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[1] We estimate the mass balance of eight drainage basins in West Antarctica from the
Gravity Recovery and Climate Experiment (GRACE) data (GFZ RL04, GSM Level 2)
using a constrained inverse‐gravimetric approach. We consider InSAR observations of ice
surface velocity as an indication of mass change, assuming that large mass loss occurs in
areas of fast glacier flow. From these mass distribution functions we construct forward
models of the geoid height change and their spatial correlations for each drainage basin.
Then the difference between the GRACE data and the forward model is minimized by
adjusting the total amount of mass change within each drainage basin. To overcome the
ambiguity inherent in this inverse problem, we constrain its solution by including a priori
estimates based on the InSAR mass‐budget method. However, unconstrained (GRACE
only) mass‐change estimates can be recovered for three to four combined drainage basins.
Differences between GRACE and InSAR values exist mainly for the Pine Island Glacier
and Getz Ice Shelf region, resulting in a lower unconstrained GRACE total of −91.0 ±
3.5 Gt/yr (for the years 2002–2008) compared to the InSAR estimate of −116.6 ± 19.0 Gt/yr
(outflow measurement for the years 1992, 1996, and 2006). There is evidence that this
difference arises from anomalously large accumulation within the GRACE time interval
(August 2002 to August 2008) in the Amundsen Sea sector and possibly from an
overestimation of ice thickness for parts of the Bellinghausen Sea sector underlying the
InSAR mass‐budget values.

Citation: Sasgen, I., Z. Martinec, and J. Bamber (2010), Combined GRACE and InSAR estimate of West Antarctic ice mass
loss, J. Geophys. Res., 115, F04010, doi:10.1029/2009JF001525.

1. Introduction

[2] The West Antarctic Ice Sheet mostly rests on bedrock
below present‐day sea level and it is therefore considered to
be rather unstable with regard to perturbations caused by
changing climate conditions [e.g., Lemke et al., 2007]. Its
potential contribution to global sea level change being ∼3.3 m
[Bamber et al., 2009]. At present, the most prominent
changes, such as rapid thinning and fast glacier flow, are
observed mainly on glaciers and ice streams discharging into
the Amundsen Sea Embayment, and, to a lesser extent, for
glaciers farther west along the coast toward the Wrigley
Gulf. In these regions, laser and radar altimetry show
decreasing ice surface elevations [e.g., Davis et al., 2005].
With Interferometric Synthetic Aperture Radar (InSAR),
exceptionally high ice surface velocities of up to ∼3 km/yr
are observed, which are in some parts increasing [e.g.,
Thomas et al., 2004; Rignot, 2008]. Satellite gravimetry data

from the Gravity Recovery and Climate Experiment
(GRACE) [e.g., Tapley et al., 2004a, 2004b; Tapley and
Reigber, 2001] recently confirmed that the most prominent
net losses of ice mass in Antarctica are located in the
Amundsen Sea sector [e.g., Ramillien et al., 2006; Horwath
and Dietrich, 2009].
[3] The GRACE mission consists of two satellites flying

in near‐polar orbits at an altitude of ∼450 km. The space-
crafts are separated by ∼200 km and continuously measure
their distance with a microwave link at mm accuracy. This
measurement, together with onboard accelerometer mea-
surements of nongravitational forces, and star cameras and
GPS data of the satellites’ orientation and position, respec-
tively, allows the determination of the Earth’s gravity field
with unprecedented accuracy at monthly time intervals [e.g.,
Schmidt et al., 2008]. The time series of GRACE gravity
fields can be inverted for mass changes in the Earth’s
interior and on its surface, e.g., to constrain the glacial‐
isostatic adjustment (GIA) of the Earth caused by the retreat
of the late‐Pleistocene ice sheets, [e.g., Tamisiea et al.,
2007; Sasgen et al., 2007b; Paulson et al., 2007], and to
determine the mass balance of the major contemporary ice
sheets [e.g., Velicogna and Wahr, 2006, 2005]. The prin-
cipal problem of the gravity field inversion is its instability
and nonuniqueness, which may lead to ambiguous and
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unrealistic results, particularly when considering small spatial
scales. The instability of the inverse solution can be overcome
by limiting the resolution of GRACE data with spatial
smoothing filters typically of ∼400 km [e.g., Jekeli, 1981;
Wahr et al., 1998] that optimize the trade‐off between reso-
lution and noise [e.g., Sasgen et al., 2006; Schrama and
Visser, 2007]. The nonuniqueness can be handled by intro-
ducing geophysical a priori constraints stabilizing the inverse
solution.
[4] In this paper, we determine the mass balances of eight

