 89dggps are derived height variations errors related to FDM, GIA models
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and GPS observations (see Sections 2.4.3 and 2.4.4), through the method above mentioned.
In step 2, gravity uncertainty of BMB (8dgg,g) is estimated through Equation (5). This
uncertainty estimation method does not strictly follow the procedure in Section 2.2 because
the uncertainty of the iteration procedure itself is difficult to assess.

ddgpyvp = \/ 8AgEayi + 8dgAy + 8dgFpy + dgEa + 8dgGps ©)

In step 3, mass uncertainty of BMB (dmgpy,g) is derived from 8dgg)z, through the
inversion of the error propagation law of the gravity reduction of the cylinder model. Then,
dmpwsy is estimated as follows:

Smpwsy = \/Smpys + Smpy (6)

where dmpy is the standard deviation of basal melting rate.

2.4. Input Data Processing
2.4.1. Gravimetry

Exterior time-varying gravity variations of AIS (dg,,, in Equations (1) and (3)) are
available from three Release 06 (RL06) monthly GRACE gravity field solutions provided
by CSR, JPL, and GFZ. Each of the solutions is represented by fully normalized Stokes
potential coefficients with degree and order up to 60. In pre-processing process, the degree
one coefficients are added to of each GRACE solutions using values generated from the
approach of Swenson et al. [36]. The C20 coefficients are replaced by the values derived
from satellite laser ranging [37]. Striping errors are suppressed by PAM6 smoothing [38] and
300 km Gaussian smoothing together. The leakage-out errors and amplitude dampening
are restored by multiplying a scaling factor [39]. It is known that the BMB only occurs in
AIS; therefore, leakage-in errors corrections were not performed in this study. Then, the
linear term was abstracted by utilizing a least-squares adjustment function containing four
parameters (constant term, linear term, and annual periodic term). The linear term of AIS
gravity variations dg, . is expressed as follows:

dgan = ?Z‘m:z(n -1) Tk Y oPnm(cos(0))[AChm cos(md) + ASpm sin(md)]  (7)

where GM is the geocentric gravitational constant, R is the mean Earth radius, kj is the
load Love number of degree n [30], P .m are the normalized associated Legendre func-
tions, ACnm, ASnm are modified harmonic coefficients, and 6 and ¢ are the colatitude and
longitude of the gravity point, respectively. Equation (7) is derived from the fundamental
equation of physical geodesy [40]; therefore, the obtained gravity variation dg, ,, can be
considered as the free-space anomaly variations in geoid. Correspondingly, the gravity
forward/inversion in this study can also be considered as the removal of the variation of
terrain correction from the free-space anomaly variations and its reverse application.

The uncertainties in the gravity variations are estimated by utilizing the method
of Wahr et al. [35]. The calibrated errors of the harmonic coefficients are available from
CSR, JPL, and GFZ, respectively; the coefficient errors of degree 1&2 are replaced by the
associated standard deviations of Cheng and Swenson [36,37]. Figure 3a—f shows the linear
gravity variations trend over AIS and corresponding uncertainties. The observation period
is consistent with the satellite altimetry simultaneous observation period, in order to avoid
sampling error.
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Figure 3. Linear gravity variation trend over AIS estimated from (a) CSR (b) JPL and (c) GFZ,
and associated uncertainties (d—f). The observation period is consistent with the satellite altimetry
simultaneous observation period.

2.4.2. Altimetry

Surface height variations of AIS are derived ICESat observations spanning from
February 2003 to October 2009. The object of ICESat is to measure height variations of
ice sheet with the accuracy < 1.5 cm/yr at the spatial resolution of 100 x 100 km? on
AIS [41]. Accordingly, we utilized a block crossover analysis method [42,43] to estimate
AIS height variations, and the size of the block was set to 100 x 100 km?. In pre-processing,
the crossover points with height variations greater than 10 m/yr are deleted in order to
eliminate errors that arise from the small-scale surface roughness, undetected forward
scattering, or interpolations between successive footprints [44]. Afterward, a 3o criterion
test is performed in each block to reduce the residual errors [45]. The linear surface
height variations trends are substracted by utilizing the least-square adjustment method
in Section 2.4.1.

The ICESat inter-campaign biases (ICB, the different biases from one ICESat campaign
to the next one) have important effects on the long-term elevation change rate, and have
been estimated in several studies. For example, Zwally et al. [46] computed the ICB by
using concurrent radar altimetry on the same surface in open water and thin ice in leads
and polynyas in Antarctic sea ice pack. Richter et al. [47] and Schroeder et al. [48] detected
the ICB based on the near-zero surface height changes and hydrostatic equilibrium for
the snow surface above Lake Vostok and its surroundings in East Antarctica (EA). Other
studies estimated the ICB through the assumption of near-zero elevation changes regions in
EA. However, these ICB results vary largely due to utilizing different areas and calibration
methods across the globe, and none of them has been endorsed by the ICESat Science Team,
NASA, or NSIDC, which leads to additional uncertainty in estimating height variations of
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AIS. To reduce the uncertainty caused by ICB, we utilize the average ICB correction from
Zwally et al. [46], Richter et al. [47] and Schroeder et al. [48], to avoid the artificial selection
of different areas and calibration methods.

Figure 4 shows the linear surface height variations trend over AIS and associated
uncertainties, with a grid size of 100 x 100 km?. In order to match with the GRACE spatial
resolution, a 300 km Gaussian smoothing filter is applied to the surface height variations
before gravity forward modelling calculation.
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Figure 4. (a) Linear surface height variations trend derived from ICESat (including ICB correction)
during February 2003-October 2009 (truncated at 200 mm/y). (b) Associated uncertainties.
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2.4.3. GIA Models and GPS Data

Uncertainty in GIA has been considered as an important error source in evaluating
the mass redistribution process. Many researchers have been worked on modelling GIA
through various methods [49]. In this study, three GIA models (ICE-6G, IJ05_R2, and W12a)
are used to account for the secular deformation of solid Earth [50-53]. Among them, ICE-6G
is global GIA model that is constrained by geological and geodetic observation data includ-
ing GPS, ice thickness, relative sea level histories, and the age of marine sedimentation. The
associated uncertainty is estimated to be 0.89 mm/y according to the difference between
the uplift rate derived from ICE-6G and that observed by 42 GPS sites [51]. I[J05_R2 and
W12a are regional GIA models constrained by extensive geological and glaciological data.
Uncertainty in IJ05_R2 is estimated to be 1.40 mm/y according to the difference between the
uplift rate derived from IJO5_R2 and that observed by six GPS stations with the observation
period over 3000 days [52]. Uncertainty in W12a is estimated according to the difference
between the provided upper and lower bounds of uplift rate. The three representative GIA
models, derived from different Earth models and observations, show significant differences
in spatial distribution compared with other GIA models, but are in good agreement with
the GPS observations in Antarctica, which we assume are suitable for investigating the
effect on BMB and BWSV results.

