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S U M M A R Y
Interannual variations of the Antarctic ice sheet due to surface mass balance (SMB) fluctuations
are important for mass balance estimates and interpretations. To date, these variations are
primarily assessed by global or regional atmospheric modelling. Satellite altimetry and satellite
gravimetry over the ice sheet provide complementary observations of the related volume and
mass effects, respectively. Yet, so far the interannual signal contents of these observations
have not been extensively studied. We compare and jointly interpret ENVISAT radar altimetry
(RA) and GRACE satellite gravimetry results, relying on RA products from the along-track
repeat satellite RA approach and on the GRACE 10-d solutions by CNES/GRGS. RA results
and GRACE results are expressed in terms of variations of ice sheet thickness, �z(t), and
ice-equivalent thickness, �zice(t), respectively. In view of the different errors and limitations
of both techniques and of differences between �z(t) and �zice(t) expected due to firn-related
processes, our principal approach is a comparison of qualitative patterns in space and time.
To adjust the spatial resolution of both data sets, we describe the spatial filtering inherent
to the regularization of the CNES/GRGS GRACE solutions and apply this filtering to the
ENVISAT RA height changes in a consistent fashion. After correction for glacial isostatic
adjustment, the spatial patterns of linear trends seen by ENVISAT RA and GRACE over the
period 2002 October to 2009 August agree well, not only for the extreme ice losses in the West
Antarctic Amundsen Sea Sector but also for an alternating sequence of gains and losses along
the East Antarctic coast. Our main focus is on interannual signals, which we represent by the
low-pass filtered non-linear, non-seasonal components of the �z(t) and �zice(t) time-series.
These components should reflect interannual SMB variations, apart from effects of changes
in ice flow. We find an agreement between the interannual variation patterns from ENVISAT
RA and GRACE with temporal correlation coefficients typically in the order of 0.8. This
qualitative agreement, prevailing even in the theoretical absence of a simple proportionality
between �z(t) and �zice(t), indicates that both observational signals primarily originate in
common geophysical variations. Combining both geodetic data sets aids their interpretation
and promises to be valuable for the reduction of SMB uncertainties. In a case study based on
the analysis of both GRACE and ENVISAT RA, we identify a prominent interannual feature
in West Antarctica in 2005 September/October as an event of excess snow accumulation with
a mass effect of 82 ± 31 Gt.

Key words: Satellite geodesy; Sea level change; Time variable gravity; Global change from
geodesy; Glaciology; Antarctica.

1 I N T RO D U C T I O N

Reactions of the Antarctic ice sheet to changes of its atmospheric,
oceanic and solid Earth boundary conditions occur at timescales

�Now at: Institut für Astronomische und Physikalische Geodäsie, Technis-
che Universität München, Arcisstr. 21, D-80333 München, Germany.

from millennia to hours (Alley et al. 2005; Bindschadler 2006).
While most researchers agree that in the last decade ice mass
changes have been dominated by losses due to accelerated outflow
in West Antarctica, predictions for the next century are uncertain,
even in sign (Solomon et al. 2007).

The mass balance of the grounded ice sheet is the difference be-
tween mass input by net snow accumulation (surface mass balance,
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SMB) and mass output by ice flux across the grounding line. Out-
flux is commonly deduced from satellite observations of surface
flow velocities (Rignot et al. 2008). SMB data are obtained from
sparse in situ observations, remote sensing and atmospheric mod-
elling (Vaughan et al. 1999; Greuell & Genthon 2004; van de Berg
et al. 2006; Eisen et al. 2008; Monaghan & Bromwich 2008) where
recent mass balance-oriented estimates (Rignot et al. 2008, 2011)
resort to modelling validated by observations.

Despite great progress in recent years (e.g. van den Broeke et al.
2011), uncertainties of the SMB and its interannual variations re-
main a major limitation for mass balance estimates from calculating
the difference between SMB and ice outflux (van den Broeke et al.
2011; Rignot et al. 2011). More observational data could improve
quantifications of the actual SMB and, moreover, help to validate
and improve the representation of SMB-related processes in atmo-
spheric models.

There are two approaches of observing changes on an ice sheet
scale by satellite geodesy. The first one is to observe surface height
variations, which may be converted to mass variations under ad-
ditional assumptions. Since 1991, satellite radar altimetry (RA)
has enabled this approach (Davis et al. 2005; Zwally et al. 2005;
Wingham et al. 2006) with the sequence of the ERS-1, ERS-2 and
ENVISAT missions, recently supplemented by CryoSat-2. As one
of its problems, RA has had limitations of coverage at the ice sheet
margins and in the polar gap beyond 81.5◦ latitude. A second limi-
tation arises from the complexity of radar reflections at an ice sheet,
including time-variable penetration effects (Legrésy & Rémy 1997,
1998; Arthern et al. 2002). In this context, Thomas et al. (2008)
challenged the origin of altimetric height trends over the interior of
Greenland. Satellite laser altimetry as realized by the ICESat mis-
sion (2002–2009; Schutz et al. 2005; Pritchard et al. 2009) has no
problem of signal penetration and of signal loss at ice sheet mar-
gins. However, the achieved temporal sampling (2–3 months per
year) degrades the quality of studies of linear trends (Gunter et al.
2009) and tends to undermine studies of non-linear interannual and
seasonal variations.

The second geodetic approach is to observe the effect of mass
redistributions on the Earth’s gravity field. This has been real-
ized since 2002 with the Gravity Recovery and Climate Experi-
ment (GRACE) mission (Ramillien et al. 2006; Chen et al. 2008;
Velicogna 2009; Horwath & Dietrich 2009; Sasgen et al. 2010b).
Major limitations are the insensitivity of GRACE to spatial scales
below a few hundred kilometres and the problem of separating lin-
ear ice mass changes from solid Earth mass displacements due to
glacial isostatic adjustment (GIA).

