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[1] After more than 6 years in full operational mode, the Gravity Recovery and Climate
Experiment (GRACE) satellite mission provides the opportunity to derive global
secular mass changes from space-geodetic observations. Crucial for a reliable estimate of
secular mass changes is the ability to correct for spectral and spatial leakage effects. In
order to account for any leakage signal, we present and apply a four-step procedure,
including a validation step based on forward gravity modeling. Most notably, our method
is characterized by the separation and quantification of individual leakage sources.
We test and apply our procedure to the Greenland area, which exhibits the strongest
secular trend signal. On the basis of simulation studies, we demonstrate that leakage-out
effects are dominant for the Greenland area, and if not accounted for, mass-change
rates will be underestimated. Analyzing time-variable GRACE gravity fields covering
6 whole years (August 2002 to July 2008, inclusive), we estimate the ice-volume loss over
Greenland to be �177 ± 12 km3 a�1. This value is the average derived from monthly
gravity field models provided by CSR, GFZ and JPL, with individual contributions of
�242 ± 14 km3 a�1, �194 ± 24 km3 a�1 and �96 ± 23 km3 a�1, respectively. We
highlight that without taking leakage effects into account, mass-change amplitudes over
Greenland are reduced by a factor of 2. Despite the rather large spread of the results
among GRACE processing centers, our results are in better agreement with the findings
from alternative GRACE analysis methods and InSAR observations.
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1. Introduction

[2] Since 2002, the GRACE (Gravity Recovery And
Climate Experiment) twin-satellite mission has been pro-
viding time-variable gravity field information from space
[e.g., Tapley et al., 2004a, 2004b]. The data enable spatio-
temporal mass changes to be monitored, providing impor-
tant input to various (geo)sciences, most notably in the
context of global climate and sea level change. The antic-
ipated mission lifetime of 5 years has in the meantime been
extended until late 2010 [Chen et al., 2006c]. This will
allow for the derivation of more stable estimates of seasonal,
interannual and secular (surface) mass variations by ana-
lyzing residual gravity field solutions taken with respect to
longer-term averages.
[3] When the temporal resolution of GRACE was

restricted to only a couple of years, the mission mainly
mapped annual and interannual hydrological variations such
as surface water and groundwater changes in the major river
basins [e.g., Tapley et al., 2004b] or significant ice-mass
changes in polar areas [e.g., Velicogna et al., 2005]. In this

framework, most studies focused on the Amazon-Orinoco
watershed, as it is the largest drainage basin and also
exhibits the largest annual signal observed by GRACE
[e.g., Tapley et al., 2004b; Ramillien et al., 2005; Han et
al., 2005a]. An increasing number of other investigations
have applied GRACE data to derive ocean mass-change
patterns [e.g., Chambers, 2006b] or to map ocean currents
[e.g., Dobslaw and Thomas, 2007]. Moreover, by combin-
ing GRACE with satellite altimetry, it is possible to com-
pute steric sea level change effects over the world’s oceans
[e.g., Chambers, 2006a; Lombard et al., 2007].
[4] With the GRACE mission now operating for over

6 years, more studies are being directed toward secular
changes over currently ice-covered areas, most notably the
polar ice sheets. Changes of mass balance over the Antarctic
ice sheets have been reported by Chen et al. [2006c],
Velicogna and Wahr [2006a] and Ramillien et al. [2006].
Also, on the basis of GRACE data, significant ice melting
of the Alaskan glaciers has been shown by, e.g., Chen et al.
[2006a] and Tamisiea et al. [2005]. Considerable recent
deglaciation of the Greenland ice sheets has been confirmed
by Velicogna and Wahr [2005], Chen et al. [2006b],
Luthcke et al. [2006], Ramillien et al. [2006] and Velicogna
and Wahr [2006b], with possible accelerated melting in the
recent past [Chen et al., 2006b; Luthcke et al., 2006].
Scrutinizing the estimates of these studies for the total ice-
volume loss over Greenland reveals a rather large spread
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among the different studies, ranging from �82 ± 28 km3 a�1

to �248 ± 36 km3 a�1, well exceeding the formal errors
given. This has prompted this study in an attempt to explain
the discrepancies among the procedures and data used.
[5] A major obstacle to deriving reliable mass-change

rates from GRACE is the correction for leakage effects. In
terms of GRACE-derived (surface) mass changes, leakage
occurs because of both the restricted spectral resolution of
gravitational field estimates and spatial averaging [e.g.,
Chen et al., 2006c]. Basically, spectral leakage emerges
when high-frequency signals or errors are mapped into
lower frequencies, thus introducing artificial low-frequency
signals that are not present in reality. In the spatial domain,
leakage manifests as signals spreading spatially, thus not
being concentrated directly over the area of mass variation,
but also leaking to the surrounding region [e.g., Chen et al.,
2006b], theoretically over the whole globe. The reliability
of mass-change estimates depends mainly on the ability to
identify, quantify and remove these leakage effects. The
possibility of improper correction for leakage effects may
explain the bulk of the large discrepancies among GRACE-
derived ice-mass balance results.
[6] Our primary objective in this study is the systematic