In order to ensure the consistency of the study period, we utilized sparse GPS observa-
tions to force the GIA predicated uplift rates. The 57 GPS sites used here are selected from
the 118 GPS sites given by Sasgen et al. [54], based on the selection criteria that the observa-
tion period is consistent with our study period and the associated errors are smaller than
the uplift rate. Figure 5a—c shows the predicated uplift rates predicted by ICE-6G, IJ05_R2,
and W12a, as well as the uplift rate observed by 57 GPS sites and their uncertainties.
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Figure 5. GIA predicated uplift rates from (a) ICE-6G, (b) IJ05_R2, (c) W12a, and uplift rates observed
by 57 GPS sites and associated uncertainties during 2003-2009. The color of the circle donates the
uplift rate and the radius donates the associated uncertainties.

2.4.4. Additional Datasets

Height variations caused by the spatio-temporal evolution of AIS firn layer is available
from the Institute for Marine and Atmospheric Research Utrecht Firn Densification Model
(IMAU-FDM) [34]. To simulate temporal evolution of density and height variations of the
firn layer, the time-dependent IMAU-FDM is constrained by several datasets including
surface mass balance, surface temperature, and wind speed from the regional atmospheric
climate model RACMO2/ANT [34]. The time-dependent IMAU-FDM data period used in
this study is consistent with the ICESat simultaneous observation period, and the linear
height variations trends are subtracted through the least-square adjustment method in
Section 2.4.1. Figure 6a,b show the linear height variations trend derived from IAMU-FDM
over the study period and the associated uncertainties. For the consistency of spatial
resolution, a 300 km Gaussian filter was also performed on IAMU-FDM derived surface
height variations.
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Figure 6. (a) Linear height variations trend derived from IAMU-FDM over the study period and (b)
associated uncertainties.

Basal melting rate data used to identify basal melting/freezing and estimate BWSV
are available from Pattyn [11], inferred through a hybrid method that combines prior
information (such as on-site measurements, topography, accumulation, surface temperature,
geothermal heat flow data) with the ice sheet/ice stream model. Although the period of
the prior information (1980-2004, [11,55]) is different from that of this study, this period
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discrepancy has little influence on the estimation of BWSV due to the stable basal conditions
caused by the isolation of the overlying ice sheet. Figure 7a,b shows the basal melting
rates over AIS and the associated uncertainties. For the consistency of spatial resolution, a
300 km Gaussian smoothing filter was also performed on the basal melting rate to match
the spatial resolution of BMB.
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Figure 7. (a) Basal melting rates over AIS (truncated at 10 mm/y) and (b) associated standard
deviation. This dataset is available from Pattyn [11].

3. Results and Discussion
3.1. Basal Mass Balance Beneath Antarctic Ice Sheet

Figure 8 displays the total BMB results for each iteration related to three GIA models.
All BMB results converge to a negative value since the seventh iteration, showing the
stability of the iteration method. Among them, total result of BMB (ICE-6G) is close to that
of BMB (W12a) and about 5 Gt/yr larger than that of BMB (IJ06_R2), which indicates that
using different GIA models has less influence on BMB results.

-5 - - - - - ; - ;
BMB(ICE-6G)
—%— BMB(lJ05-R2)

-10t —+— BMB(W12a) |1

BMB(Gt/yr)

2 3 4 5 6 7 8 9 10 11
Iteration

Figure 8. Total basal mass balance (BMB) results for each iteration over AIS.

Table 1 shows the three regional BMB rates in 18 drainage basins and associated
standard deviations (Std). Figure 9 displays the comparison of regional BMB rates among
the three results (Figure 9a), and error contributions of each input dataset (Figure 9b—d).
The drainage basins division method used for regional BMB rates statistics comes from
Rignot et al. [56] (spatial division is shown in Figure 9), and is employed in this study
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based on the spatial similarity between simulated basal water pathways and observed
ice flows. As shown in Table 1 and Figure 9a, regional BMB rates related to three GIA
models are similar in most basins, while the large difference in B9 is primarily responsible
for the discrepancy of total variation rates of the three BMB results. Among them, B5, B6,
and B9 exhibit obvious basal mass increases (regional BMB rates lager than 10 Gt/yr and
larger than associated Std), while B2, B3, and B11 display obvious basal mass decreases.
Figure 9b—d displays consistency of the regional Std for the three BMB results, with the
larger Std (greater than 5 Gt/yr) located in B3, B5, B8, B9, and B17, and the smaller Std
located in B10, B12-B15, and B18, which is mainly determined by the area of the basins.
Specifically, the main error sources in estimating BMB come from satellite gravimetry
(85%, including GRACE + degree 1&2), ICB (26%), IMAU-FDM (14%), GIA (15%), account-
ing for 90% of the total Std of BMB, while errors of GPS (6%) and ICESat (4%) have a lesser
effect on BMB. It is worth noting that errors generated by the iteration procedure itself are
difficult to assess, while these errors are considered to be small due to the convergence
of the iteration result and are therefore not contained in the uncertainties result. Overall,
regional average BMB rates (average of regional BMB rates related to three GIA models)
in the East Antarctic Ice Sheet (EAIS, including B1-B8, B17, and B18) and West Antarctic
Ice Sheet (WAIS, including B9-B12 and B16) are 11 £+ 20 Gt/yr and —31 + 8 Gt/yr, ac-
counting for 23% and 30% of the corresponding documented ice-sheet mass balance [57],
respectively. The regional average BMB rate in the Antarctic Peninsula Ice Sheet (APIS,
including B13-B15) is very low (—1 4= 2 Gt/yr). The total average BMB rate over AIS is
—21 £ 22 Gt/yr, accounting for 29% of the documented total ice-sheet mass balance rate
(=76 £ 20 Gt/yr, during 2003-2010) [57].

Table 1. Regional BMB rates in 18 drainage basins and associated standard deviations, in Gt/yr.