Due to their different sensitivities, error sources and limitations,
the different approaches have delivered a wide range of results about
changes of the Antarctic ice sheet (Alley et al. 2007; Allison et al.
2009). Even results from the same satellite data and for similar
time intervals may differ considerably depending on data analysis
details [see, e.g. Alley et al. (2007) for RA and Sasgen et al. (2007)
and Horwath & Dietrich (2009) for GRACE]. A comparison and,
more rigorously, a combination of different techniques (e.g. Arthern
& Hindmarsh 2003) is the way to gain understanding about their
underlying geophysical processes and errors and to reduce the am-
biguities inherent to any single technique. James & Ivins (1995)
anticipated the combination of GPS, satellite gravity data and po-
lar motion observations to constrain Antarctic ice mass changes.
Regarding the combination of GRACE and satellite altimetry, a
methodological foundation was laid by Wahr et al. (2000). Such a
combination has to account for, and may exploit, the different rel-

ative sensitivities of satellite gravimetry and altimetry to ice sheet
changes and GIA and the sensitivity of altimetry (but insensitivity
of GRACE) to changes in the firn density structure (see Section
2.6). As a first practical realization, Gunter et al. (2009) and Riva
et al. (2009) compared and combined linear trends from GRACE
and ICESat laser altimetry.

Most GRACE or altimetry studies over ice sheets have followed
the paradigm of long-term linear, or possibly quadratic, trends. In
this context, interannual effects, notably those induced by SMB
variations, appear as noise, which masks the long-term evolution
and complicates the interpretation of trends over a few years (Rémy
& Parrenin 2004). Recent RA analyses (Zwally et al. 2005; Helsen
et al. 2008) employ models to assess how the observed trends are
affected by interannual fluctuations of SMB and firn compaction,
but they do not compare the modelled and observed non-linear
fluctuations over the RA period. From a different point of view,
reliable geodetic data on interannual variations could be valuable
for time-variable SMB studies.

GRACE results over Antarctica show significant interannual vari-
ations beyond a linear or quadratic trend. An example is a positive
anomaly that started in the second half of 2005 (Horwath & Dietrich
2009, fig. 15 and Velicogna 2009, fig. 2). Part of this interannual
variability has been related to SMB (Sasgen et al. 2010a) but other
features could arise from temporally correlated errors in the under-
lying GRACE solutions (Horwath & Dietrich 2009; Horwath et al.
2011). Sometimes, the geographic patterns aid a common-sense dis-
tinction between signals and artefacts (Horwath & Dietrich 2006),
but the low spatial resolution of GRACE results limits this approach.

In this paper we explore the combination of GRACE and concur-
rent ENVISAT RA. Despite their limitations, the RA data have their
unique advantages: The continuity of observation over two decades
provides the longer-term context of more recent observations. By
the temporal sampling along a 35-d repeat orbit, ENVISAT RA
is the natural geometric complement to GRACE for jointly resolving
the seasonal, interannual and long-term components of geograph-
ically dependent volume and mass changes, respectively. Here we
focus on the interannual components which are expected to contain
SMB-related signals.

In Section 2 we introduce the used data products and explain
our approach of analysis. This approach accounts for the differ-
ent spatial resolutions of the used ENVISAT RA and GRACE data
products and for our limited knowledge of their error content, par-
ticularly concerning interannual variations, which have been less
studied than trends and which are observed with less redundancy.
It cannot be taken for granted from the start that the interannual
variations in ENVISAT RA and GRACE reliably reflect geophysi-
cal signals and are useful for a synthesis of both techniques. From
this starting point, our principal approach will be to assess the
qualitative consistency between patterns of ENVISAT RA and
GRACE results. As explicated in Section 2.6, these patterns are
expressed in terms of ice sheet thickness variations �z(t) and ice-
equivalent thickness variations �zice(t), respectively, for ENVISAT
RA and GRACE. Even though no simple proportionality between
�z(t) and �zice(t) can be expected, qualitative agreement between
ENVISAT RA and GRACE patterns would indicate that both tech-
niques are mature enough to primarily reflect true geophysical sig-
nals. In Section 3 we present our results, which indeed show con-
sistency between the GRACE and ENVISAT RA patterns of both
linear and interannual variations. We then further explore and dis-
cuss the synthesis of both techniques. Finally, Section 4 draws the
conclusions.
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2 DATA A N D M E T H O D S

2.1 ENVISAT RA

Like its altimetric predecessors ERS-1 and ERS-2, ENVISAT car-
ries a Ku-Band (13.6 GHz) radar altimeter on a sun-synchronous
35-d repeat orbit with a 98.5◦ inclination (ESA 2007). The EN-
VISAT Ice-2 waveform retracker (Legrésy et al. 2005; ESA 2007)
provides the altimetric range together with three other waveform pa-
rameters (leading edge width, trailing edge slope and backscattering
coefficient). We apply the corrections for Earth tides and pole tides,
tidal loading (from the ENVISAT geophysical data records; ESA
2007), and for ionospheric delay [GIM model (Iijima et al. 1999)].
We do not apply tropospheric refraction corrections because they
are subject to caution over ice sheets (Blarel 2010). Tropospheric
correction time-series generated from ERA interim data (Berrisford
et al. 2009) mainly exhibit a seasonal behaviour while their inter-
annual signal is negligible in comparison with other interannual
signals in the height data.

Following the along-track repeat satellite RA approach (Legrésy
et al. 2006), 35-daily time-series of altimetric parameters are anal-
ysed every 370 m along the repeat tracks. The altimetric parameters
are corrected for differential topographic effects between the indi-
vidual measurements due to the non-exact repeat of the observation
positions and the small-scale topography (geographic correction).
Within every 370 m × 2 km box (along-track sampling distance ×
cross-track repeat band) the topographic effect is modelled as a
function of the position, which is adjusted and removed (Legrésy
et al. 2006).

The radar response comprises a surface echo and a volume echo
(Legrésy & Rémy 1997, 1998; Arthern et al. 2002). Their shapes
and relative proportions change when properties of the snow sur-
face and the upper firn layers change. Such changes may induce
artificial height changes for any retracking procedure (Legrésy &
Rémy 1998). Our empirical approach to correct for such artefacts
is based on the assumption that a change in surface or firn charac-
teristics will also change at least one of the other three waveform
parameters. We assume a linear relation between changes in the
three waveform parameters and related height artefacts. For every
370 m along-track bin we determine the respective linear regression
and subsequently reduce those height change components that are
linearly related to changes in the waveform parameters (Legrésy
et al. 2006).

Legrésy et al. (2006) demonstrated how the geographic and echo
shape correction largely reduce the variability of the original al-
timetric height time-series. Lacroix et al. (2009) investigated the
altimetric signature of a meteorological event that changed surface
properties in the Lake Vostok region in interior East Antarctica. The
effect on the raw altimetric height was a jump of 41 cm. This obvi-
ous artefact was reduced to 1 cm by the waveform shape correction.
In contrast, a jump of 6 cm remained when the authors employed
an empirical correction (Wingham et al. 1998; Zwally et al. 2005)
solely based on backscatter variations. Nonetheless, also with the
advanced correction, some unknown residual time-variable pene-
tration effects have to be expected in our RA products.