West Antarctic drainage basins from ∼6 years of monthly
mean GRACE gravity fields. The ambiguity in the mass
balance estimates occurring at the spatial resolution of a few
hundred km are resolved by constraining the inversion with
forward models based on InSAR data, the amount of con-
straint depending on the uncertainties in the GRACE and
InSAR data. This approach allows us to determine the num-
ber of drainage basins that are resolvable with GRACE data
alone, and we provide the associated mass balance estimates.

2. Observations

2.1. GRACE Data

[5] We use 68 unconstrained GRACE monthly solutions
of the Earth’s gravity field provided by German Research

Centre For Geosciences (GFZ RL04, GSM Level 2 data;
http://isdc.gfz‐potsdam.de/) [Flechtner, 2005]. The time
series of Stokes gravitational potential coefficients are
complete to degree and order 120 and cover ∼6 years, from
August 2002 to August 2008. Data gaps within this time
interval exist for the months September and December
2002, January and June 2003, as well as January 2004. We
fit the time series of each Stokes coefficient by a six‐
parameter model consisting of an annual and semiannual
oscillating component of 365.24 days and 182.62 days,
respectively, a linear trend and an offset by the method of
least squares assuming calibrated GRACE errors [Schmidt
et al., 2008].
[6] During decomposition, and throughout this paper,

three models of variances of GRACE coefficients are used:
formal and calibrated (F. Flechtner, Release notes for GFZ
RL04 GRACE L2 products, 2010), as well as residual, the
latter being an empirical estimate based on the residuals
after removing deterministic signal components in the
Stokes coefficients’ time series. No additional filtering or
smoothing is applied. Instead, we repeat the inversion for
increasing spherical‐harmonic cutoff degrees such that
increasing noise in the GRACE coefficients propagates to
the resulting mass change estimate. Uncertainties at high
latitudes are significantly below the global average due to
denser track coverage [e.g., Schmidt et al., 2008] and show
less striping, particularly for the temporal trend [Davis et al.,
2008]. To retain these regional noise characteristics, we
refrain from applying a priori smoothing or decorrelation
filtering as proposed by Swenson and Wahr [2006].

2.2. InSAR Data

[7] We consider ice surface velocities from InSAR
(Figure 1) as an indication of the spatial distribution of mass
changes in the Amundsen Sea sector [Edwards, 2009]. The
InSAR data covers nearly all of the drainage basins flowing
into Abbot and Cosgrove ice shelves (ABC), as well as
those in the Amundsen Sea sector, i.e., Pine Island Glacier
(PIG), Thwaites (THW), Haynes/Smith/Kohler (HSK), Getz
(GET) and DeVicq (DVQ). Hull (HUL) and Land (LAN)
are not completely covered by this InSAR data set and their
values are substituted by modeled balance velocities
[Bamber et al., 2000]. In addition, we adopt the mass‐
budget estimates for the individual drainage basins from
Rignot et al. [2008] for time epochs as close as possible to
the midpoint of the GRACE observation period (Tables 1
and 2); this includes an unpublished update for the year
2006 of the mass budget of PIG, THW and HSK. The values
represent the difference between average accumulation
(input) for the years 1980 to 2004 obtained from regional
atmospheric climate modeling for Antarctica (RACMO2/
ANT) [van den Broeke et al., 2006a; van de Berg et al.,
2006; van den Broeke et al., 2006b], and outflow, which
is calculated from the InSAR measured ice flow velocity
over the grounding line for the years 1992 (ABC), 1996
(GET, DVQ, HUL and LAN) and 2006 (PIG, THW and
HSK). The main error of the mass‐budget values arises from
uncertainties in the accumulation (input) estimate and
determining ice thickness at the fluxgate. It amounts to
∼10% for low‐accumulation, large basins, and to ∼30% for
high‐accumulation and small basins in the vicinity of the

Figure 1. Ice surface velocity in the Amundsen Sea sector
from InSAR [Edwards, 2009]. The drainage basins (green
outlined) are Abbot and Cosgrove (ABC), Pine Island Glacier
(PIG), Thwaites (THW), Haynes/Smith/Kohler (HSK), Getz
(GET), DeVicq(DVQ), Hull (HUL), and Land (LAN).
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coast; outflow uncertainties lie between 2 to 15% [Rignot
et al., 2008].