Basi BMB (ICE-6G) BMB (IJ05_R2) BMB (W12a) Basi BMB (ICE-6G) BMB (IJ05_R2) BMB (W12a)
asm Rates Std Rates Std Rates Std asut Rates Std Rates Std Rates Std
Bl 4 4 4 5 4 4 B11 —41 3 —40 4 —45 3
B2 —10 4 —11 4 —11 3 B12 -1 1 -1 1 -1 1
B3 —10 7 -9 9 —11 7 B13 0 1 0 1 -1 1
B4 -1 4 -1 5 -1 4 B14 1 1 1 1 1 1
B5 20 7 21 8 20 7 B15 -2 1 -2 1 -2 1
B6 12 4 11 5 12 4 B16 4 4 2 5 0 4
B7 2 2 1 2 2 2 B17 0 12 0 13 3 11
B8 —6 9 -8 10 —4 8 B18 0 2 0 2 0 2
B9 9 5 18 6 15 5
B10 —4 1 —4 1 —4 1 Total —23 21 —18 24 —22 20

Figure 10 displays spatial distributions of BMB rates and associated standard devia-
tions. Red colours in Figure 10a—c are basal mass increases regions with positive BMB rates,
while blue colours are basal mass decrease regions with negative BMB rates; shadows repre-
sent unsignificant regions where the BMB rates are lower than the associated Std. As shown
in Figure 10a—c, three BMB results show similar spatial distributions with the obvious
basal mass changes occurring mainly in WAIS, marginal regions of EAIS, and Wilkes Land.
The Std of the three BMB results (Figure 10d—f) also show identical spatial distributions:
APIS and WALIS regions possess the largest Std (>15 mm/yr), mainly from uncertainties
of satellite gravimetry (accounting for about 25% of total Std), ICB (~25%), IMAU-FDM
(~20%) and GPS (~20%); medium Std (10-15 mm/yr) are located in the marginal region of
EAIS, mainly from satellite gravimetry (~40%), ICB (~30%) and IMAU-FDM (~20%); while
the low Std (<10 mm/yr) covers a large extent the interior of EAIS, which mainly comes
from satellite gravimetry (45%) and ICB (35%).
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Figure 9. (a) Comparison of regional BMB rates in 18 drainage basins and (b—d) error contributions
of each input datasets.
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Figure 10. Spatial distribution of BMB related to (a) ICE-6G, (b) IJ05_R2 and (c¢) W12a in unit of
mm/yr, and (d-f) associated standard deviations. Shadows are regions where the absolute values of
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BMB rates are lower than the associated standard deviations. SC = Siple Coast; DML = Dronning
Maud Land; EndL = Enderby Land; ASB = Aurora Subglacial Basin; IIS = Institute Ice Stream;
GVC = George V Coast; RIS = Recovery Ice Stream; SG = Slessor Glacier; RP = Rockefeller Plateau;
GSM = Gamburtsev Subglacial Mountain.
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Significant basal mass increases (with the positive BMB rates greater than the associ-
ated Std) occur mainly in the Rockefeller Plateau (RP), Siple Coast (SC), George V Coast
(GVC), Aurora Subglacial Basin (ASB), Dronning Maud Land (DML), Slessor Glacier (SG),
Recovery Ice Stream (RIS) and Institute Ice Stream (IIS), which is mainly attributed to the
low basal hydrological potential in these regions that facilitating basal water accumula-
tion (Figure S3, [58]). In some of these regions, the regional basal mass increases have
been verified by other studies. For example, basal mass increases in the SC region have
been demonstrated by revealing the basal water accumulation mechanism beneath the
MacAyeal and Whillans ice streams [2,59]; basal mass increases in RIS region are proven to
be caused by subglacial lake water discharging into the bedrock trench beneath the Recov-
ery Glaciers [60]; furthermore, some studies have found that the basal water in Gamburtsev
Subglacial Mountain (GSM) flows upward to basal ridges [61], and a similar pattern is
also revealed in our BMB result, although not significant enough. On the other hand,
significant basal mass decreases occur mainly along Amundsen Sea coast, in the interior of
EAIS, and in the Enderby Land (EndL) region. Among these, basal mass decreases along
the Amundsen Sea coast region are proven to be caused by the basal water, generated by
basal geothermal flux-induced active ice melting [62] and discharged into Amundsen Sea
through basal channels [59]; basal mass decreases in the interior of EAIS are due to the out-
ward flow of the basal water driven by basal hydrological potential gradient [58]. However,
the basal mass decreases in the EndL region lack verification and need further exploration.

3.2. Basal Water Storage Variations Beneath Antarctic Ice Sheet

Table 2 shows regional basal water storage variations (BWSV) rates and associated
Std. Figure 11 displays the comparison among regional BWSV rates of the three results
and associated error contributions of each input dataset. As shown in Figure 11a, regional
BWSV rates related to three GIA models are also similar in most of the drainage basins:
B5, B6 and B9 exhibit obvious basal water increases, B11 displays obvious basal water
decreases, while other drainage basins show little basal water variation. Overall, regional
average BWSV rates (average of regional BWSV rates related to three GIA models) in EAIS
and WAIS are 47 & 21 Gt/yr and —4 + 8 Gt/yr, respectively, while no obvious BWSV
occurs in APIS regions. The total average BWSV rate over AIS is 43 & 23 Gt/yr, which is
22 Gt/y lower than the basal meltwater increase rate (65 Gt/yr) [11], indicating that most
of the increased basal meltwater is stored in the ice-bed interface.

Table 2. Regional BWSV rates in 18 drainage basins and associated standard deviations, in Gt/yr.