isolation and correction for any leakage effects that have a
significant impact on GRACE-derived mass-change results.
We develop and apply a four-step computation procedure
that accounts for leakage effects and show that neglecting
spectral leakage can introduce substantial biases. In partic-
ular, the procedure is characterized by the separation and
quantification of both signal leaking out of the region of
interest and signal leaking into the region of interest. In
order to distinguish these two effects, we refer to the former
as leakage-out signal and the latter as leakage-in signal.
Most notably, we attend to the systematic classification of
the complex behavior of leakage effects, which has never
been addressed in detail before.
[7] The greatest secular trend observed by GRACE is

located over Greenland, showing this area to be one of the
most affected, hence our choice to use it as a case study. On
the basis of our computation procedure, we provide a
detailed study on the leakage-out signal for ice-mass
changes over the Greenland ice sheet and leakage-in signals
from all major mass changes in the Arctic region (including
GIA signals over the Canadian Shield and Fennoscandia
and glacier melt over Alaska). We recalculate the magnitude
of the total ice-mass change using 6 whole years of GRACE
data (August 2002 to July 2008, inclusive). We also
investigate three independently estimated series of monthly
GRACE solutions provided by (1) the Center for Space
Research (CSR), University of Texas at Austin (2) the

GeoForschungsZentrum (GFZ) Potsdam, and (3) the Jet
Propulsion Laboratory (JPL).

2. Data and Methodology

2.1. GRACE Monthly Solutions

[8] Typically, static 30-day GRACE gravity field esti-
mates (‘‘monthly solutions’’) are released to the public in
terms of fully normalized spherical harmonic coefficients
�clm and �slm [e.g., Heiskanen and Moritz, 1967] of the Earth’s
external gravitational potential. Moreover, monthly residual
gravity field solutions are expressed by the residual spher-
ical harmonic coefficients

D�clm ¼ �clm � �cmean
lm and D�slm ¼ �slm � �smean

lm ; ð1Þ

where �clm
mean and �slm

mean represent static mean parameters such
as long-term averages.
[9] We use release four (RL04) GRACE-only gravity

field estimates provided by CSR, GFZ and JPL. Each
monthly solution consists of a set of coefficients complete
up to degree and order 60 (CSR) and 120 (GFZ, JPL). In
order to avoid aliasing effects of strong seasonal signals
falsifying our secular-change estimates, we choose the total
timespan of the gravity field series to cover 6 whole years,
ranging from August 2002 to July 2008 (inclusive). Table 1
outlines the sequences used. Data gaps occurred for a few
months, when the GRACE satellites passed through orbital
resonances so could not fully resolve the gravity field [see
Wagner et al., 2006]. In order to remove correlated errors,
we apply spectral-domain filtering of GRACE (residual)
spherical harmonic coefficients according to Swenson and
Wahr [2006].

2.2. Mass Change in Terms of Equivalent Water
Thickness

[10] Vertically integrated mass changes are typically ap-
proximated by surface mass-densities [Wahr et al., 1998].
As a function of the residual coefficients in equation (1)
they become

D�s l;8ð Þ ¼ 2parave
3

XL

l¼0

2l þ 1

1þ kl
Wl

Xl

m¼0

�Plm sin8ð Þ

� D�clm cosmlþD�slm sinmlð Þ: ð2Þ

Furthermore, the simple relation

D�n l;8ð Þ ¼ D�s l;8ð Þ
rw

ð3Þ

transforms surface mass-densities to equivalent water
thickness (EWT) values.
[11] In equations (2) and (3), (l, 8) denote spherical polar

coordinates with l East longitude and 8 latitude. GM is the
geocentric constant, a is the major semiaxis of a reference
ellipsoid and L = lmax is the maximum spherical harmonic
degree (spectral resolution). rave denotes the average mass-
density of the solid Earth and rw the mass-density of
freshwater. The numerical values used in this study are
rave = 5517 kg m�3, rw = 1000 kg m�3 respectively. The
degree-dependent loadLove numbers kl are taken fromFarrell

Table 1. Available Monthly GRACE Gravity Field Solutions in

the Time Span August 2002 to July 2008 (Inclusive)

Processing
Center

Spectral
Resolution

No. of
Solutions Data Gaps

CSR 60 71 6/03
GFZ 120 67 9/02, 12/02, 1/03,

6/03, 1/04
JPL 120 70 8/02, 6/03
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[1972] for the Gutenberg-Bullen model. The latitude-
dependent functions �Plm(sin 8) represent the 4p-normalized
associated Legendre functions of the first kind [e.g.,
Heiskanen and Moritz, 1967].
[12] Moreover, equation (2) accounts for spatial averag-

ing in terms of Gaussian smoothing [Wahr et al., 1998],
damping errors of high-degree GRACE-derived coefficients
using a Gaussian isotropic filter. The filter itself is charac-
terized by the smoothing radius R. As the high-degree terms
are amplified by the factor 2l + 1, high-frequency errors
significantly affect the accuracy of surface mass-density
estimates. Hence the smoothing coefficients Wl in equation
(2) down-weight the short wavelength parts. For the com-
putation of the weighting coefficients, we use the recursion
relations given by Jekeli [1981].
[13] The choice of the smoothing radius R depends on the

balance between the attenuation of high-frequency GRACE
measurement errors and the intensification of spectral leak-
age errors. The former increase with decreasing smoothing
radius, whereas the latter augments with increasing R. As
shown in the study by Swenson et al. [2003], the minimum
of the sum of both errors typically occurs in the range R =
200 km–600 km. As such, we apply Gaussian smoothing
ranging from R = 200 km to R = 600 km.
[14] Besides the Gaussian isotropic filter, a variety of

alternative smoothing kernels have been proposed [e.g.,
Swenson and Wahr, 2002; Swenson et al., 2003; Han et
al., 2005b]. Although the arguably more sophisticated filters
are designed to simultaneously minimize GRACE measure-
ment and spectral leakage errors, we adopt Gaussian
smoothing for our investigations because it provides nearly
identical results to alternative, albeit seemingly more
sophisticated, techniques [Chambers et al., 2007]. More-
over, the choice of filter does not impact on the philosophy
of our approach, and others may wish to choose to exper-
iment with alternative filters in conjunction with our pro-
posed method.