3. GIA Correction

[8] We subtract the trend in the gravity field caused by
GIA in Antarctica, yGIA, from the GRACE observation,
yGRACE (Figure 2). GIA is modeled using the viscoelastic
earth model of Martinec [2000] consisting of an elastic
lithosphere of thickness 100 km, an upper mantle of viscosity
5.2 × 1020 Pa s, a lower mantle of viscosity 5.9 × 1021 Pa s
and a fluid core. The earth model is subjected to the glacial
history of the Antarctic Ice Sheet for the last 120 kyr based
on the thermomechanical ice sheet model of Huybrechts
[2002, hereafter HUY]. Following Sasgen et al. [2007b],
HUY was adjusted to an Antarctic contribution to sea level
change since Last Glacial Maximum (LGM) of 9 m, such
that the predicted GIA amplitude over the Ronne Ice Shelf,
which is theAntarctic regionwhere the largest GIA amplitude
is expected (rate of geoid height change of ∼1.5 mm/yr),
agrees with the GRACE observations for the viscosity
structure specified above. Over the Amundsen Sea sector,
GIA due to HUY is less important (rate of geoid height
change <1 mm/yr). Similar amplitudes are also obtained
using the geomorphologic reconstruction of Lambeck and
Chappell [2001, hereafter ANU]. Regional details of
Paleocene and Holocene ice retreat in the Amundsen Sea
sector that may have induced a local GIA signal are not
sufficiently well known to be included in this modeling.
Instead, we instigate the differences arising from correcting
with deglaciation scenarios HUY and ANU, and without
applying a GIA correction. The Antarctic component of
ICE‐5G [Peltier, 2004], which is a scaled version of the one
included in ICE‐3G [Tushingham and Peltier, 1991], is not
investigated, because the model predicts the largest GIA
signal over the Ross Ice Shelf, which is not supported by the
GRACE data [Sasgen et al., 2007b] or the recent geomor-
phologic reconstruction of the Antarctic glacial history, IJ05
[Ivins and James, 2005]. In the following, the GIA corrected
trend in the GRACE gravity fields (Figure 2) is denoted as

y Wð Þ ¼ yGRACE Wð Þ � yGIA Wð Þ; ð1Þ

where W: = (#, ’) stands for the spherical colatitude # and
longitude ’.

4. Forward Modeling of Gravity‐Field Changes

[9] We model the trend in the gravity field arising from
mass changes in k = 1, 2, …, 8 drainage basins in the

Amundsen Sea sector (ABC, PIG, THW, HSK, GET, DVQ,
HUL and LAN) (Figure 1) by allocating their total mass
change, m = {mk}k =1,2,…,8, according to the spatial mass
distribution function w(W). Inside each basin, wk(W) is
linearly proportional to the ice surface velocity from InSAR
(Figure 1), outside the basin wk(W) = 0. The underlying
assumption is that mass loss in the Amundsen Sea sector
predominantly occurs in areas of fast glacier flow, which is
supported by empirical and theoretical evidence [Rignot
et al., 2008]. For mass conservation, wk(W) can be com-
pensated by a water layer uniformly distributed over the area
of today’s ocean. However, its effect on the results is negli-
gible for this regional investigation and it is therefore not
considered in the following derivation.
[10] We normalize the spatial mass distribution function

according to
R
W0

wk(W)dW = 1 for all k and expand it to fully
normalized spherical harmonics of degree j andorder m,
Yjm(W), where w(W) =