Basi BWSYV (ICE-6G) BWSYV (IJ05_R2) BWSYV (W12a) Basi BWSYV (ICE-6G) BWSYV (IJ05_R2) BWSYV (W12a)
asmm Rates Std Rates Std Rates Std asm Rates Std Rates Std Rates Std
B1 5 4 4 5 4 4 B11 —16 4 -15 4 -15 4
B2 -1 4 -2 4 -1 3 B12 0 1 0 1 0 1
B3 -2 8 -2 9 -2 7 B13 0 1 0 1 0 1
B4 4 5 4 5 4 4 B14 0 1 0 1 0 1
B5 17 7 18 8 15 7 B15 0 1 0 1 0 1
B6 11 4 11 5 10 4 B16 0 5 4 5 2 5
B7 4 2 4 2 4 2 B17 6 12 6 14 7 11
B8 2 9 1 10 3 8 B18 2 2 2 2 2 2
B9 6 5 13 6 10 5
B10 0 1 0 1 0 1 Total 38 22 48 25 43 21

Figure 11b—d displays similar regional Std among the three BWSV results, with almost
identical magnitude to the BMB results. The main error sources are also identical to that of
BMB, while its rate drops to 80% (including: 32% from satellite gravimetry, 23% from ICB,
13% from IMAU-FDM, and 12% from GIA) of the total Std, due to the introduction of basal
melting errors (accounts for 8% of the total Std of BWSV). Although the uncertainties of
the result are derived from various input data, the total Std are relatively small, which is
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attributed to: 1. the usage of the satellite gravimetry average, ICB correction average, and
GIA model average reduces the uncertainties of the input datasets; 2. the block crossover
analysis method used in satellite altimetry reduces the uncertainties of the observed height
variations; 3. the usage of surface density discrimination method avoids introducing
additional errors from regional atmospheric climate model.

12 16 4
= 11
[ m BWSV(ICE-6G) 9 8
[ m BWSV(IJ05-R2) | | 10 5
[ m BWSV(W12a) | —|

10 | [ m BWSV(ICE-6G)
5 I Am GRACE+dge182
I Am ICESat

Am IMAU-FDM
-5 | amics
—10 | am ICE-6G

Am GPS

-15 Am basal melting

[ m BWSV(1J05-R2)
I Am GRACE+dge1&2
[ Am ICESat

Am IMAU-FDM
I & iCB
I Am 1J05-R2

Am GPS

Am basal melting

[ m BWSV(W12a)
I A GRACE+dge18&2
I Am ICESat

Am IMAU-FDM
I A iCB
=10 | s am wi2a
-15 Am GPS
1 | | | | | | | | | | | | | -20 Am basal melting

Basin

Figure 11. (a) Comparison of regional BWSV rates in 18 drainage basins, and (b—d) error contributions
of input dataset to regional standard deviations of BWSV rates.

Figure 12 displays the spatial distributions of BWSV rates and associated uncertainties,
as well as the location of subglacial lakes. Red colours in Figure 12a—c are regions with
increased basal water storage that arise from basal water inflow and basal ice melting,
while blue colours are regions with decreased basal water storage that are caused by basal
water runoff. Blue dots in Figure 12a are locations of active subglacial lakes inferred from
the surface height variations of AIS [63], grey dots in Figure 12b are locations of definite or
fuzzy subglacial lakes detected by radio-echo sounding (RES) technique [64]. The spatial
distributions of BWSV (Figure 12a—c) are similar to that of BMB, and differences are located
mainly in marginal regions of EAIS where a more extensive basal water increases exists.
In WAIS and marginal regions of EAIS (for example, IIS, RP, GVC, ASB, and SG regions
in Figure 12a), the spatial distributions of increased basal water are consistent with those
of active subglacial lakes, suggesting that basal water storage in most active subglacial
lakes is increasing, despite the frequent water drainage events. These increased basal water
storages are related to the following reasons: 1. regional low basal hydrological potential
facilitates the convergence of surrounding basal water; 2. regional active melting of the
bottom of ice layer contributes to the replenishment of basal water storage. The former
reason for basal water storage increasing has also been supported by other studies, such as
the continued basal water increases in most subglacial lakes in the RP region obtained from
multi-mission satellite altimetry [65]. However, the latter reason for basal water storage
remains unverified due to its limited contribution to height variations. Besides, definite
or fuzzy lakes (grey circles in Figure 12b) are situated mainly in low-BWSV regions of
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EAIS, which could be explained by lacking active basal water migration in these regions.
However, exceptions are Concordia Subglacial lakes in Dome C (DC) region, where the
increased basal water storage might be attributed to the fierce basal ice melting in Concordia
Ridge, Concordia Subglacial Lakes, and Vincennes Basin [66], or regional "hydrological
depression’-induced long-term basal water accumulation.
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Figure 12. Spatial distribution of BWSV related to (a) ICE-6G, (b) [J05_R2 and (c) W12a, and (d—f) associated
standard deviations (in mm/yr). Blue and grey dots in (a,b) represent active subglacial lakes and
definite or fuzzy subglacial lakes, respectively. DC = Dome C.

4. Conclusions

This study presents a layered gravity density forward/inversion method in combina-
tion with the iteration approach to estimate BMB and BWSV. The input datasets include
multi-source satellite data and relevant models, most of which span from 2003 to 2009. Our
results show that all the total BMB rates converge to negative values and display identical
spatial distributions, which shows the potential and stability of detecting Antarctic BMB
through the presented method.

The total BMB over AIS decreases at an average rate of —21 & 22 Gt/yr (EAIS: 11 £ 20 Gt/yr,
WALIS: —31 £ 8 Gt/yr, APIS: —1 & 2 Gt/yr), accounting for 29% of the mass balance rate
(=76 £ 20 Gt/yr) estimated by Shepherd et al. [57]. Spatially, obvious basal mass decreases
are located mainly along Amundsen Sea coast, the interior of EAIS, and the Enderby Land
region, while basal mass increases are situated mainly in the Rockefeller Plateau, Siple
Coast, Institute Ice Stream regions, and the marginal of EAIS. The spatial distribution of
BWSV was similar to that of BMB, with a rate of 43 & 23 Gt/yr (EAIS: 47 £+ 21 Gt/yr,
WAIS: —4 + 9 Gt/yr, APIS: 0+ 1 Gt/yr). In WAIS and marginal regions of EAIS, similar
spatial distribution between increased basal water and active subglacial lakes suggested that
the water storage in most active subglacial lakes is increasing, despite the frequent water
drainage events. Basal water storage in most regions with definite or fuzzy lakes is relatively
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stable, with exceptions in Concordia Subglacial lakes regions, where the increased basal
water storage caused by fierce basal ice melting and long-term basal water accumulation.

Major error sources in estimating BMB and BWSV come from satellite gravimetry
errors (including GRACE and coefficients of degree 1&2) and ICB correction errors in
satellite altimetry, which account for 55% of the total errors. Therefore, the errors in BMB
and BWSV results are expected to decrease substantially, provided the progress of the
harmonization of the benchmarks for different satellite observations continues.