2.3. Glacial Isostatic Adjustment Effects

[15] Secular trends in ice-mass changes are superposed by
the continuing viscoelastic response of the Earth’s crust and
upper mantle due to past glacial loads, referred to as glacial
isostatic adjustment (GIA) [e.g., Peltier and Andrew, 1976].
For the comparatively short GRACE lifetime (6 years
versus �12,000 years since the last glacial maximum), the
GIA signal can be assumed to be linear in time [Swenson et
al., 2003]. It is mainly concentrated over the Canadian
Shield, Fennoscandia, Greenland and Antarctica, i.e.,
regions with strong glaciation at the end of the last glacial
maximum.
[16] Since GRACE measurements are insensitive to the

vertical distribution of mass, it is impossible to separate/
discriminate between gravity signals caused by ice-mass
changes and signals caused by GIA-induced mass redistri-
bution, or other causes. Therefore, if not corrected, GIA
signals will manifest as an apparent ice-mass change.
[17] Unfortunately, there are still some open issues in the

context of GIA modeling. Basically, the models depend on
assumptions of the ice-load history and mantle viscosity,
leading to considerably large error bounds [Chen et al.,
2006c; Velicogna and Wahr, 2006a]. Therefore, because of

the ‘‘controversy’’ in GIA modeling, the mass-change rates
given in this paper are not corrected for GIA effects. It is not
our intention to investigate the impact of different GIA
models. Instead, like the case of the filter options, we leave
it to others to choose their preferred model. Nevertheless,
here we give the order of magnitude of the GIA effect for
the whole of the Greenland area. According to Velicogna
and Wahr [2006b], the correction is about �8 ± 21 km3 a�1,
which is almost negligible when compared to secular mass-
change estimates that are more than one order of magnitude
larger.

3. Removing Leakage

3.1. Global Secular Mass Changes

[18] On the basis of monthly residual gravity field sol-
utions, we derived global GRACE-observed secular mass
changes in terms of EWT over the exact 6-year period
following the procedure as outlined in section 2.2. Figure 1
shows our estimates for the globally distributed variations
expressed in terms of EWT (see equation (3)), evaluated on
a spherical 1� � 1� grid.
[19] While showing very similar spatial patterns, the

solutions from the different GRACE processing centers
(CSR, GFZ and JPL) vary considerably in the magnitude
of the derived secular mass changes. The most prominent
positive features in Figure 1 are located over the Canadian
Shield and around the Amazon-Orinoco watershed in South
America. As outlined in section 2.3, the former have to be
attributed to GIA-induced land uplift. The latter suggest
secular surface water and groundwater gain in the Amazon-
Orinoco river basin. Prominent negative signals occur over
Greenland, Alaska and Antarctica. Compared to all other
regions around the globe, the signal over Greenland is by far
the strongest in magnitude.
[20] For the interpretation of Figure 1, it has to be kept in

mind that because of the limited spectral resolution of
GRACE, reliable results of mass changes can only be
derived in regions with dimensions of more than several
hundred kilometers [Tapley et al., 2004a].
[21] In this study we will focus on mass changes over

Greenland, which we trace back to secular ice-mass decline
of the Greenland ice sheet. However, our mass estimation
procedure can also be applied to other regions, both in the
cryosphere and elsewhere.

3.2. Leakage Problem and Its Proposed Solution

[22] The major problem for the computation of mass
variations from the GRACE patterns in Figure 1 arises
because of leakage effects. As highlighted in Figure 2,
leakage affects the determination of mass-change rates over
Greenland in two different ways. On the one hand, mass
change over Greenland manifests as a signal spreading out
over the landmass area (practically, the signal spreads over
the whole globe, indicated by the dashed red lines). From
the Greenland point of view (e.g., the area over which mass
changes are occurring), the signal leaks out, hence we refer
to it as leakage-out signal. It has to be restored back into the
region of interest.
[23] On the other hand, mass change at a location outside

Greenland, e.g., over the Canadian Shield, also propagates
into a signal spreading over the whole globe (indicated by
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Figure 1. Global maps of GRACE-derived secular equivalent water thickness variations from August
2002 to July 2008 (inclusive). (top) CSR, (middle) GFZ, and (bottom) JPL. Gaussian smoothing applied
with a R = 500 km radius [Robinson projection].
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the dashed green lines in Figure 2), and hence has an impact
on the mass-change estimation process over Greenland.
From the Greenland point of view, the signal leaks in, thus
we refer to it as leakage-in signal. It has to be reduced from
the region of interest. We denote the sources generating
leakage-in signals as ‘‘disturbing sources’’.
[24] Basically, any disturbing source contributes to the