P1
j¼0

Pm¼j
m¼�jwjmYjm(W). Then, for

each drainage basin, the normalized geoid height change x
(W) = {xk(W)}k = 1,2,…,8 is calculated by

xk Wð Þ ¼ 4�GR

g0

Xjmax

j¼jmin

1þ qj
� �
2jþ 1

Xj

m¼�j

wk
jmYjm Wð Þ; ð2Þ

where G is the gravitational constant, R is the radius of the
Earth, g0 the gravity at the Earth’s surface, jmin and jmax are
the lower and upper cutoff degree of the spherical harmonic
expansion series, respectively, and qj are the elastic‐com-
pressible surface‐load Love numbers [e.g., Farrell, 1972;
Wahr et al., 1998; Han and Wahr, 1995]. Throughout this
study, we apply the lower cutoff degree of jmin = 7 to reduce

Table 1. Ice Mass Change for Four Combined Drainage Basins in the Amundsen Sea Sectora

Drainage
Basin

Area
(103 km2) Year

InSAR GRACE

m (Gt/yr) s (Gt/yr) ~mu (Gt/yr) ~�u (Gt/yr)

ABC/PIG 191.5 1992/2006 −53.9 13.8 −28.3 1.3
THW/HSK 218.4 2006 −45.0 14.0 −43.2 1.8
GET 92.1 1996 −11.1 18.3 −4.5 2.2
DVQ/HUL/LAN 43.0 1996 −21.6 3.5 −15.0 1.7
Total 517.5 −116.6 19.0 −91.0 3.5

aFor the InSAR data, the year of the outflow measurement is indicated. The GRACE data (GFZ RL04) is based on the time interval August 2002 to
August 2008, calibrated GRACE errors, and cutoff degrees jmin = 7 and jmax = 55, with the GIA correction HUY applied (see text).

Table 2. Ice Mass Change for Eight Drainage Basins in the
Amundsen Sea Sectora

Drainage
Basin

Area
(103 km2) Year

InSAR GRACE + InSAR

m (Gt/yr) s (Gt/yr) ~mc (Gt/yr) ~�c (Gt/yr)

ABC 27.5 1992 −14.9 9.1 −9.2 1.3
PIG 164.0 2006 −39.0 10.3 −20.3 1.4
THW 181.9 2006 −26.0 12.9 −21.5 1.2
HSK 36.5 2006 −19.0 7.1 −23.2 0.8
GET 92.1 1996 −11.1 18.3 −1.1 1.3
DVQ 16.0 1996 −14.0 4.7 −9.5 0.7
HUL 14.2 1996 −3.7 1.5 −3.5 0.3
LAN 12.8 1996 −3.9 1.5 −5.3 0.2
Total 517.5 −116.6 19.0 −93.5 2.9

aFor InSAR data, the year of the outflow measurement is indicated. The
GRACE data (GFZ RL04) is based on the time interval August 2002 to
August 2008, calibrated GRACE errors, and cutoff degrees jmin = 7 and
jmax = 55, with the GIA correction HUY applied (see text).
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the influence of far‐field signal with respect to Antarctica,
which is contained in the low spectral part of the GRACE
data. This limit is determined by the degree correlation
analysis of the forward modeled geoid height signal for
Antarctica and the GRACE data [Sasgen et al., 2007a],
which indicates that the long spatial wavelengths of the
model and the GRACE data do not significantly correlate for

jmin < 7, and hence, should not be considered for this
regional investigation. This procedure also reduces to some
extent the influence of the long‐wavelength components of
the Antarctic GIA signal.
[11] Multiplication of each drainage basin’s normalized

geoid height change signal xk(W) with its total mass change
mk and subsequent superposition of signals results in the

Figure 2. Predicted and observed rate of geoid height change over West Antarctica for (a) GFZ RL04
(without GIA correction), (b) GIA correction, (c) GFZ RL04 minus GIA correction, and (d) optimal for-
ward model based on combined InSAR and GRACE data. The cutoff degrees are jmin = 7 and jmax = 55.
The time interval of the GRACE data is August 2002 to August 2008.
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forward gravity‐field model for the entire Amundsen Sea
sector (Figure 2),