For subsequent analyses the along-track time-series with at least
30 repeat observations are condensed to a time-series of grids with
a longitude/latitude spacing of 0.75◦ × 0.2◦. We choose overlapping
35-d intervals every 10 d such that their centres correspond to the
centres of the GRACE 10-d solution intervals (Section 2.2). For
each 35-d interval, each grid cell with at least 10 observations over
grounded ice is assigned with the average of those observations.

For every grid cell, the mean value is subtracted from the time-
series, and an outlier elimination is performed. Grid cell time-series
with less than 200 values or less than 5 yr length are completely
rejected. Finally, the sampling is reduced to the times where both
ENVISAT RA and GRACE data (see next section) are available,
that is, to the epochs from 2002 October 22 to 2009 August
26 with 16 epochs missing. To calculate ENVISAT RA volume
changes over an Antarctic basin, we sum up the height variations
per grid cell multiplied with the cell area, ignoring cells with no
data.

The results are obviously subject to the limitations of ENVISAT
RA coverage. The polar gap beyond 81.5◦ latitude is not covered and
in steep coastal regions, abrupt transitions and heavily crevassed ar-
eas, conventional pulse-limited RA fails to properly track the radar
echo. In addition, the results may be affected by ENVISAT RA sam-
pling properties since the ENVISAT RA observations actually refer
to the surface patch with smallest distance to the satellite which
may be several kilometres upslope from the nadir point (Rémy et al.
1989) deforming the tracks to an irregular sampling (Roemer et al.
2007). In case of small-scale dynamic changes in rugged terrain
this may be an issue for the representativeness of the ENVISAT
RA sampling (Thomas et al. 2008). One could choose sophisticated
approaches to account for the ENVISAT RA sampling character-
istics and to interpolate or extrapolate to uncovered areas, based
on additional modelling choices. In this study, however, we restrict
ourselves to the information that may be directly deduced from the
RA observations.

2.2 GRACE satellite gravimetry

The GRACE mission launched in 2002 (Schmidt et al. 2008) senses
temporal changes of the Earth’s gravity field through their orbital
effects measured in a differential manner by a microwave rang-
ing system between the two coorbiting satellites. Temporal gravity
field changes may then be translated into geographically dependent
equivalent surface mass changes (Wahr et al. 1998), expressed in
terms of water equivalent (w.e.) or ice equivalent height. We will
employ ice equivalent height variations �zice.

Here we use the CNES/GRGS time-variable gravity field solu-
tions of Release 2 produced from GRACE Level-1B data comple-
mented by LAGEOS satellite laser ranging data (Lemoine et al.
2007; Bruinsma et al. 2010). The solutions are given in a spheri-
cal harmonic representation. Tidal and non-tidal atmospheric and
oceanic mass variations are included in the background model of
the gravity field estimation procedure and are not included in the
time-variable solutions.

Release-2 (Bruinsma et al. 2010) comprises the mean model
EIGEN-GRGS.RL02.mean-field (up to spherical harmonic degree
160) and a series of 10-d solutions (up to degree 50). The mean
model was estimated from 4.5 yr of data (2003 February 27–2007
September 30) and includes some components of temporal changes,
namely linear trends and annual and semi-annual sinusoidal com-
ponents up to degree 50 and an additional jump associated to the
2005 December Sumatra earthquake. The 10-d solutions are regu-
larized towards the mean model by applying tailored degree- and
order-dependent constraints in the process of gravity field estima-
tion. The regularization is a compromise between the suppression
of noise and the preservation of geophysical signal. For unregu-
larized solutions, in contrast, noise is usually attenuated by post-
processing filters (e.g. Werth et al. 2009). Both regularization and
post-processing filters affect, and potentially distort, geophysical
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signal patterns. Bruinsma et al. (2010) analyse the regularization
effect for the CNES/GRGS Release-2 solutions and compare them
to filtered solutions by other GRACE processing institutions. For
more investigations and comparisons of regularization and filtering
effects, apart from the illustration given later, the reader is referred
to, for example, Kusche (2007) and Werth et al. (2009).

In fact, the manner in which the CNES/GRGS regularization
affects geophysical signals can be also interpreted as a filter. If
the normal equation matrices of an unregularized solution and of
a regularized solution (Nu and N r) are available, this filter can be
described by the fully populated filter matrix (Kusche 2007)

F = N−1
r Nu. (1)

A more detailed formal description of the filter effect on geophysi-
cal surface mass signals is provided in the Appendix. Following this
approach of filter description we use normal equation matrices of
the CNES/GRGS gravity field solutions to describe the filtering of
geophysical signals inherent to the 10-d solutions. Note that the reg-
ularization of the 10-d solutions concerns only the differences with
respect to the mean model. For example, the trend of the 10-d solu-
tions, to the extent to which it is contained in the mean model, is not
affected by this regularization. The trend of the mean model, for its
part, was regularized with relatively weak constraints enabled by the
long observation period. Hence, the filtering inherent to the trends
in the series of 10-d solutions is different from the filtering inherent
to the contained non-linear, non-seasonal anomalies. An analogous
statement holds for the annual and semi-annual components.

Fig. 1 shows the filter response computed for synthetic mass sig-
nals concentrated at Pine Island Glacier in West Antarctica. Filter
effects on a linear trend (subplot a) and on a non-linear, non-seasonal
anomaly with respect to the 4.5-yr-mean linear and seasonal be-
haviour (subplot b) are shown. Both subplots illustrate the limited
spatial resolution provided by the 10-d solutions. Already by the
spectral truncation at degree 50, resolution is limited to 400 km half
wavelength, and it is further reduced by the filtering inherent to the
regularization. This filtering is non-isotropic. It further depends on
the nature of the temporal signal (compare subplots a and b) and on
latitude.

Figure 1. Effect of the filtering inherent to the CNES/GRGS 10-day
GRACE solutions. The effect is simulated for two synthetic mass signals
(discs of 25 km diameter) concentrated at the Pine Island Glacier terminus.
(a) A linear trend of 10 Gt yr−1; (b) a 10 Gt anomaly with respect to the
linear and seasonal behaviour described by the EIGEN-GRGS.RL02.mean-
field model. As explicated in the main text (Section 2.2, third and fourth
paragraph), the effect on the two kinds of temporal signals is different be-
cause their degree of regularization is different.