overall signal over Greenland. However, the impact strongly
reduces with increasing distance, according to Newton’s law
of gravitation. In Figures 1 and 2, the strongest signals close
to Greenland are located over Alaska, the Canadian Shield
and Fennoscandia. Hence these signals mainly influence the
mass-change estimation process over Greenland in terms of
leakage-in effects.
[25] Our ice-mass change estimates (applied to Green-

land) are based on a four-step procedure (Figure 3), which
accounts for spectral leakage effects by the combination of
extended spatial filters, followed by ‘‘calibration’’ in terms
of comparison with forward gravitational modeling results.
The procedure provides magnitudes of ice-mass variations
with their corresponding error bounds. While similar to the
approach in the study by Chen et al. [2006b], the major
difference is that we use solely GRACE results to delineate

the broad areas of ice-mass change rather than additional
information from remote sensing.
[26] First, we describe our four-step procedure in order to

restore leakage-out signals. Later, we explain how to
quantify leakage-in contributions of individual disturbing
sources using the same four-step procedure.
3.2.1. Step 1
[27] The spatial mass distribution and the total mass

change M1 are extracted from Figure 1, only considering
land areas (i.e., Greenland in Figure 3, or more generally the
area of interest). Neglecting any leakage effects will usually
lead to an underestimation or overestimation of the total
mass change (underestimation in the case of Greenland),
therefore only providing approximate information.
3.2.2. Step 2
[28] This step takes an extended area into account in order

to derive a more realistic estimate, M2, for the total mass
change, but keeping the spatial distribution as obtained in
step 1. As indicated in Figure 4, we use selected (signal
strength) isolines as delineation, but the procedure can be
applied to any arbitrary extended area. As will be shown
later, our procedure is largely insensitive to the selection of
the isoline. However, we recommend a selection in the way

Figure 2. Nature of leakage-out (dashed red lines) and leakage-in (dashed green lines) signals from the
Greenland point of view [Azimuthal projection].
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that other major mass sources are excluded from the
extended area (e.g., the Canadian Shield when focusing
on Greenland) so that the estimate M2 is indeed more
realistic then M1.
3.2.3. Step 3
[29] The results of steps 1 and 2 are combined by defining

a mass distribution over the area of interest that follows the
spatial distribution obtained in step 1 but satisfies the mass
change M2. The combination is performed by applying an
intermediate amplification factor (IAF), the relation be-
tween M1 and M2, to the mass distribution extracted in step
1 (see Figure 3). Depending on the selection of the extended
area, the rescaling provides an improved mass distribution,
as part of the leakage-out signal has been restored back into
the region of interest. The improved pattern is the input for

Figure 3. Four-step procedure for estimating ice-mass
change magnitudes and geometries, with examples for
Greenland.

Figure 4. GRACE-derived equivalent water thickness
variations from August 2002 to July 2008 (inclusive) over
the Arctic region. (top) CSR pattern, (middle) GFZ pattern,
and (bottom) JPL pattern. Gaussian smoothing applied with
a R = 500 km radius. Red isolines enclose the areas of main
mass variation [Azimuthal projection].
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the forward gravity modeling technique applied in the final
step.
3.2.4. Step 4
[30] The aim here is to validate and essentially ‘‘calibrate’’

the result of step 3 using a closed-loop forward gravity
modeling technique, finally providing the ‘‘exact’’ leakage-
out effect. This is done by analyzing the gravitational
potential signal obtained by gravity forward modeling of
the mass-change distribution from step 3. The forward-
modeled potential signal is used to retrieve the total mass-
change M2,syn, using the same extended area as chosen in
step 2.
[31] The ratio between the forward-modeled total mass-

change estimate M2,syn and the estimate M2 from step 2,
expressed here as (1 � M2,syn/M2), reveals the amount of
signal loss inherent in the computation procedure for the
extended area. Furthermore, it validates the procedure itself.
We combine the amount of signal loss and the IAF from
step 2 in the final amplification factor (FAF) (see Figure 3),
which has to be applied to the mass distribution extracted in
step 1 to fully restore the leakage-out effect onto the area of
interest.
[32] We acknowledge, that steps 2 and 3 can be consid-

ered as intermediate steps. In principle, step 4 can directly
be applied to the results of step 1. However, we chose to
include steps 2 and 3, so as to incorporate more realistic
mass-change estimates as the input for the forward model-
ing procedure in step 4.
3.2.5. Leakage-in
[33] The computation of leakage-in effects follows the

same procedure. There is only one difference: After
having isolated the individual disturbing source (by applying
steps 1 to 4 to that particular source), its impact on the
region of interest has to be determined. For each disturbing
source separately, this is done by evaluating the magnitude
of the restored mass-change signal in the region of interest.
In other words: Leakage-out from, say, region A into
region B is nothing else but leakage-in into region B from
region A.

4. Simulation Studies

[34] In order to test the feasibility and prove the correct-
ness of our procedure in section 3.2, we perform two
closed-loop simulation studies. Both studies are based on
a priori known mass variations and volume changes near the
Arctic. In particular, we consider the major mass changes as
seen by GRACE. According to Figure 4, they are located
over Greenland, Alaska, the Canadian Shield and Fenno-
scandia. Table 2 presents the numerical volume-change

input values. Although somewhat arbitrarily fixed, we have
chosen them to be close to the total changes as obtained by
GRACE.
[35] The variations in Table 2 are forward modeled (by

Newton integration) in order to obtain the corresponding
change in gravitational potential. The forward modeled
potential is first evaluated on a global 15-arc-min by
15-arc-min grid and subsequently converted by spherical
harmonic analysis to a set of fully normalized spherical
harmonic coefficients up to degree and order 120. From the
gravitational potential values (given in terms of an harmonic
series expansion), the computation of EWT values follows
the same procedure as outlined in section 2.2. In terms of
spatial averaging, we apply Gaussian smoothing with
smoothing radius R = 500 km. We apply our procedure to
the simulated EWT patterns. Finally, we compare the
resulting volume-change magnitudes with the initial input
values in Table 2.