yP Wð Þ ¼
X
k

xk Wð Þmk : ð3Þ

Table 1 lists the InSAR based mass‐budget estimates, m,
along with their uncertainties s = {sk}k =1,2,…,8. The un-
certainties in the mass budget were determined from the
root‐mean‐square error estimates for the different inputs in
the calculation. These are accumulation averaged over the
catchment, surface velocity and ice thickness at the grounding
line. The errors for each input varied depending on the source
of the estimate and spatial constraints on accuracy such as
local topographic conditions, gradient in accumulation and
proximity to in situ observations [Rignot et al., 2008]. As a
consequence, the forward model’s uncertainties are described
by the a priori covariance matrix, CM = gklsksl, where gkl is
the spatial correlation [e.g., Gubbins, 2004] between the
drainage basin signals of geoid height change, gkl : = corr
(xk(W), xl(W)). These correlations are caused by overlapping
of the individual gravity field signals, which are spatially
smoothed signals compared to the initial mass distributions.
[12] Figure 3 shows the correlations of the forward

models gkl of the eight drainage basins ordered according to
their geographical proximity for upper spherical‐harmonic
cutoff degrees jmax = 30, 55 and 80. Increasing the cutoff
degree reduces correlations between signals. At cutoff
degree jmax = 30, the correlation matrix shows two distinct
blocks (green outline in Figure 3), consisting of the drainage
basins ABC, PIG, THW, HSK, and the drainage basins
GET, DVQ, HUL and LAN, respectively. This suggests that
mass changes derived from the gravity field can be retrieved
for these regions independently. At cutoff degree jmax = 55,
combined signals from four regions are resolvable. How-
ever, even at cutoff degree jmax = 80, significant overlaps
between the eight drainage basin signals exist, which may
lead to ambiguous and unrealistic results of the gravity‐field
inversion.

5. Inversion of the Gravity‐Field Changes

[13] We aim to find a mass change distribution in the
Amundsen Sea sector, such that ky(W) − yP(W)k is

minimized, where y(W) is the GRACE observation in
equation (1) and yP(W) is the forward gravity model in
equation (3). We formulate this inverse problem in terms
of the design matrix F, which consists of the normalized
geoid height change arising from the kth drainage basin at
the ith spatial grid point, Wi, i = 1, 2, …, N (here, a 0.25° ×
0.25° grid), F = xk Wið Þf gk¼1;2;...;8

i¼1;2;...;N . Then, the spatially gridded
forward model is expressed by yP = {yP(Wi)}i=1,2,…,N = Fm
and the L2‐norm minimization criterion is such that the
squared difference between y and yP is minimized.
[14] The inversion of GRACE data for mass changes is in

principle nonunique and unstable, due to the limited reso-
lution of the GRACE data and the smoothing (integral)
property of the gravity field measured, which is visible from
equation (2). In general, the system of equations resulting
from the minimization criterion is possibly underdetermined
and it may be necessary to stabilize their solution by
including a priori constraints on the parameterized total
mass change, m, and their uncertainties, s. This constrained
solution is given by [e.g., Gubbins, 2004; Tarantola, 2005]

~mc ¼ mþ FTC�1
D Fþ C�1

M

� ��1
FTCD y� Fmð Þ; ð4Þ

where CD and CM are the variance‐covariance matrices of
the GRACE data and the forward model, respectively, and T
denotes matrix transposition.
[15] The amount of a priori information included in the

inversion is governed by the balance between data and
model variances. It can be quantified by the resolution
matrix, R = I − ~CMCM

−1, where ~CM represents the a pos-
teriori parameter covariances of the GRACE+InSAR model
given by ~CM = (FTCD

−1 F + CM
−1)−1 [e.g., Gubbins, 2004;

Tarantola, 2005]. The trace of the resolution matrix, trR,
can be interpreted as the number of parameters resolved by
the data (here, the GRACE data),

trR ¼ trI� tr ~CMC
�1
M

� �
; ð5Þ

whereas trI and tr(~CMCM
−1) are the total number of para-

meters (here, eight drainage basins) and the number of
parameters constituted by a priori information (here, the
InSAR model), respectively.

Figure 3. Correlation of model parameters for cutoff degrees jmin = 7 and (a) jmax = 30, (b) jmax = 55, and
(c) jmax = 80.
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[16] The spatial representation of the GRACE variances,
CGRACE, is calculated according to

CD ¼ var yð Þf gi2¼1;2;...;N
i1¼1;2;...;N ¼

X
jm

Yjm Wi1ð Þvar yjm
� �

Y*jm Wi2ð Þ ð6Þ

for formal, calibrated and residual variances of the linear
trend in the Stokes potential coefficients, var(yjm), which are
considered to be statistically independent.