To converge the temporal resolution of our GRACE time-series
to that of the ENVISAT RA data representing 35-d averages, we
average triples of GRACE 10-d solutions, thus generating a 10-daily
time-series of overlapping 30-d averages. As for the ENVISAT RA
time-series (see Section 2.1), the sampling is reduced to the epochs
common to ENVISAT RA and GRACE.

For calculating integrated mass changes over subregions of the
Antarctic ice sheet we adopt the methodology of Horwath & Dietrich
(2009, their Method II) to the regularized but otherwise unfiltered
GRACE time-variable solutions. In particular, the GRACE surface
mass changes are integrated with a weight function that gently
decreases from 1 to 0 within 400 km in oceans or ice shelves next
to the region of interest.

Recognized error sources in the GRACE solutions, notably of
errors that are correlated in time, are systematic errors in the in-
tersatellite pointing data (Horwath et al. 2011), errors of the at-
mospheric mass variation models entering the background fields
(Velicogna & Wahr 2010), and tidal aliasing (e.g. Moore & King
2008). For the case of regularized GRACE solutions, the filtering
effect of the regularization changes with time, since in periods with
reduced gravity field sensitivity of GRACE, for example, due to
repeat orbit patterns (Klokočnı́k et al. 2008), the solutions are tied
more tightly to the reference solution than in other periods. The re-
sulting heterogeneous representation of actual temporal variations
has to be regarded as a part of the error budget.

2.3 GRACE-like filtering of ENVISAT RA

Surface mass variations from GRACE have much lower spatial res-
olution than height variations from ENVISAT RA. Our approach of
comparing spatial patterns from both techniques is to filter the EN-
VISAT RA grids by a tailored filter (GRACE-like filter) that mimics
the filtering inherent to the CNES/GRGS GRACE processing. In
this way we produce maps of altimetric height variation patterns,
effectively ‘blurred’ to the same extent as the GRACE images.

Based on the filter description in Section 2.2 we implemented
the following algorithm for the GRACE-like filtering: (1) Transfer
the altimetric height variations into the spherical harmonic domain.
(Positions without valid value are set to zero.) (2) Decompose the
temporal variations into a linear component, annual and semi-annual
sinusoidal components and the remaining anomalies. To be consis-
tent with the GRACE processing, the linear and sinusoidal parts are
determined from only the 4.5 yr (2003 February–2007 July) that
underlie the EIGEN-GRGS.RL02.mean-field model. (3) Filter the
10-daily data sets associated to the different temporal components
using filter matrices (eq. 1) that correspond to the regularization of
the respective components. Regarding the non-linear, non-seasonal
components, a unique filter matrix (corresponding to a typical 10-d
interval) is used for all 10-d intervals. Add up the filtered compo-
nents. (4) Transfer the results into the spatial domain.

Note that in the subsequent analyses, whenever we consider
trends or annual/semi-annual components of time-series, we adjust
them to the full-length time-series.

2.4 GIA correction

We correct linear trends from ENVISAT RA and GRACE for the
solid Earth’s GIA to past ice load changes. The used model is based
on the ice load history of Ivins & James (2005) and a mean mantle
viscosity profile (see Horwath 2007, fig. 2.6 therein, for model
maps). This state-of-the-art model, which is one of the GIA models
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showing smallest disagreement to geodetic data (Riva et al. 2009;
Thomas et al. 2011) was chosen to reduce, though not to completely
eliminate, the GIA contamination of ice-sheet-related results (see
further discussion in Section 2.6). We subject the GIA correction to
the GRACE-like filtering when applying it to GRACE-like filtered
ENVISAT RA maps or to GRACE maps.

The instantaneous elastic load response to ongoing surface mass
changes is accounted for when converting GRACE gravity field
changes to surface mass changes (Wahr et al. 1998), but is not
accounted for in the ENVISAT RA analysis. The neglected effect
is in the order of −2 per cent of the ice thickness change (Horwath
2007).

2.5 Considered temporal components

Changes of the ice sheet volume and mass include long-term, in-
terannual, seasonal and intraannual components. This study con-
centrates on the interannual part which is derived based on a time-
series decomposition into the linear, the seasonal and the remaining
non-linear, non-seasonal component by simultaneously adjusting a
constant, a trend and annual and semi-annual sinusoids. Our simple
representation of interannual variations is then derived by low-pass
filtering the residuals of the fit (i.e. the non-linear, non-seasonal
components) with a Gaussian filter in the time domain (two-sigma
width 0.5 yr, effecting a 50 per cent amplitude damping at 1.33 yr
wavelength).

This representation of interannual variations is imperfect due to
the difficulty of discriminating long-term and interannual compo-
nents based on time-series of less than 7 yr. For example, interannual
variability may induce a linear component of change, but we reduce
those components. Conversely, in the case of an ongoing long-term
linear acceleration of ice flow, long-term ice mass trends have a
quadratic component (Velicogna 2009; Rignot et al. 2011), and this
component remains included in our representation of interannual
variations. We could choose to reduce quadratic components to-
gether with linear components but in this way we would inevitably
absorb more truly interannual signal. In this context, Rignot et al.
(2011), based on results of GRACE and of the mass budget method,
have stated that ‘an observation period of 8 yr is probably not suf-
ficient for these methods to separate the long-term trend in ice
sheet acceleration from temporal variations in SMB, especially in
Antarctica’.

2.6 Preliminary considerations on comparing ENVISAT
RA with GRACE

Changes of the ice sheet occur due to rapidly evolving ice flow
dynamics and due to variations of SMB. Roughly speaking, in the
first case the ratio between mass and volume change is the density
of pure ice, while in the second case this ratio is the density of
snow or firn, depending on the temporal scale of the changes. For a
more general treatment, the ice sheet can be regarded as a mixture
of pure ice and air, where the air is concentrated in the firn layer.
Accordingly, the ice sheet thickness z is the sum of the equivalent
thickness of pure ice zice and the equivalent thickness of a contained
air layer zair. The latter (sometimes called firn correction) is in
the range from 0 to 44 m (Horwath et al. 2006; Ligtenberg et al.
2011). Ice flow, by concerning the entire vertical column, primarily
affects zice. Snow accumulation increases both zice and zair, and snow
ablation decreases both. Compaction only reduces zair.