In summary, the method presented in this paper can be used to calculate the Antarc-
tic continental BMB and BWSV, based on existing satellite observation data and several
relevant models. The results could contribute to the understanding of detailed mass vari-
ations of AIS and the changes in basal heat flux, basal effective stress, and ice dynamics
in Antarctica.

Supplementary Materials: The supporting information for gravity forward modelling method,
the layered gravity density inversion method, as well as basal hydraulic potential of AIS can be
downloaded at: https://www.mdpi.com/article/10.3390/rs14102337/s1. C.f., [67,68].

Author Contributions: Conceptualization, ] K., Y.L. (Yang Lu) and H.S.; methodology, ] K. and
Y.L. (Yang Lu); validation, J.K., Y.L. (Yan Li) and Z.Z.; formal analysis, ].K., Y.L. (Yang Lu) and
Y.L. (Yan Li); investigation, Y.L. (Yan Li) and H.S.; resources, J.K., Y.L. (Yang Lu) and H.S.; data
curation, J.K. and H.S.; writing—original draft preparation, J.K.; writing—review and editing,
Y.L. (Yang Lu), Y.L. (Yan Li) and Z.Z.; visualization, ] K. and Y.L. (Yang Lu); supervision, Y.L. (Yang Lu)
and Z.Z.; project administration, Y.L. (Yang Lu) and H.S.; funding acquisition, Y.L. (Yang Lu) and
H.S.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was jointly funded by the National Natural Science Foundation of China
(Grant No. 41674085, 41874093, and 42074094), Independent project of State Key Laboratory of
Geodesy and Earth’s Dynamics (521L6401).

Data Availability Statement: BMB and BWSV data are available at https:/ /github.com /Kangjingyul
7/BMB-BWSV.git. Dataset used in this study is listed GRACE: ftp:/ /isdcftp.gfz-potsdam.de/grace/
Level-2/; ICESat: https:/ /nsidc.org/data/icesat/; BEDMAP2: https:/ /secure.antarctica.ac.uk/data/
bedmap2/; GPS: https://depldoc.gfz-potsdam.de/documents/102; ICE-6G: https:/ /www.atmosp.
physics.utoronto.ca/~peltier/data.php; W12a: http:/ /www.pippawhitehouse.com/; all accessed
dates are 29 March 2022. Any other specific data of this study are available on request to the authors.

Acknowledgments: The author would like to thank Regional glacial isostatic adjustment and CryoSat
elevation rate corrections in Antarctica (REGINA), Peltier, and Whitehouse for the distribution of
GPS, ICE-6G, and W12a data respectively. We are also grateful to Ligtenberg, Pattyn, Van Liefferinge,
and Ivins, for the use of FDM/firn density data, basal melting rate data, and IJ05_R2 data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Joughin, L.R.; Tulaczyk, S.; Engelhardt, H.E. Basal melt beneath whillans ice stream and ice streams A and C, west Antarctica.
In Annals of Glaciology; Annals of Glaciology-Series; Raymond, C.F.,, Ed.; Cambridge University Press: Cambridge, UK, 2003;
Volume 36, pp. 257-262.

Fricker, H.A; Siegfried, M.R ; Carter, S.P.; Scambos, T.A. A decade of progress in observing and modelling Antarctic subglacial
water systems. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2016, 374, 20140294. [CrossRef] [PubMed]

Wingham, D.J.; Siegert, M.].; Shepherd, A.; Muir, A.S. Rapid discharge connects Antarctic subglacial lakes. Nature 2006, 440,
1033-1036. [CrossRef] [PubMed]

Carter, S.P.; Fricker, H.; Siegfried, M. Active lakes in Antarctica survive on a sedimentary substrate-Part 1: Theory. Cryosphere
Discuss. 2015, 9, 2053-2099.

Bell; Robin, E. The role of subglacial water in ice-sheet mass balance. Nat. Geosci. 2008, 1, 297-304. [CrossRef]

Fricker, H.A.; Scambos, T.; Bindschadler, R.; Padman, L. An active subglacial water system in West Antarctica mapped from space.
Science 2007, 315, 1544-1548. [CrossRef]

Alley, R.B. Flow-law hypotheses for ice-sheet modeling. . Glaciol. 1992, 38, 245-256. [CrossRef]

Jordan, T.A.; Martin, C.; Ferraccioli, F.; Matsuoka, K.; Corr, H.; Forsberg, R.; Olesen, A.; Siegert, M. Anomalously high geothermal
flux near the South Pole. Sci. Rep. 2018, 8, 16785. [CrossRef]

Wilch, E.; Hughes, T.J. Calculating basal thermal zones beneath the Antarctic ice sheet. J. Glaciol. 2000, 46, 297-310. [CrossRef]


https://www.mdpi.com/article/10.3390/rs14102337/s1
https://github.com/Kangjingyu17/BMB-BWSV.git
https://github.com/Kangjingyu17/BMB-BWSV.git
ftp://isdcftp.gfz-potsdam.de/grace/Level-2/
ftp://isdcftp.gfz-potsdam.de/grace/Level-2/
https://nsidc.org/data/icesat/
https://secure.antarctica.ac.uk/data/bedmap2/
https://secure.antarctica.ac.uk/data/bedmap2/
https://dep1doc.gfz-potsdam.de/documents/102
https://www.atmosp.physics.utoronto.ca/~peltier/data.php
https://www.atmosp.physics.utoronto.ca/~peltier/data.php
http://www.pippawhitehouse.com/
http://doi.org/10.1098/rsta.2014.0294
http://www.ncbi.nlm.nih.gov/pubmed/26667904
http://doi.org/10.1038/nature04660
http://www.ncbi.nlm.nih.gov/pubmed/16625193
http://doi.org/10.1038/ngeo186
http://doi.org/10.1126/science.1136897
http://doi.org/10.1017/S0022143000003658
http://doi.org/10.1038/s41598-018-35182-0
http://doi.org/10.3189/172756500781832927

Remote Sens. 2022, 14, 2337 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.
36.

37.
38.

39.

Verbitsky, M.; Saltzman, B. Modeling the Antarctic ice sheet. In Proceedings of the International Symposium on Representation of
the Cryosphere in Climate and Hydrological Models, Victoria, BC, Canada, 12-15 August 1996; pp. 259-268.