6. Results

6.1. Influence of Cutoff Degree and GIA Correction
on the Total Mass‐Change Estimate

[17] Figure 4 shows the total mass change in the
Amundsen Sea sector,

P8
k¼1 ~mk , for the unconstrained

(GRACE, dashed) and constrained (i.e., GRACE+InSAR,
solid) inversion. Without GIA correction (red) uncon-
strained mass change estimates exhibit large variations for
cutoff degrees jmax ≤ 45. With GIA correction (green for
HUY and blue for ANU) this sensitivity is reduced and, in
addition, resulting mass changes estimates are largely con-
stant for cutoff degrees jmax > 45. This suggests that
removing the GIA prediction from the GRACE data im-
proves the consistency between data and forward model.
Since the GIA signal is mainly constituted of long spatial
wavelengths, results are more sensitive to the GIA correc-
tion for the low spectral range and the decrease in mass loss
between jmax = 30 and 45 indicates remaining deficiencies,
i.e., an overestimation, of the GIA prediction.
[18] For cutoff degrees jmax = 45 to 80, the unconstrained

mass loss ranges between −84 and −89 Gt/yr, when cor-
recting with the minimum and maximum GIA prediction for
HUY (grey shaded area). This GIA uncertainty estimate also
encompasses values obtained when using the ANU model,
as well as when employing the glacial history of HUY and

varying the upper‐ and lower‐mantle viscosities between 4 ×
1020 and 8 × 1020 Pa s, and 5 × 1021 and 4 × 1022 Pa s.
Constraining the inversion with InSAR mass‐budget esti-
mates according to equation (4) leads to more negative mass
loss rates between ∼−92 and −95 Gt/yr (HUY) and ∼−94 and
−97 Gt/yr (ANU), which are closer to the InSAR estimate of
∼−116.6 ± 19.0 Gt/yr based on ice surface velocity data from
the years 1992 (ABC), 1996 (GET, DVQ, HUL and LAN)
and 2006 (PIG, THW, HSK) (Table 1). Although the super-
posed signals of all eight unconstrained mass change esti-
mates fulfill the minimization criterion and result in a
plausible total mass changes estimate, the individual values
are likely not to be geophysically meaningful. As a conse-
quence, we will now reduce the eight drainage basins to a
number resolvable by GRACE and accordingly refine the
total mass change estimate presented in this sensitivity
analysis.

6.2. Resolvability of Individual Drainage Basins

[19] Figure 5 shows the number of parameterized drainage
basins resolved by the GRACE data for cutoff degrees
jmax = 10 to 80, which is calculated according to equation (5).
For calibrated GRACE uncertainties (green), the number
of drainage basins resolved increases from around two at
cutoff degree jmax = 20 to a maximum of around four at
degree 55 and remains largely constant until degree 80;
at cutoff degree jmax ≈ 55, GRACE and InSAR constitute
approximately four drainage basins each, meaning that both
data sets are combined in the inversion with approximately
equal weights. With the more pessimistic residual GRACE
uncertainties (blue), a cutoff degree of jmax ≈ 65 is neces-
sary to resolve four drainage basins. For formal GRACE
uncertainties (red), which are currently too optimistic, but
result from the formal error propagation associated with the
determination of the Stokes coefficients, at most five drainage
basins can be resolved.

Figure 4. Mass change in the Amundsen Sea sector obtained by constrained (solid) and unconstrained
(dashed) inversion of GRACE gravity fields without GIA correction (red), as well as with GIA corrections
based on HUY (green), minimum/maximum HUY (grey shaded area, unconstrained solution), and ANU
(blue) for cutoff degrees jmax = 30 to jmax = 80.
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6.3. Mass Change for Four Combined Drainage Basins

[20] We now combine the eight drainage basins to four to
account for the expected GRACE resolution for calibrated
uncertainties (Figure 5). This is done by merging drainage
basins with high signal correlations gkl in the forward model
(Figure 3),i.e., ABC/PIG, THW/HSK, GET and HUL/DVQ/
LAN. For the reduced number of parameters (i.e., k ] trR),
the unconstrained solution of the inverse problem, ~mu =
(FTCD