4.1. A Simple Simulation (Greenland Ice Shield Only)

[36] The first study considers only one mass-change
signal located over Greenland. The spatial distribution of
the initial variations is chosen such that the strongest signal
in magnitude is at the southeast coast of Greenland. Thus, in
this simple example, we totally neglect disturbing influen-
ces. As a consequence, no leakage-in effects occur at all.
This configuration is far from reality, but it gives an
important insight in the procedure’s performance regarding
its ability to restore leakage-out effects. The gravitational
potential forward modeling result, and hence, the input for
the procedure, is given in Figure 5. The initial total volume-
change magnitude is �500 km3. Note that this value can be
chosen arbitrarily within the closed-loop investigation.
4.1.1. Steps 1–3
[37] Applying the first step of the procedure in section 3.2

to the pattern in Figure 5 leads the volume-change over
Greenland to become �305.2 km3. This value is much
lower than the input value (�500 km3) due to leakage-out.
[38] The second step evaluates the volume-change mag-

nitude within an extended area, enclosing both the landmass
area and regions affected by leakage-out signals. As we
introduced no disturbing masses for this first simulation, the
definition of the extended area is arbitrary. With regard to
the more advanced study in section 4.2 and GRACE
analysis in section 5, however, we choose the delineation
so as to keep disturbing influences small. Hence, aside from
the landmass itself, the extended area contains coastal areas
only.
[39] Figure 6 displays four selected extended areas. They

represent the mass-change contour lines according to the
�0.04 m, �0.05 m, �0.06 m and �0.07 m isolines,
expressed in terms of EWT. Although the delineations do
not differ a lot geometrically, according to Table 3 (second
column), the resulting volume-change magnitudes increase
considerably with an enlarged extended area. The third
column in Table 3 presents the IAF as the ratio between
the estimate within the extended area and the value obtained
over the Greenland landmass. Naturally, the larger the
extended area, the larger the IAF. As a check, we also
derived the mass change for the signal spreading over
the whole globe and could completely restore the input

Table 2. Volume-Change Input Values for the Closed-Loop

Simulation Studies

Region Origin Volume-Change (km3)

Greenland deglaciation �500
Alaska deglaciation �300
Canadian Shield glacial isostatic adjustment +850
Fennoscandia glacial isostatic adjustment +100
Sum – +150
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mass, which is possible here as no disturbing masses are
considered.
4.1.2. Step 4
[40] The IAF allows restoration of the leakage-out signal

inside the extended area back onto the land area, see section 3.2.
The resulting pattern is used in the last step of the procedure
to quantify the amount of signal leaking beyond the limited
delineation of the extended area. The signal loss, hence the
additional leakage-out signal that has not been considered
so far, turns out to be in the range of 4% to 23% (fourth
column in Table 3). Adding the signal loss to the volume-
change estimate inside the extended area results in the total
volume-change M1,syn. From these values, the computation
of the FAF is straightforward. Most notably, the FAF does
not depend on the choice of the extended area. This
important fact makes the routine robust toward arbitrary
definitions of the extend area.
[41] This closed-loop simulation allows us to quantify the

model errors by comparison of the final results with the
initial input value (�500 km3). The model errors vary
between 0.9% and 1.6%. Hence leakage-out signals can
(almost) be fully restored. The total estimated leakage-out
effect is given by the difference between the mass change
within the extended area and the result over landmass,

added to the signal loss. On the other hand, the true total
leakage-out signal is the difference between the input
volume-change and the landmass value.

4.2. A More Advanced Simulation (the Arctic Region)

[42] The second simulation study is composed of an
investigation of both leakage-out and leakage-in effects,
embedded in a close-to-reality configuration of mass
changes. Again, the initial total mass change over Green-
land is �500 km3. However, we additionally consider
disturbing signals, as outlined in Table 2. Figure 7 presents
the corresponding gravitational potential forward modeling
result as input for the four-step procedure. Keep in mind that
the disturbing signals are both negative (Alaska) and
positive (Canadian Shield and Fennoscandia).
4.2.1. Steps 1–4
[43] We perform the first three steps of this simulation as

for the first simulation study in section 4.1. In order to
quantify the true leakage-in effect at a later stage, we use the
same extended areas as before, see Figure 6. According to
Table 4, both the volume-change estimate over Greenland
itself (�299.6 km3) and the results for the extended areas
become smaller, which is due to leakage-in effects. As they
affect all regions similarly, the IAFs are similar to the values
in Table 3.