Pattyn, F. Antarctic subglacial conditions inferred from a hybrid ice sheet/ice stream model. Earth Planet. Sci. Lett. 2010, 295,
451-461. [CrossRef]

Liefferinge, B.V.; Pattyn, F.; Cavitte, M.G.P.; Karlsson, N.B.; Eisen, O. Promising oldest ice sites in east Antarctica based on
thermodynamical modelling. Cryosphere Discuss. 2018, 12, 2773-2787. [CrossRef]

Rignot, E.; Jacobs, S.S. Rapid bottom melting widespread near Antarctic ice sheet grounding lines. Science 2002, 296, 2020-2023.
[CrossRef] [PubMed]

Fisher, A.T.; Mankoff, K.D.; Tulaczyk, S.M.; Tyler, S.W.; Foley, N. High geothermal heat flux measured below the west Antarctic
ice sheet. Sci. Adv. 2015, 1, €1500093. [CrossRef] [PubMed]

Martos, Y.M.; Catalan, M.; Jordan, T.A.; Golynsky, A.; Golynsky, D.; Eagles, G.; Vaughan, D.G. Heat flux distribution of Antarctica
unveiled. Geophys. Res. Lett. 2017, 44, 11-417. [CrossRef]

Cui, X.; Wang, T,; Sun, B.; Tang, X.; Guo, ]J. Chinese radioglaciological studies on the Antarctic ice sheet: Progress and prospects.
Adv. Polar Sci. 2017, 28, 14-23.

Wolovick, M.].; Bell, R.E.; Creyts, T.T.; Frearson, N. Identification and control of subglacial water networks under Dome A,
Antarctica. J. Geophys. Res. Earth Surf. 2013, 118, 140-154. [CrossRef]

Evatt, G.W.; Fowler, A.C.; Clark, C.D.; Hulton, N.R.J. Subglacial floods beneath ice sheets. Philos. Trans. R. Soc. A Math. Phys. Eng.
Sci. 2006, 364, 1769-1794. [CrossRef]

Livingstone, S.J.; Li, Y.; Rutishauser, A.; Sanderson, R.J.; Winter, K.; Mikucki, J.A.; Bjornsson, H.; Bowling, J.S.; Chu, W.N.; Dow,
C.F; et al. Subglacial lakes and their changing role in a warming climate. Nat. Rev. Earth Environ. 2022, 3, 106-124. [CrossRef]
Null, K.A.; Corbett, D.R.; Crenshaw, ].; Peterson, R.N.; Peterson, L.E.; Lyons, W.B. Groundwater discharge to the western Antarctic
coastal ocean. Polar Res. 2019, 38. [CrossRef]

Gooch, B.T.; Young, D.A_; Blankenship, D.D. Potential groundwater and heterogeneous heat source contributions to ice sheet
dynamics in critical submarine basins of East Antarctica. Geochem. Geophys. Geosystems 2016, 17, 395-409. [CrossRef]

Flament, T.; Berthier, E.; Rémy, F. Cascading water underneath wilkes land, east Antarctic ice sheet, observed using altimetry and
digital elevation models. Cryosphere 2014, 8, 673—687. [CrossRef]

Young, D.A.; Schroeder, D.; Blankenship, D.D.; Kempf, S.D.; Quartini, E. The distribution of basal water between Antarctic
subglacial lakes from radar sounding. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2016, 374, 20140297. [CrossRef] [PubMed]
Goeller, S.; Thoma, M.; Grosfeld, K.; Miller, H. A balanced water layer concept for subglacial hydrology in large-scale ice sheet
models. Cryosphere 2013, 7, 1095-1106. [CrossRef]

Gunter, B.; Didova, O.; Riva, R; Ligtenberg, S.; Lenaerts, J.; King, M.; Van den Broeke, M.; Urban, T. Empirical estimation of
present-day Antarctic glacial isostatic adjustment and ice mass change. Cryosphere 2014, 8, 743-760. [CrossRef]

Martin-Espanol, A.; Zammit-Mangion, A.; Clarke, PJ.; Flament, T.; Helm, V,; King, M.A_; Luthcke, S.B.; Petrie, E.; Remy, F.; Schon,
N.; et al. Spatial and temporal Antarctic ice sheet mass trends, glacio-isostatic adjustment, and surface processes from a joint
inversion of satellite altimeter, gravity, and GPS data. J. Geophys. Res. Earth Surf. 2016, 121, 182-200. [CrossRef] [PubMed]
Sasgen, I.; Martin-Espanol, A.; Horvath, A.; Klemann, V,; Petrie, E.J.; Wouters, B.; Horwath, M.; Pail, R.; Bamber, ].L.; Clarke, PJ.
Joint inversion estimate of regional glacial isostatic adjustment in Antarctica considering a lateral varying Earth structure (ESA
STSE Project REGINA). Geophys. ]. Int. 2017, 211, 1534-1553. [CrossRef]

Gao, C.C; Ly, Y,; Zhang, Z.Z.; Shi, H.L. A joint inversion estimate of Antarctic ice sheet mass balance using multi-geodetic data
sets. Remote Sens. 2019, 11, 653. [CrossRef]

Zwally, HJ.; Robbins, ].W.; Luthcke, S.B.; Loomis, B.D.; Remy, F. Mass balance of the Antarctic ice sheet 1992-2016: Reconciling
results from GRACE gravimetry with ICESat, ERS1/2 and Envisat altimetry. J. Glaciol. 2021, 67, 533-559. [CrossRef]

Wahr, J.; Molenaar, M.; Bryan, F. Time variability of the Earth’s gravity field: Hydrological and oceanic effects and their possible
detection using GRACE. . Geophys. Res. Solid Earth 1998, 103, 30205-30229. [CrossRef]

Watkins, M.M.; Wiese, D.N.; Yuan, D.N.; Boening, C.; Landerer, EW. Improved methods for observing Earth’s time variable mass
distribution with GRACE using spherical cap mascons. ]. Geophys. Res. Solid Earth 2015, 120, 2648-2671. [CrossRef]

Heiskanen, W.A.; Moritz, H. Physical geodesy. Bull. Gaodésique 1967, 86, 491-492. [CrossRef]

Aster, R.C.; Borchers, B.; Thurber, C.H. Parameter estimation and inverse problems. In Parameter Estimation and Inverse Problems,
2nd ed.; Aster, R.C., Borchers, B., Thurber, C.H., Eds.; Academic Press: Boston, MA, USA, 2013; pp. 141-168.