In this context, the decomposition of ice sheet thickness changes
�z as a sum of changes in the equivalent ice and air layer thick-

nesses,

�z = �zice + �zair, (2)

is a useful approach complementary to the consideration of the
quotient between mass and volume change, ρ ice�zice/�z (where
ρ ice denotes the pure ice density). Indeed, if different processes are
superimposed, the latter quotient may amount to any value between
plus and minus infinity and cannot be simply associated with the
density of a material added or removed. For an illustration, consider
the superposition of an effect of rapidly evolving ice dynamics with
�zice = −0.3 m, �zair = 0 m, and an anomalous snow accumulation
with �zice = 0.1 m, �zair = 0.2 m. Together, the two phenomena
would result in �zice = −0.2 m, �zair = +0.2 m and �z = 0 so that
an apparent derived density associated with the mass and volume
changes would be infinite.

RA is sensitive to �z while GRACE is sensitive to �zice. While
�z and �zice are equal for pure ice dynamic effects, they are differ-
ent in the presence of changes in the firn structure such as induced
by SMB variations and compaction. Already for this reason, dif-
ferences between ENVISAT RA height changes and GRACE ice-
equivalent height changes are to be expected. Perfect knowledge
of both �z and �zice would allow to perfectly quantify �zice and
�zair. However, the two geodetic techniques are burdened by their
various specific limitations. Next, we discuss their implications for
an ENVISAT RA–GRACE comparison.

Imperfections of the GIA correction induce errors in the linear
trends of �zice from GRACE and of �z from ENVISAT. Due to the
density contrast between solid Earth and ice, the effect is about four
times larger for the GRACE trends than for ENVISAT RA trends
(e.g. Horwath 2007, fig. 2.6 therein).

Furthermore, limitations of ENVISAT RA spatial coverage and
sampling (see Section 1 and see Fig. 2b for an illustration) have an
impact on spatially integrated (or filtered) ENVISAT RA changes.
The impact depends on the geographic characteristics of the signal in
question. For spatially coherent signals, such as related to mesoscale
or larger-scale atmospheric processes, a lack of coverage is likely
to just dampen the signal amplitude. For submesoscale signals,
the effects of sampling limitations are prone to be more complex.
Submesoscale atmospheric signals are smaller scale in the time
domain (King & Turner 1997). Therefore, using lowpass filtered
time-series as a representation of interannual variations allows for
some mitigation of sampling issues for these signals.

The errors of both the ENVISAT RA and GRACE data products
and our incomplete knowledge of the temporal and spatial covari-
ances of these errors complicate the interpretation of ENVISAT
RA–GRACE comparisons. The comparison of the independent re-
sults from ENVISAT RA and GRACE will be useful to set limits to
the errors of both techniques.

The spatial sensitivity of GRACE is limited to a resolution of
a few hundred kilometres. In Section 2.3 we have explained the
spatial filter inherent to our GRACE results and how we impose the
same filter to the ENVISAT RA maps to make the spatial resolutions
compatible. Obviously, this filtering of ENVISAT RA concerns both
�zice and �zair. It corrupts our ability to perfectly isolate different
ice sheet processes with different ratios between �zice and �z and
with different spatial patterns.

To summarize, GRACE provides time-series of maps of �z̃ice(t),
where the tilde is to denote the spatial filtering inherent to the
GRACE solutions. ENVISAT RA provides time-series of maps of
�z(t), which may be converted to GRACE-like filtered maps �z̃(t).
Spatial integration of �z̃ice(t) from GRACE and �z(t) from RA pro-
vides mass and volume changes, respectively. Both the ENVISAT
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868 M. Horwath et al.

Figure 2. (a) Linear trends from ENVISAT radar altimetry ice sheet thick-
ness variations �z(t) over the period 2002 October–2009 August, after GIA
correction. (b) Same data shown for the Amundsen Sea Sector with a differ-
ent colour scale. Geographic locations indicated by letters are as follows: A,
Amundsen Sea; D, Dronning Maud Land; El, Ellsworth Land; En, Enderby
Land; G, George V Land; K, Kamb Ice Stream; M, Marie Byrd Land; P, Pine
Island Glacier; S, Smith, Haines, Pope and Kohler Glaciers; Th, Thwaites
Glacier; To, Totten Glacier; W, Wilkes Land.

RA and GRACE results are subject to the discussed pertinent limi-
tations.

Given these limitations, our task is to assess whether both tech-
niques reliably reflect processes of ice sheet variation and are not
dominated by errors. This is a pre-requisite of further progress in
using ENVISAT RA and GRACE for describing and quantifying
the different processes of ice sheet change, notably of interannual

variations. Our primary approach is a qualitative comparison of
patterns, both in the spatial and temporal domain. Similarity of
temporal patterns is reflected by the correlation of time-series. Note
that even theoretically a perfect correlation between �z̃(t) from
ENVISAT RA and �z̃ice(t) from GRACE is not expected due to the
superposition of processes with different relations between the two
signals. Nonetheless, high correlation between the ENVISAT RA
and GRACE time-series can be taken as an evidence of a common
geophysical origin of the two results in the considered temporal and
spatial scale.

3 R E S U LT S A N D D I S C U S S I O N

3.1 Linear trends

The linear trends of ENVISAT RA ice sheet thickness changes �z(t)
(0.75◦ × 0.2◦ grid) are shown in Fig. 2. At a first glance, known
trends caused by rapidly evolving ice dynamics (e.g. Davis et al.
2005; Zwally et al. 2005; Wingham et al. 2006; Rignot et al. 2008;
Pritchard et al. 2009) may be recognized, such as strong height
decreases in the Amundsen Sea Sector, an increase at Kamb Ice
Stream (West Antarctica) and a decrease at Totten Glacier (East
Antarctica).

Application of the GRACE-like filter to the ENVISAT RA data
provides the trends of �z̃(t) shown in Fig. 3(a) which are compared
to the linear trends of GRACE surface mass variations �z̃ice(t)
shown in Fig. 3(b). With the exception of the Antarctic Peninsula
with virtually no ENVISAT RA coverage, both maps agree well in
their qualitative features, not only for West Antarctica but also for
the alternating positive and negative trends along the East Antarctic
coast.