Figure 5. Input for the first simulation study: forward modeled potential signal [Azimuthal projection].
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[44] Again, the IAF is used to restore the leakage-out
signal from the extended area back onto land. In the fourth
step, forward modeling provides the signal loss due to
signal leaking beyond the extended area. The sum of the
volume-change estimate inside the extended area and the
signal loss amounts to the total volume-change M1,syn.
Numerical values are given in the fifth column of Table 4
all are considerably smaller than the initial volume-change
input (�500 km3). In other words, within the range of 4%,
the model errors are much higher than in the first simulation
study. This is simply because leakage-in effects have not
been reduced thus far.
4.2.2. Leakage-in
[45] To account for leakage-in effects, the impact of each

single disturbing source, i.e., Alaska (ALA), the Canadian
Shield (CAN) and Fennoscandia (FEN) has to be isolated
by applying the procedure to each. Opposed to the quanti-
fication of leakage-out effects, however, the leakage-in
signal is obtained by evaluating the volume-change signal
of the disturbing source in the region of interest, i.e.,
Greenland. Table 5 displays the results for each individual
disturbing source, as well as the total effect.
[46] Considering leakage-in, the model errors reduce to

1–2%. It is important to mention that the total leakage-in
signal is positive, thus dominated by the positive GIA signal
over the Canadian Shield. The further contributions have a

lesser impact. Hence reducing leakage-in effects over
Greenland results in an increase of the total volume result.
As a consequence, the FAFs in Table 5 are greater than for
the first simulation study.
[47] Finally, Table 6 summarizes both the true and

estimated signal loss (or additional leakage-out) and
leakage-in values. The true signal loss is provided by
the first simulation study by subtracting the volume-
change within the extended area from the initial vol-
ume-change input. Accordingly, in this second study, the
true leakage-in signal is derived by subtracting both the
signal loss and the volume-change estimate within the
extended area from the initial value. The overall error

Figure 6. Definition of extended areas for simulation study 1 over the Greenland region, in terms of
EWT isolines [Albers projection].

Table 3. Simulation Study 1: Volume-Change Magnitudes and

Amplification Factors for Different Extended Areasa

Region
M2

(km3) IAF
Signal

Loss (%)
M1,syn

(km3) FAF
Error
(%)

Land �305.2 1.00 – – – –
Isoline �0.07 m �401.5 1.32 22.6 �492.1 1.61 1.58
Isoline �0.06 m �427.1 1.40 15.6 �493.7 1.62 1.27
Isoline �0.05 m �453.0 1.48 9.2 �494.4 1.62 1.11
Isoline �0.04 m �477.9 1.57 3.7 �495.7 1.62 0.87

aInitial volume-change input: �500 km3.

B06407 BAUR ET AL.: GRACE-DERIVED ICE-MASS VARIATIONS OVER GREENLAND

9 of 13

B06407



budget (last column in Table 6) is dominated by errors in
leakage-out modeling.

5. Recent GRACE-Derived Ice-Mass Changes
Over Greenland

[48] In order to derive the 2002–2008 ice-mass balance
over Greenland, we apply our procedure to the GRACE
patterns displayed in Figure 4. As demonstrated in section 4,
the choice of extended areas has only a minor impact on the
secular trend estimation process. Hence we only present

the results using the extended areas performing best within
the simulation studies, that is, we restrict ourselves to the
contour lines in Figure 4.
[49] Depending on the smoothing radius used for spatial

averaging, Table 7 summarizes the results of the individual
computation steps for the GRACE gravity field solutions
provided by CSR, GFZ and JPL from August 2002 to July
2008 (inclusive). The third column provides the ice-volume
changes over the Greenland landmass. The estimate within
the extended area (outer contour line in Figure 6) is
expressed in terms of the IAF (fourth column), i.e., the
ratio between the estimate inside the extended area and the

Figure 7. Input for the second simulation study: forward modeled potential signal [Azimuthal
projection].

Table 5. Simulation Study 2: Volume-Change Magnitudes and

Amplification Factors for Different Extended Areasa

Region

Leakage-in (km3)

FAF Error (%)ALA CAN FEN Total

Isoline �0.07 m �0.6 8.9 0.7 9.0 1.63 2.14
Isoline �0.06 m �0.7 10.3 0.8 10.4 1.64 1.76
Isoline �0.05 m �0.8 12.4 0.9 12.5 1.64 1.50
Isoline �0.04 m �0.9 15.0 1.0 15.1 1.65 1.14

aGreenland initial mass-change input: �500 km3. Both leakage-out and
leakage-in effects are considered.

Table 4. Simulation Study 2: Volume-Change Magnitudes and

Amplification Factors for Different Extended Areasa

Region
M2

(km3) IAF
Signal

Loss (%)
M1,syn

(km3) FAF
Error
(%)

Land �299.6 1.00 – – – –
Isoline �0.07 m �392.2 1.31 22.5 �480.3 1.60 3.94
Isoline –0.06 m –416.4 1.39 15.5 �480.8 1.60 3.84
Isoline �0.05 m �440.0 1.47 9.1 �480.0 1.60 4.00
Isoline �0.04 m �462.3 1.54 3.7 �479.2 1.60 4.15

aGreenland initial mass-change input: �500 km3. Only the leakage-out
effect is considered.
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value derived over landmass. The signal loss in column five
quantifies the leakage-out signal spreading beyond the
limited extended area definition. Hence it accounts for
the additional leakage-out effect. The sixth column displays
the effect of leakage-in signals caused by Alaska, the
Canadian Shield and Fennoscandia.
[50] As highlighted in section 4.2, the overall leakage-in