−1F)−1 FTCDy, is approximately equal to the con-
strained solution equation (4) (not shown here).
[21] Table 1 lists the mass balance of the four merged

drainage basins from InSAR [Rignot et al., 2008] and
GRACE for cutoff degree jmax = 55. Uncertainties are cal-

culated according to ~�c∣u =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
diag ~CM

� �q
. The unconstrained

GRACE estimates compare well with the InSAR estimate
for THW/HSK (for the year 2006) and for HUL/DVQ/LAN
(for the year 1996). For GET, InSAR indicates (with large
uncertainties) a mass loss of −11.1 ± 18.3 Gt/yr for the year
1996, whereas GRACE recovers ∼−4.5 ± 2.2 Gt/yr. Also,
for the combined ABC/PIG basin GRACE does not support
mass loss in excess of ∼30 Gt/yr opposed to the InSAR
(−53.9 ± 13.8 Gt/yr for the years 1996/2006, respectively).
In sum, GRACE gives 22% less negative values for the
entire Amundsen Sea sector than the InSAR mass‐budget
method.

6.4. Mass Change for Eight Drainage Basins

[22] The resolution diagram (Figure 5) indicates that
recovering independent signals from all eight drainage basins
from GRACE data alone is not possible, and the inversion
needs to be stabilized with the InSAR estimates. Table 2
shows that differences between GRACE+InSAR and InSAR
estimates are below ∼5 Gt/yr for all drainage basins. Excep-
tions are GET, for which the combined estimate of −1.1 ±
1.3 Gt/yr lies ∼10 Gt/yr below the InSAR value, and PIG, for
which the GRACE+InSAR estimate of −20.3 ± 1.4 Gt/yr is
nearly half of the InSAR value (−39.0 ± 10.3 Gt/yr).

6.5. Robustness of the Results With Respect
the GRACE Release

[23] Data sets of GRACE gravity fields from various
GRACE processing centers may show significant differ-
ences for the individual monthly solutions, as well as for the
estimated linear trends. We therefore test the robustness of
our results with the respect to the employed GRACE data
set, by calculating estimates the CSR RL04 GRACE release
(http://isdc.gfz‐potsdam.de/) [Bettadpur, 2007] using the
same months as for the GFZ RL04 estimates the GIA cor-
rection. For most of the individual and combineddrainage
basins, the mass change estimates agree within ∼2 Gt/yr.
Exceptions are the unconstrained estimates for GET and
DVQ/HUL/LAN; compared to GFZ RL04, the CSR RL04
indicates stronger mass loss for GET (−9.4 ± 2.2 Gt/yr) and
weaker massloss for DVQ/HUL/LAN (−8.2 ± 1.7 Gt/yr),
which improves the agreement with the InSAR data for
GET, but decreases it for DVQ/HUL/LAN. The difference
for the total of the entire Amundsen Sea sector from CSR
RL04 and GFZ RL04 is below 1 Gt/yr, and therefore well
within the GRACE error bounds.

7. Discussion

[24] The GRACE‐estimated total mass loss in the
Amundsen Sea sector of −91.0 ± 3.5 Gt/yr (Table 1) largely
confirms previous GRACE estimates, e.g., −81.0 ± 17 Gt/yr
[Chen et al., 2008] and −88 ± 10 Gt/yr [Horwath and
Dietrich, 2009], but it is significantly lower than the value
of −116.6 ± 19.0 Gt/yr recovered by InSAR, which is,
however, not derived for coincident observation periods.
Most of this discrepancy is attributed to the drainage basins
ABC/PIG and GET (InSAR estimates from the years 1992/
2006 and 1996, respectively). The GRACE values may
underestimate mass loss if the GIA signal modeled and
subtracted from the GRACE data is too low in amplitude,
although corrections in excess of an additional ∼−5 Gt/yr are
not supported by plausible GIA scenarios (Figure 4). If we
include the Ferrigno ice streams and the glaciers flowing
into the Venable ice shelf in our forward model, GRACE
mass loss further reduces for ABC/PIG by 2 Gt/yr (<1 Gt/yr
for other drainage basis) due the removal of signal over-
lapping (leakage). Also, the influence of mass trends in the
atmosphere and ocean estimated from the GRACE deal-
iasing product is <2 Gt/yr [Flechtner, 2006] and cannot
explain the discrepancy between InSAR and GRACE. In
addition, InSAR gives clear evidence for an approximate
linear increase in outflow of PIG, THW, and HSK from the
years 1974 to 2007 [Rignot, 2008], which would favor
larger mass losses for the later time interval observed
GRACE with respect to the InSAR data. For example, PIG
was 26%, 39%, 64% and 75% out of balance in the years
1996, 2000, 2006 and 2007, assuming the average accu-
mulation of ∼61 Gt/yr for the years 1980 to 2004 [Rignot,
2008; Rignot et al., 2008]. This should induce a quadratic
term in the GRACE time series, and, excluding the latest
twelve months of GRACE data reduces mass loss rates of
ABC/PIG by ∼6 Gt/yr, but we do not find this accelerating
term to be statistically significant. Also, the value of PIG
adopted here dates from the year 2006, which is close to the
midpoint interval of the GRACE period, and GRACE and