The difference between both maps is shown in Fig. 3(c). If the
observations and their processing (including corrections and filter-
ing) had no errors and if the ENVISAT RA coverage were complete,
then these differences would reflect the changes in air content of
the firn. However, a large part of those differences is most plausibly
explained by ENVISAT RA coverage and sampling limitations. This
is obvious for the tip of the Antarctic Peninsula as well as for Kamb
Ice Stream (at the polar gap limit, cf. Fig. 2) but also for the outlet

Figure 3. Linear trends of (a) the GRACE-like filtered ENVISAT RA variations �z̃(t) and (b) the GRACE surface mass variations �z̃ice(t). (c) Difference
between the trends shown in subplots (a) and (b). GIA corrections are applied.
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Antarctic variations from altimetry and GRACE 869

glaciers in the Amundsen Sea Sector where the spatial structure of
ENVISAT RA trends (Fig. 2b) and previous evidence (Shepherd
et al. 2001; Wingham et al. 2009) show that changes culminate at
the coast. There, the ENVISAT RA data set contains a few pix-
els with no values (see Fig. 2b), leaving a grounded area of about
7500 km2 uncovered. In addition, the values for other pixels might
not be fully representative because the actual altimetric footprint is
shifted upslope with respect to the nadir point (cf. Roemer et al.
2007; Thomas et al. 2008) while dynamically induced ice losses
tend to be larger at lower elevations.

3.2 Interannual variations

For a detailed presentation of time-series, we selected 12 positions
(circles in the map inset of Fig. 4) guided by prominent features in
the trends of ENVISAT RA and GRACE and in their interannual
variability. For those positions, Fig. 4(a) shows the interannual vari-
ations (as defined in Section 2.5) and Fig. 4(b) shows the linear plus
interannual variations, according to GRACE-like filtered ENVISAT
RA [�z̃(t)] and GRACE [�z̃ice(t)]. Frame (a) also shows the un-
smoothed 10-daily time-series. The figure illustrates that beyond
the linear trends, pronounced interannual variations exist. At most
positions, these interannual variations are well correlated between
ENVISAT RA and GRACE. Their temporal patterns vary between
the subregions of the continent. For example, around 2005/2006 the
curves show a pronounced minimum at position 1 (Western Dron-
ning Maud Land) and an equally pronounced maximum at position
3 (Enderby Land).

For a more comprehensive perspective, Fig. 5 (colour code) maps
the correlation between the ENVISAT RA and GRACE interannual
variations over the area of ENVISAT RA coverage. In addition,
contour lines display the variability of those variations. We conclude
that in regions where the interannual variations of ENVISAT RA
and GRACE are largest, they are well correlated, with correlation
coefficients typically in the order of 0.8. (See Section 3.5 for some
discussion on the negative correlation in the East Antarctic interior.)

Fig. 6 shows maps of the interannual changes from year to year.
More precisely, curves analogous to the smooth curves in Fig. 4(a)
were computed over a grid and the differences between the 2005.0
and 2004.0 values were mapped in subframes (a) and (f) for EN-
VISAT RA and GRACE, respectively, to represent the changes
during the calendar year 2004. The changes over the subsequent
years are represented analogously in the next subplots. While the
amplitudes partly differ between the two techniques, a qualitative
agreement of patterns can be observed for almost all features. Fur-
ther discussion will be provided in Section 3.5.

3.3 Synthesis of high-resolution ENVISAT RA
and GRACE

The consistency between ENVISAT RA and GRACE linear and
interannual variations gives confidence in both independent tech-
niques. Hence, we can approach a synthesis where GRACE provides
the mass changes at large spatial scales and ENVISAT RA provides
the associated high-resolution spatial patterns of height change aid-
ing to resolve the geophysical nature of the variations.

Fig. 7 shows the year-to-year ENVISAT RA interannual changes
analogous to Figs 6(a)–(e) but computed for the high-resolution
grids. The depicted variations include those due to rapidly chang-
ing ice dynamics. For example, the dynamically induced acceler-
ation of Pine Island Glacier (e.g. Rignot et al. 2008) is manifest

Figure 4. Comparison of time-series of GRACE-like filtered ENVISAT
RA ice sheet thickness variations �z̃(t) (blue) versus GRACE surface mass
variations �z̃ice(t) (red) at 12 positions shown in the map inset. Smooth
curves in subplots (a) and (b) show the interannual and, respectively, the
linear plus interannual variations. Note the different scales. Dots in subplot
(a) additionally show the 10-daily unsmoothed non-linear, non-seasonal
signals. Ordinate levels are arbitrarily shifted for readability.

from the relative height increase during 2004 and 2005 and the rel-
ative decrease during 2007 and 2008. As it has to be expected for
dynamically induced changes, they are spatially correlated to the
glacier flow pattern (cf. Rignot et al. 2008). Other features do not
appear to be correlated to patterns of fast flow. Instead, they extend
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Figure 5. Colour-coded map: Correlation between the interannual varia-
tions of GRACE-like filtered ENVISAT RA [�z̃(t)] and GRACE [�z̃ice(t)].
Superposed contour lines with labels: interannual variability of ENVISAT
RA and GRACE (arithmetic mean of the rms values of ENVISAT RA and
GRACE). The calculations are based on time-series analogous to the smooth
curves in Fig. 4(a).

rather coherently over coastal sectors of hundreds of kilometres and
towards the ice sheet interior. For these patterns, SMB phenomena
are a more likely cause than ice flow dynamics. Examples for such
features are the relative increases in Enderby Land during 2004 and
2005, in West Antarctica and in Wilkes Land during 2005 and in
Western Dronning Maud Land during 2006, and part of the decrease
in George V Land during 2008 (maybe apart from the extrema near
the Mertz and Ninnis Glacier tongues).

For a further exploration of interannual phenomena in the
ENVISAT RA and GRACE data, an exemplary case study is con-
ducted in the next section.

3.4 Resolving an accumulation event

For this case study, we choose the most prominent interannual fea-
ture visible in Fig. 6, namely the 2005 positive change in West
Antarctica. The region of this feature is the region of largest mass
changes due to rapidly changing ice dynamics, but it is also a main
accumulation region of the ice sheet (James & Ivins 1995; van de
Berg et al. 2006). Already from the timescale of 1 yr, SMB ef-
fects appear as a more likely origin of this feature than ice dynamic
changes (cf. Joughin et al. 2010).