Ligtenberg, S.; Helsen, M.; Van den Broeke, M. An improved semi-empirical model for the densification of Antarctic firn.
Cryosphere 2011, 5, 809-819. [CrossRef]

Wahr, J.; Swenson, S.; Velicogna, I. The accuracy of GRACE mass estimates. Geophys. Res. Lett. 2006, 33, 6. [CrossRef]

Swenson, S.; Chambers, D.; Wahr, J. Estimating geocenter variations from a combination of GRACE and ocean model output.
J. Geophys. Res. Solid Earth 2008, 113, B8. [CrossRef]

Cheng, M.K; Tapley, B.D.; Ries, J.C. Deceleration in the Earth’s oblateness. |. Geophys. Res. Solid Earth 2013, 118, 740-747. [CrossRef]
Chen, J.L.; Wilson, C.R.; Tapley, B.D.; Grand, S. GRACE detects coseismic and postseismic deformation from the Sumatra-
Andaman earthquake. Geophys. Res. Lett. 2007, 34, 13. [CrossRef]

Gao, C.C,; Lu, Y,; Zhang, Z.Z.; Shi, H.L.; Zhu, C.D. Ice sheet mass balance in Antarctica measured by GRACE and its uncertainty.
Chin. . Geophys. Chin. Ed. 2015, 58, 780-792.


http://doi.org/10.1016/j.epsl.2010.04.025
http://doi.org/10.5194/tc-12-2773-2018
http://doi.org/10.1126/science.1070942
http://www.ncbi.nlm.nih.gov/pubmed/12065835
http://doi.org/10.1126/sciadv.1500093
http://www.ncbi.nlm.nih.gov/pubmed/26601210
http://doi.org/10.1002/2017GL075609
http://doi.org/10.1029/2012JF002555
http://doi.org/10.1098/rsta.2006.1798
http://doi.org/10.1038/s43017-021-00246-9
http://doi.org/10.33265/polar.v38.3497
http://doi.org/10.1002/2015GC006117
http://doi.org/10.5194/tc-8-673-2014
http://doi.org/10.1098/rsta.2014.0297
http://www.ncbi.nlm.nih.gov/pubmed/26667910
http://doi.org/10.5194/tc-7-1095-2013
http://doi.org/10.5194/tc-8-743-2014
http://doi.org/10.1002/2015JF003550
http://www.ncbi.nlm.nih.gov/pubmed/27134805
http://doi.org/10.1093/gji/ggx368
http://doi.org/10.3390/rs11060653
http://doi.org/10.1017/jog.2021.8
http://doi.org/10.1029/98JB02844
http://doi.org/10.1002/2014JB011547
http://doi.org/10.1007/BF02525647
http://doi.org/10.5194/tc-5-809-2011
http://doi.org/10.1029/2005GL025305
http://doi.org/10.1029/2007JB005338
http://doi.org/10.1002/jgrb.50058
http://doi.org/10.1029/2007GL030356

Remote Sens. 2022, 14, 2337 18 of 18

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.
67.

68.

Hofmann-Wellenhof, B.; Moritz, H. Physical Geodesy; Springer: Berlin/Heidelberg, Germany, 2006.

Zwally, H.J.; Schutz, B.; Abdalati, W.; Abshire, ].; Bentley, C.; Brenner, A.; Bufton, ]J.; Dezio, J.; Hancock, D.; Harding, D.; et al.
ICESat’s laser measurements of polar ice, atmosphere, ocean, and land. J. Geodyn. 2002, 34, 405-445. [CrossRef]

Brenner, A.C.; DiMarzio, J.R.; Zwally, H.J. Precision and accuracy of satellite radar and laser altimeter data over the continental
ice sheets. IEEE Trans. Geosci. Remote Sens. 2007, 45, 321-331. [CrossRef]

Gunter, B.; Urban, T.; Riva, R.; Helsen, M.; Harpold, R.; Poole, S.; Nagel, P.; Schutz, B.; Tapley, B. A comparison of coincident
GRACE and ICESat data over Antarctica. J. Geod. 2009, 83, 1051-1060. [CrossRef]

Shi, HL.; Lu, Y;; Du, Z.L,; Jia, L.L.; Zhang, Z.Z.; Zhou, c. Mass change detection in Antarctic ice sheet using ICESat block analysis
techniques from 2003-2008. Chin. . Geophys. 2011, 54, 965.

Smith, B.E.; Bentley, C.R.; Raymond, C.F. Recent elevation changes on the ice streams and ridges of the Ross Embayment from
ICESat crossovers. Geophys. Res. Lett. 2005, 32, 21. [CrossRef]

Zwally, H.J.; Li, ].; Robbins, ].W,; Saba, J.L.; Yi, D.H.; Brenner, A.C. Mass gains of the Antarctic ice sheet exceed losses. J. Glaciol.
2015, 61, 1019-1036. [CrossRef]

Richter, A.; Popov, S.V,; Fritsche, M.; Lukin, V.V.,; Matveev, A.Y.; Ekaykin, A.A.; Lipenkov, V.Y,; Fedorov, D.V.; Eberlein, L.;
Schroder, L.; et al. Height changes over subglacial Lake Vostok, East Antarctica: Insights from GNSS observations. . Geophys. Res.
Earth Surf. 2014, 119, 2460-2480. [CrossRef]

Schroeder, L.; Horwath, M.; Dietrich, R.; Scheinert, M,; Ligtenberg, S.; Van, D. Long Term Elevation Change of the Antarctic Ice Sheet
from Multi-Mission Satellite Altimetry. In Proceedings of the AGU Fall Meeting, San Francisco, CA, USA, 12-16 December 2016.
Whitehouse, P.L. Glacial isostatic adjustment modelling: Historical perspectives, recent advances, and future directions.
Earth Surf. Dyn. 2018, 6, 401-429. [CrossRef]

Peltier, WR.; Argus, D.F,; Drummond, R. Space geodesy constrains ice age terminal deglaciation: The global ICE-6G_C (VMb5a)
model. J. Geophys. Res. Solid Earth [GR 2015, 120, 450-487. [CrossRef]

Argus, D.F; Peltier, W.R.; Drummond, R.; Moore, A.W. The Antarctica component of postglacial rebound model ICE-6G_C
(VMBba) based on GPS positioning, exposure age dating of ice thicknesses, and relative sea level histories. Geophys. J. Int. 2014,
198, 537-563. [CrossRef]