effect is dominated by the strong positive GIA signal over
the Canadian Shield. For all scenarios in Table 7, it amounts
to roughly 100% of the total leakage-in effect; Alaska only
contributes about �10% and Fennoscandia about 10%. In
this context, the correction for leakage-in effects is per-
formed by algebraic subtraction. Finally, the FAF incorpo-
rates all leakage-out and leakage-in effects. Multiplied by
the initial volume-change over landmass, it provides the
total ice-volume change; see the last column in Table 7.
Most notably, the FAF reveals that without taking leakage
effects into account, mass-change amplitudes over Green-
land are reduced by about 50%, i.e., a factor of 2.
[51] As the initial estimate over landmass depends on the

smoothing radius R, the FAFs differ accordingly. They
increase with increasing R, which is due to the reduction
of signal power for increased smoothing. Independent from
the smoothing radius applied, for each processing center
individually, the ablation rates over Greenland are in very
good agreement. From the smallest to the largest values,
they vary by a few percent only. Our method is therefore
largely insensitive toward the degree of Gaussian smooth-
ing. The accuracy of the estimates, however, reduces

dramatically with decreasing R. The results presented in
Table 7 suggest an optimal (least uncertainty) of about
500 km for the CSR and GFZ solution and a larger radius
for the JPL solution. Taking the average over all smoothing
radii, the annual ice-volume loss becomes�242 ± 14 km3 a�1

(CSR), �194 ± 24 km3 a�1 (GFZ) and �96 ± 23 km3 a�1

(JPL) respectively. Note that these values are free of any GIA
correction.
[52] On the other hand, analysis of the gravity field

solutions provided by CSR, GFZ and JPL exhibit a signif-
icant spread. This is a straightforward outcome from the
trend patterns in Figure 4, as the mass change over Green-
land is clearly smallest in magnitude for JPL. As long as the
discrepancies among the various GRACE solutions can be
explained, we recommend to average the individual results,
finally yielding the ice-volume decline to become �177 ±
12 km3 a�1.
[53] Table 8 highlights ablation rates of the Greenland

area derived by different GRACE-based studies. The values
reveal a rather large spread among the different studies,
ranging from �87 ± 23 km3 a�1 to �242 ± 14 km3 a�1,
well exceeding the formal errors given. As such, the
interpretation of the change rates from these data has to
be done cautiously. Accelerated melting could be one
reason for the rising secular trend, especially when com-
pared to pre-GRACE estimates. However, the application of
different analysis methods to different series of gravity field
solutions, in combination with inconsistent survey periods,
make the values difficult to compare. Part of the spread may
be explained by the way leakage is considered within the
individual studies. As our amplification factors demonstrate,
the leakage signal amounts to about 50% of the total mass
change over Greenland. Variations in the treatment of
leakage effects significantly impact mass balance results.

6. Discussion

[54] The separation of GRACE-detected gravity signals
from GRACE measurement errors is one of the major
challenges with regard to the accurate estimation of tempo-
ral mass variations. High-degree GRACE-derived coeffi-
cients are contaminated by large errors. Despite the

Table 7. GRACE-Derived Total Ice-Volume Variations From August 2002 to July 2008 (Inclusive), Dependent

on Both the GRACE Data Processing Center and Gaussian Smoothinga

Processing
Center

Radius
R (km)

Landmass
(km3) IAF

Signal
Loss (km3)

Leakage-in
(km3) FAF

Total
Change (km3)

CSR 200 �801.6 1.98 135.3 15.6 1.83 �1468.2 ± 228.8
300 �781.3 1.94 91.1 16.0 1.85 �1447.0 ± 192.6
400 �751.3 1.92 22.7 17.5 1.92 �1440.5 ± 176.0
500 �713.6 1.91 �67.4 19.1 2.03 �1449.3 ± 169.8
600 �670.3 1.90 �172.8 21.7 2.19 �1469.9 ± 170.2

GFZ 200 �673.0 1.92 106.9 18.1 1.79 �1204.3 ± 587.9
300 �645.2 1.91 75.2 18.2 1.82 �1174.8 ± 296.1
400 �612.4 1.89 21.9 19.7 1.88 �1153.2 ± 196.2
500 �573.9 1.87 �47.4 22.7 1.99 �1143.9 ± 169.4
600 �531.3 1.86 �127.7 27.3 2.16 �1145.2 ± 166.2

JPL 200 �264.6 2.42 54.9 14.9 2.27 �600.5 ± 576.2
300 �265.7 2.31 44.4 15.5 2.20 �584.0 ± 275.4
400 �264.3 2.17 20.8 17.1 2.16 �569.6 ± 168.8
500 �257.7 2.05 �12.5 19.9 2.18 �561.9 ± 131.5
600 �245.6 1.97 �52.0 24.2 2.28 �559.8 ± 116.0

aNo GIA correction applied.