Fig. 8(a) shows the non-seasonal variations of GRACE-like fil-
tered ENVISAT RA and GRACE at Position 11 (cf. map inset of
Fig. 4), which is near the centre of the 2005 feature. Note, again,
that due to the filtering which is inherent to the GRACE solu-
tions and which has been imposed to the ENVISAT RA grids, the
curves represent the temporal behaviour of a particular, 500 km
scale, weighted spatial average of the actual variations. The curves
reveal an abrupt jump-like event in 2005 September/October. We
quantify the jump in a way illustrated by the black straight lines in
the figure: We extract the 1-yr sections before and after the event
(before August 22 and after November 10, respectively) and fit a
seven-parameter function where the parameters (common to both
sections) are a constant, a linear trend, annual and semi-annual co-
sine and sine amplitudes, and an offset between the two sections.
The offset is regarded as the jump magnitude. We may apply the
same operation to the time-series of GRACE-like filtered or unfil-
tered ENVISAT RA and GRACE at any position and, in this way,
produce maps of the event magnitude. The results are shown in
Fig. 9. The high-resolution ENVISAT RA map (subplots a and b)
shows that the spatial pattern is not concentrated to the fast outlet
glaciers. In particular, it is not pronounced in the lower reaches
of Pine Island Glacier. Instead, the pattern seems related to north-
ward slopes (leftward in Fig. 9b) and it extends far inland. These

Figure 6. Year-to-year interannual changes of (top) GRACE-like filtered ENVISAT RA [�z̃(t)] and (bottom) GRACE [�z̃ice(t)]. Subplots (a) and (f) show
differences between 2005 January 1 and 2004 January 1, that is, the change during the year 2004. Respective changes for the subsequent years are shown in the
other subplots. The differences are based on time-series that are low-pass filtered as the smooth curves in Fig. 4(a). That is, the adopted state at 2005 January
1, for example, actually corresponds to a weighted mean with a Gaussian weight function with a two-sigma width of 0.5 yr. Linear changes are not included.
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Antarctic variations from altimetry and GRACE 871

Figure 7. Year-to-year interannual variations of ENVISAT RA ice sheet thickness �z(t). The maps are analogous to Figs 6(a)–(e), but for the high-resolution
grids. As in Fig. 6 the linear trend is not included.

characteristics strongly suggest that the jump reflects an accumula-
tion event.

Fig. 8(b) shows the time-series of total ENVISAT RA volume
effects and GRACE mass effects integrated over West Antarctica
(without the Antarctic Peninsula). The respective total magnitudes

of the 2005 event are 209 ± 46 km3 and 82 ± 31 Gt. The cited errors
are formal one-sigma errors. For their calculation we accounted for
the fact that the 10-daily values represent overlapping 30-/35-d aver-
ages, which are therefore correlated. The estimated density of the ac-
cumulated snow is, consequently, 82 Gt per 209 km3 = 394 kg m−3.

C© 2012 The Authors, GJI, 189, 863–876

Geophysical Journal International C© 2012 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/189/2/863/624624 by guest on 18 June 2021



872 M. Horwath et al.

Figure 8. (a) Non-seasonal GRACE-like filtered ENVISAT RA height vari-
ations �z̃(t) and GRACE surface mass variations �z̃ice(t) (blue and red,
respectively) at Position 11 (see map inset). (b) Integrated non-seasonal EN-
VISAT RA volume changes and GRACE mass changes (blue and red) over
West Antarctica (without the Antarctic Peninsula; see map inset). Ordinate
levels are arbitrarily shifted for readability. Black lines illustrate the esti-
mation of the 2005 jump magnitude. It is estimated as the offset between
two straight lines of equal trend adjusted together with common annual and
semi-annual sinusoids to 1-yr sections before and after the event.

The formal one-sigma intervals of the mass and volume magni-
tudes allow for a rather large range of densities between 201 and
696 kg m−3, even though these error estimates do not cover all error
sources.

3.5 Discussion

Our quantification of the 2005 accumulation event (Section 3.4)
adopted equal trends before and after the event as a reference. This
simple choice is guided by the demand for robustness in the pres-
ence of errors. Generally, the definition of a reference to which
interannual variations should refer is not obvious and may affect
interpretation. Our overall, pragmatic approach (e.g. for Figs 4a
and 6; cf. Section 2.5) has been to refer interannual variations to
a linear function adjusted to the entire observation period. This
likely absorbs linear effects of interannual SMB variations. Con-
versely, this approach retains non-linear, possibly long-term effects
of changing ice dynamics in our representation of interannual vari-
ations. The Amundsen Sea Basin is an illustrative example. Given
the evidence for accelerated dynamically induced ice loss at Pine
Island Glacier (e.g. Rignot et al. 2008), the non-linear variations
depicted for Position 11 in Fig. 4 are a superposition of ice dynam-
ics and SMB effects. Therefore it would be premature to interpret
trend differences before and after the 2005 accumulation event in

Figure 9. Magnitude of the 2005 event adjusted to (a) the high resolution
ENVISAT RA variations �z(t); (b) same as (a), magnified for West Antarc-
tica; (c) the GRACE-like filtered ENVISAT RA variations �z̃(t); (d) the
GRACE surface mass variations �z̃ice(t).

terms of firn-related processes such as post-event wind erosion or
excess compaction.

The task of separating the interannual signal is further compli-
cated by the challenge of error assessment for the ENVISAT RA
and GRACE data sets. As mentioned earlier, ENVISAT RA uncer-
tainties include coverage and representativeness issues which may
change with time. Interannual GRACE error issues are, for example,
manifest in the occurrence of the 2005 September/October event in
Wilkes Land, East Antarctica. The event shows up in the ENVISAT
RA time-series of the region (curves 5–7 in Fig. 4a and Figs 9a and
c). The associated GRACE pattern in Fig. 9(d) has a similar contrast
between coastal and interior areas as the ENVISAT RA pattern in
Fig. 9(c). However, GRACE shows a negative signal in the ice sheet
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interior accompanying the positive signal near the coast. The in-
land change is geophysically doubtful just as the small, pronounced
positive feature at the South Pole is. We may suspect errors in the
GRACE solutions. Indeed, we have found that the systematic errors
in the GRACE solutions identified by Horwath et al. (2011) are a
least partly responsible for the dubious GRACE feature. Note, in-
cidentally, that the suspect GRACE feature is a major reason why
correlations shown in Fig. 5 are negative in parts of interior East
Antarctica.

It is appealing, yet beyond the scope of this paper, to perform
detailed comparisons of the present geodetic results with atmo-
spheric modelling results. For the Amundsen Sea Sector (as well
as for the Antarctic Peninsula), Sasgen et al. (2010a) have reported
agreement between ECMWF (European Centre for Medium-Range
Weather Forecasts) variations of precipitation minus evaporation
and GRACE-derived mass variations. Their Fig. 4(b) shows that
the ECMWF model contains an excess accumulation in the second
half of 2005 which, from the figure, we roughly quantify to be in
the order of 60 Gt. This result refers to an integration over a subre-
gion of West Antarctica while our estimate of 82 Gt refers to entire
West Antarctica. The 2005 excess accumulation that we diagnosed
from geodetic data is hence supported by ECMWF atmospheric
modelling.