Ivins, E.R.; James, T.S.; Wahr, J.O.; Schrama, E.J.; Landerer, EW.; Simon, K.M. Antarctic contribution to sea level rise observed by
GRACE with improved GIA correction. ]. Geophys. Res. Solid Earth 2013, 118, 3126-3141. [CrossRef]

Whitehouse, P.L.; Bentley, M.].; Milne, G.A.; King, M.A.; Thomas, I.D. A new glacial isostatic adjustment model for Antarctica:
Calibrated and tested using observations of relative sea-level change and present-day uplift rates. Geophys. J. Int. 2012, 190,
1464-1482. [CrossRef]

Sasgen, I.; Martin, A.; Horvath, A.; Klemann, V.; Petrie, E.; Wouters, B.; Horwath, M.; Pail, R.; Bamber, J.; Clarke, PJ. Regional
glacial-isostatic adjustment in Antarctica inferred from combining spaceborne geodetic observations (ESA-STSE CryoSat+ Project
REGINA). In Proceedings of the EGU General Assembly Conference Abstracts, Vienna, Austria, 23-28 April 2016.

Van Liefferinge, B.; Pattyn, F. Using ice-flow models to evaluate potential sites of million year-old ice in Antarctica. Clim. Past
2013, 9, 2335-2345. [CrossRef]

Rignot, E.; Mouginot, J.; Scheuchl, B.; van den Broeke, M.; van Wessem, M.].; Morlighem, M. Four decades of Antarctic ice sheet
mass balance from 1979-2017. Proc. Natl. Acad. Sci. USA 2019, 116, 1095-1103. [CrossRef]

Shepherd, A.; Ivins, E.; Rignot, E.; Smith, B.; van den Broeke, M.; Velicogna, I.; Whitehouse, P; Briggs, K.; Joughin, I.; Krinner, G.;
et al. Mass balance of the Antarctic ice sheet from 1992 to 2017. Nature 2018, 558, 219-222.

Goeller, S. Antarctic Subglacial Hydrology-Interactions of Subglacial Lakes, Basal Water Flow and Ice Dynamics; State and University
Library of Bremen: Bremen, Germany, 2014.

Gray, L.; Joughin, I; Tulaczyk, S.; Spikes, V.B.; Bindschadler, R.; Jezek, K. Evidence for subglacial water transport in the west
Antarctic ice sheet through three-dimensional satellite radar interferometry. Geophys. Res. Lett. 2005, 32, 3. [CrossRef]

Bell, R.E.; Studinger, M.; Shuman, C.A.; Fahnestock, M.A.; Joughin, I. Large subglacial lakes in east Antarctica at the onset of
fast-flowing ice streams. Nature 2007, 445, 904-907. [CrossRef] [PubMed]

Creyts, T.T.; Ferraccioli, E; Bell, R.E.; Wolovick, M.; Corr, H.; Rose, K.C.; Frearson, N.; Damaske, D.; Jordan, T.; Braaten, D.
Freezing of ridges and water networks preserves the Gamburtsev Subglacial Mountains for millions of years. Geophys. Res. Lett.
2014, 41, 8114-8122. [CrossRef]

Schroeder, D.M.; Blankenship, D.D.; Young, D.A.; Quartini, E. Evidence for elevated and spatially variable geothermal flux
beneath the west Antarctic ice sheet. Proc. Natl. Acad. Sci. USA 2014, 111, 9070-9072. [CrossRef]

Smith, B.E.; Fricker, H.A ; Joughin, L.R; Tulaczyk, S. An inventory of active subglacial lakes in Antarctica detected by ICESat
(2003-2008). J. Glaciol. 2009, 55, 573-595. [CrossRef]

Andrew, W.; Martin, S. A fourth inventory of Antarctic subglacial lakes. Antarct. Ence 2012, 24, 659-664.

Siegfried, M.R.; Fricker, H.A. Thirteen years of subglacial lake activity in Antarctica from multi-mission satellite altimetry.
Ann. Glaciol. 2018, 59, 42-55. [CrossRef]

Carter, S.P. Radar-based subglacial lake classification in Antarctica. Geochem. Geophys. Geosystems 2007, 8, 3. [CrossRef]
Fretwell, P; Pritchard, H.D.; Vaughan, D.G.; Bamber, ].L.; Barrand, N.E.; Bell, R.; Bianchi, C.; Bingham, R.G.; Blankenship, D.D.;
Casassa, G. Bedmap2: Improved ice bed, surface and thickness datasets for Antarctica. Cryosphere 2013, 7, 375-393. [CrossRef]
Zhou, X.; Zhong, B.; Li, X. Gravimetric terrain corrections by triangular-element method. Geophysics 1990, 55, 232-238. [CrossRef]


http://doi.org/10.1016/S0264-3707(02)00042-X
http://doi.org/10.1109/TGRS.2006.887172
http://doi.org/10.1007/s00190-009-0323-4
http://doi.org/10.1029/2005GL024365
http://doi.org/10.3189/2015JoG15J071
http://doi.org/10.1002/2014JF003228
http://doi.org/10.5194/esurf-6-401-2018
http://doi.org/10.1002/2014JB011176
http://doi.org/10.1093/gji/ggu140
http://doi.org/10.1002/jgrb.50208
http://doi.org/10.1111/j.1365-246X.2012.05557.x
http://doi.org/10.5194/cp-9-2335-2013
http://doi.org/10.1073/pnas.1812883116
http://doi.org/10.1029/2004GL021387
http://doi.org/10.1038/nature05554
http://www.ncbi.nlm.nih.gov/pubmed/17314977
http://doi.org/10.1002/2014GL061491
http://doi.org/10.1073/pnas.1405184111
http://doi.org/10.3189/002214309789470879
http://doi.org/10.1017/aog.2017.36
http://doi.org/10.1029/2006GC001408
http://doi.org/10.5194/tc-7-375-2013
http://doi.org/10.1190/1.1442831

	Introduction 
	Materials and Methods 
	Overview of Mass Redistributions of AIS 
	Estimation of BMB and BWSV 
	Initialization of the Iteration Procedure 
	Estimating BMB and BWSV through Iteration Method 

	Uncertainty Estimation 
	Input Data Processing 
	Gravimetry 
	Altimetry 
	GIA Models and GPS Data 
	Additional Datasets 


	Results and Discussion 
	Basal Mass Balance Beneath Antarctic Ice Sheet 
	Basal Water Storage Variations Beneath Antarctic Ice Sheet 

	Conclusions 
	References