Table 6. Simulation Study 2: True and Estimated Signal Loss and

Leakage-in Values for Different Extended Areasa

Extended
Area

Signal Loss (km3) Leakage-in (km3)

Total
Error (%)True Estimate

Error
(%) True Estimate

Error
(%)

Isoline �0.07 m �98.5 �88.1 2.1 9.3 9.0 0.1 2.14
Isoline �0.06 m �72.9 �64.4 1.7 10.7 10.4 0.1 1.76
Isoline �0.05 m �47.0 �40.0 1.4 13.0 12.5 0.1 1.50
Isoline �0.04 m �22.1 �16.9 1.0 15.6 15.1 0.1 1.14

aGreenland initial mass-change input: �500 km3.
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damping of short wavelength spectral components, non-
reduced GRACE errors still affect the numerical results. As
such, the performance of our procedure with regard to both
simulated and real-data scenarios depends on the GRACE
error budget.
[55] The principle of rescaling mass-change estimates

within an area of interest in order to restore realistic
amplitudes has been adopted in several investigations
[e.g., Swenson and Wahr, 2002; Seo and Wilson, 2005;
Velicogna and Wahr, 2005; Chen et al., 2006b]. Typically,
these studies consider the total leakage signal in the target
area at once. They neither isolate nor quantify individual
disturbing sources present in the GRACE signal.
[56] Opposed to earlier studies, the benefit of our proce-

dure is twofold. First, it allows the systematic classification
of the complex nature of leakage effects. We split up the
total leakage signal in its (major) individual parts. In this
context, the separation between leakage-in and leakage-out
is of importance for the full understanding of the problem.
For mass-change balance over Greenland, it turns out that
leakage-in effects are of minor importance. However, the
composition of superposed individual signals strongly
depends on the region of interest, i.e., the geographical
position. In regions other than Greenland, leakage-in might
dominate to leakage-out. Secondly, recalling steps 2 and 3,
we want to highlight that the forward modeling step is based
on more realistic mass-change magnitudes as opposed to
neglecting these intermediate steps.
[57] Scrutinizing GRACE-derived mass balance results

provided in Table 8 show that, so far, there is no clear
consensus about the magnitude of present ice-mass decline
over Greenland. On the other hand, the numbers given are
based on highly inconsistent conditions. They are neither
the outcome of the same survey period nor incorporate the
same release of gravity field solutions. Consequently, it is
not possible to evaluate the analysis methods with regard to
performance. Nonetheless, we suspect that the correction for
leakage effects to be partly responsible for the discrepan-
cies. The reconcilement of the results would require the
different approaches to be applied to a consistent data set.
Even though we consider this matter to be urgent, this
reconcilement lies beyond the scope of this paper.
[58] In any case, the comparison of different GRACE-

derived results is strongly biased. Only the comparison with
independent data, such as provided by InSAR (Interfero-
metric synthetic aperture radar), allows one to evaluate

change-rate numbers objectively. As reported by Rignot
and Kanagaratnam [2006], InSAR data from 2005 show
the ablation rate over Greenland to be �224 ± 41 km3 a�1.
This result is very comparable with GRACE. In particular, it
is in very good agreement with the secular trends obtained
by Velicogna and Wahr [2006b], Chen et al. [2006b] and
our results.

7. Conclusions

[59] In an attempt to derive more reliable secular mass-
change trends from GRACE satellite gravimetry, we have
devised a four-step analysis procedure, followed by two
simulations and application to 6 whole years of GRACE
data over Greenland from three different analysis centers.
The four-step method is characterized by the separation of
individual leakage sources; it allows the quantification of
both leakage-out and leakage-in signals. The former are
much higher in magnitude (about one order) than the latter
over Greenland. The leakage-in effect is dominated by the
strong GIA signal over the Canadian Shield. Most notably,
without taking leakage effects into account, mass-change
amplitudes over Greenland would be reduced by about
50%.
[60] Our analysis of RL04 GRACE level 2 data over the

6-year period from August 2002 to July 2008 (inclusive)
shows an annual ice-mass decline over Greenland of�177 ±
12 km3 a�1. We identify that other GRACE-derived degla-
ciation rates are strongly dependent on the series of gravity
field solutions used. In order to derive our GRACE-based
secular trend, we simply averaged the results applied to data
from different analysis centers: CSR (�242 ± 14 km3 a�1),
GFZ (�194 ± 24 km3 a�1) and JPL (�96 ± 23 km3 a�1).
Note that these values do not account for GIA corrections,
but which are more than one order of magnitude smaller.
[61] Our change-rate results are in very good agreement

with alternative GRACE studies and recent, independent,
InSAR measurements. We want to point out, however, that
each study is characterized by its individual analysis
method, underlying series of gravity field solutions, and
survey period. The different conditions make the change-rate
numbers difficult to compare objectively.

[62] Acknowledgments. This project was funded by Australian
Research Council Discovery Project grant DP0345583. This is TIGeR
publication number 182. We kindly acknowledge helpful comments by two
anonymous reviewers of the manuscript.

Table 8. Results of Ice-Volume Change Rates Over the Greenland Area Obtained by GRACE Gravimetry

Study Survey Period

Ice-Volume
Change Rate (km3 a�1)

Without GIA With GIA

Velicogna and Wahr [2005] April 2002–July 2004 �87 ± 23 �82 ± 28
Ramillien et al. [2006] July 2002–March 2005 �130 ± 11 �141 ± 16
Velicogna and Wahr [2006b] April 2002–April 2006 �240 ± 12 �248 ± 36
Chen et al. [2006b] April 2002–November 2005 �239 ± 23 �234 ± 24
Luthcke et al. [2006] July 2003–July 2005 �103 ± 17 �110 ± 17
This study CSR August 2002–July 2008 �242 ± 14 –

GFZ August 2002–July 2008 �194 ± 24 –
JPL August 2002–July 2008 �96 ± 23 –

Average August 2002–July 2008 �177± 12 –
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