Figure 5. Number of parameters resolved by GRACE for
cutoff degrees jmax = 30 to jmax = 80 considering formal, cal-
ibrated, and residual GRACE uncertainties.
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InSAR should reflect trend observations of comparable time
epochs.
[25] An overestimation of mass loss by InSAR may be the

consequence of larger accumulation within the GRACE
time interval (August 2002 to August 2008) compared to the
mean of the years 1980 to 2004 from RACMO2/ANT
underlying the mass‐budget values for ABC/PIG and GET.
Interannual variations in accumulation rate with respect to
the mean are ∼15% [Shepherd and Wingham, 2007] and
may compensate the drainage basin imbalances caused by
increased outflow (∼10 to 50%). RACMO2/ANT simulates
a positive accumulation anomaly of ∼10 Gt/yr for the
Amundsen Sea Embayment for the time interval 1995 to
2003 with respect to the 1980–2004 mean, which possibly
persisted for the GRACE observation period. It should also
be noted that the terrain of the drainage basins ABC and PIG
is complex and the floating tongue, used to estimate ice
thickness for the InSAR outflow calculation, narrow. As a
consequence uncertainties in the InSAR derived estimates of
mass balance in this area may be larger than assumed, and
outflow may be overestimated. An overestimation by InSAR
is supported by the lack of thinning observed the satellite
radar altimetry between the years 1995 and 2005 [Rignot
et al., 2008].

8. Conclusion

[26] We have performed a joint inversion of GRACE
gravity fields from August 2002 to August 2008 and InSAR
data (years of outflow measurement 1992, 1996 and 2006)
to determine the mass balances of eight West Antarctic
drainage basins. Depending on the GRACE errors approx-
imately three to five combined drainage basins can be
resolved by GRACE data alone. For the reduced number of
four combined drainage basins, values from InSAR and
GRACE agree within ∼±5 Gt/yr for the drainage basins
THW/HSK and HUL/DVQ/LAN (Figure 1 and Table 1).
However, GRACE cannot confirm the large mass losses for
ABC/PIG (−53.9 ± 13.8) and GET (−11.1 ± 18.3) inferred
from InSAR. Mainly these deviations are responsible for a
GRACE total of −91.0 ± 3.5 Gt/yr(years 2002 to 2008),
which is, despite being in agreement with previous GRACE
estimates [Chen et al., 2008; Horwath and Dietrich, 2009],
∼26 Gt/yr lower than the values derived from InSAR (out-
flow measurements for the years 1992, 1996 and 2006). The
discrepancy can neither be reconciled by modifying the GIA
correction applied to the GRACE data, nor can it be explained
by signal leakage from the atmosphere and the ocean or
neighboring drainage basins, and it should therefore result
from the nonstationarity of the ice mass signals at interan-
nual timescales. We suggest that this difference is caused by
anomalously large accumulation within the GRACE time
interval (August 2002 to August 2008) compared to the
mean of the years 1980 to 2004 underlying the InSAR mass‐
budget estimate [Helsen et al., 2008]. An additional con-
tribution to increased InSAR‐determined mass loss may
arise from larger than expected errors in ice thickness esti-
mation due to a complex terrain in parts of the Bellin-
ghausen Sea sector.
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