4 C O N C LU S I O N S

Even though ENVISAT RA and GRACE satellite gravimetry have
their specific limitations and different relative sensitivities to ice
flow- and SMB-related processes, the two techniques show con-
sistent patterns of ice sheet changes not only for linear trends but
also for interannual variations. This consistency establishes mu-
tually corroborative evidence for the ENVISAT RA and GRACE
time-series. Both have quite robust power to perform investigations
on interannual timescale mass changes in Antarctica.

The combination of both techniques adds value to either ob-
servation and aids their interpretation. Specifically, we were able
do describe and quantify an event of excess accumulation in West
Antarctica in 2005 September/October. We also discussed the chal-
lenges related to the identification of interannual anomalies (also in
the presence of non-linear long-term changes due to ice dynamics),
their interpretation and quantification.

We expect benefits from a combination with regional atmospheric
modelling. The ensemble of satellite altimetry and satellite gravime-
try data may be used to validate modelled SMB variations which
might lead to eventual improvements in the SMB modelling and
contribute to reduce present uncertainties on Antarctic SMB.

As a major limitation of conventional RA, the lack of coverage at
ice sheet margins will be largely overcome by CryoSat-2 (launched
in 2010 April) and the future Sentinel-3 mission. A combination
with the complementary ICESat laser altimetry will be attractive
as well. Satellite altimetry and gravimetry missions must continue
and combination methods must be further developed for the aim of
better resolving the nature of variations, enhancing the accuracies,
and linking past, present and future changes.
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A P P E N D I X A : G R A C E - L I K E F I LT E R I N G
O F G E O P H Y S I C A L S U R FA C E M A S S
S I G NA L S

The 10-d gravity field solutions are generated by estimating Stokes
coefficient residuals �cnm (n = 2, . . ., nmax ; m = −n, . . ., n) with re-
spect to the background gravity field model. They represent gravity
field residuals, which can be expressed in terms of the geoid height
by the spherical harmonic (SH) expansion

�N (�) = a
∑
nm

�cnmYnm(�), (A1)

where a is the semi-major axis,
∑

nm denotes
∑nmax

n=2

∑n
m=−n and

Y nm(�) (with the spherical position �) are the fully normalized SH
base functions of degree n and order |m| (e.g. Heiskanen & Moritz
1967; Wahr et al. 1998), with positive or negative m indicating co-
sine or sine dependence on longitude. For any gravity field anomaly
(represented by �cnm), there is an equivalent anomaly of global sur-
face masses, �κ(�) (commonly expressed in kg m−2 or mm w.e.
height) that would induce this gravity field anomaly (Wahr et al.
1998). In the SH expansion of �κ(�),

�κ(�) =
∑
nm

�κnmYnm(�), (A2)

the coefficients �κnm are

�κnm = Kn�cnm (A3)

with

Kn = 2n + 1

1 + k ′
n

M

4πa2
, (A4)

where k ′
n are the load Love numbers and M is the Earth’s mass

(Wahr et al. 1998).
We want to elaborate how the regularization of the gravity field

solution affects the equivalent surface mass changes. Let �κ(�) and
�κ̃(�) denote surface mass residuals equivalent to an unregular-
ized solution and a regularized solution, respectively. The relation
between �κ(�) and �κ̃(�) can be regarded as a linear filter. Its

general form in the spatial domain is given by the following integral
over the unit sphere:

�κ̃(�) = 1

4π

∫∫
�′

w(�′, �)�κ(�′)d�′. (A5)

The kernel w(�′, �) is to be specified in the following.
With �cnm and �c̃nm denoting the Stokes coefficient residuals

from an unregularized and a regularized solution, respectively, we
employ a vector notation by arranging all �cnm (and, respectively,
all �c̃nm) in a column vector �c (and, respectively, �c̃) according
to the sorting order used in the normal equations. Then, the relation
between both sets of coefficients is described with the filter matrix
F of (1) (Kusche 2007):

�c̃ = F�c. (A6)

With an analogous vector notation, (A2) reads

�κ(�) = yT (�)�κ, (A7)

where y(�) and �κ are the vectors arranging the Y nm(�) and
the �κnm, always with the same sorting order of the (n, m) pairs.
Eq. (A3) can be written as

�κ = K�c, (A8)

where K is a diagonal matrix with the appropriate, multiple entries
of Kn on its diagonal. In analogy to (A7), the surface mass change
equivalent to the regularized solution is

�κ̃(�) = yT (�)�κ̃, (A9)

where, by (A8) and (A6),

�κ̃ = K�c̃ = K F�c = K F K −1�κ . (A10)

Eq. (A10) is the spectral description of the filter effect on surface
mass signals. It follows that

�κ̃(�) = yT (�)K F K −1�κ . (A11)

The filter kernel w(�′, �) of (A5) can be expanded into a SH
series as a function of �′:

w(�′, �) =
∑
nm

wnm(�)Ynm(�′). (A12)

In vector notation, the last equation reads

w(�′, �) = wT (�) y(�′), (A13)

where w(�) is the column vector of the coefficients wnm(�). By
inserting (A12) and (A2) into (A5) and by accounting for the or-
thogonality relations between the SH base functions we get

�κ̃(�) =
∑
nm

wnm(�)�κnm (A14)

= wT (�)�κ . (A15)

Comparison of (A15) and (A11) reveals

wT (�) = yT (�)K F K −1. (A16)
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Insertion of (A16) into (A13) finally specifies the filter kernel as

w(�′, �) = yT (�)K F K −1 y(�′), (A17)

or, in a sum notation,

w(�′, �) =
∑
nm

∑
n′m′

Fnm,n′m′ KnYnm(�)K −1
n′ Yn′m′ (�′), (A18)

where Fnm,n′m′ is the element of the filter matrix F in the row
attributed to (n, m) and the column attributed to (n′, m′).

Note that by the presence of K and K−1 in (A17) the filter ker-
nel for surface masses is different from the filter kernel for geoid
heights or for other gravity field functionals. Kernels for such other
functionals may be obtained by obvious modifications of the given
derivation.
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