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S U M M A R Y

This paper examines mass changes from Gravity Recovery and Climate Experiment (GRACE)

monthly spherical harmonic gravity field solutions, focusing on the application to the Antarctic

ice sheet. Regional integration approaches are investigated and compared with an alternative

technique of fitting predefined mass change patterns. The main thrust of this new analysis is to

better define error sources and error bounds on mass changes of the Antarctic ice sheet. Toward

this purpose, we examine the release-4 GRACE products by the GeoForschungsZentrum Pots-

dam. Although errors related to the correction for glacial isostatic adjustment are significant,

both leakage and GRACE error effects are also important. In particular, the details of how

mass change interior to the Antarctic continent is weighted and scaled is crucially linked to

the end-result mass trend solution. Accounting for error correlations in the GRACE monthly

solutions, it is shown that the corresponding errors in Antarctic mass changes are about two

times larger than predicted by uncorrelated error propagation. Our ice mass trend estimate

for the grounded ice sheet in the period from 08/2002 to 01/2008 is (−109 ± 48) Gt yr−1,

equivalent to a mean eustatic sea level rise of (+0.30 ± 0.13) mm yr−1. We also provide

estimates for 16 individual drainage basins. Mass losses concentrate in the coastal regions

of West Antarctica and on the Antarctic Peninsula with together (−105 ± 35) Gt yr−1. The

Amundsen Sea Sector alone contributes (−60 ± 8) Gt yr−1. Although these findings agree

with independent observations, GRACE trends deduced from a short time-series come with

the cautioning footnote that the strength of interannual variations remains undetermined. We

finally discuss directions of methodological improvements.

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

The Gravity Recovery and Climate Experiment (GRACE) satellite

mission has proven an extremely useful tool for observing mass

transports in the Earth system (Tapley et al. 2004; Schmidt et al.

2006). The processes of interest include changes of the Antarctic ice

sheet. Those changes involve a large range of temporal and spatial

scales and include, in particular, variations in ice flow. Since these

processes remain poorly understood, the Antarctic ice mass balance

both in the last few decades and in the future is uncertain even in

sign, which adds a crucial uncertainty to global sea level predictions

(Solomon et al. 2007).

The common way of making geophysical inferences from

GRACE data comprises two distinct steps: First, GRACE process-

∗Now at: LEGOS (UMR 5566 CNES/CNRS/IRD/UPS), 18, Avenue E.

Belin, 31401 Toulouse Cedex 9, France.

†Birth name: Wiehl.

ing centres such as the GeoForschungsZentrum Potsdam (GFZ),

the Center for Space Research at the University of Texas at Austin

(UTCSR), or the Centre National d’Etudes Spatiales / Groupe de

Recherche de Géodésie Spatiale Toulouse (CNES/GRGS) process

the GRACE observations to produce global solutions of the time-

variable gravity field, typically monthly solutions. They are solved

in a spherical harmonic (SH) representation and are provided to the

users. In a second step, the users analyse these monthly solutions to

estimate geophysical mass changes.

We note that there exist attractive alternatives, for example, the

mascon approach (Luthcke et al. 2006, 2007; Han et al. 2005).

The topic of this paper, however, is the two-step approach with SH

gravity field solutions.

Following this two-step approach, a number of studies have in-

ferred Antarctic ice mass changes from GRACE (Chen et al. 2006,

2008; Horwath & Dietrich 2006; Ramillien et al. 2006; Velicogna &

Wahr 2006a; Llubes et al. 2007; Sasgen et al. 2007). Although they

use data from the same mission, their results differ considerably.

Compare, for example, the trend estimate of (−139 ± 73) Gt yr−1

for the period 04/2002–08/2005 by Velicogna & Wahr (2006a)
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and the estimate of (−40 ± 36) Gt yr−1 for 07/2002–03/2005 by

Ramillien et al. (2006).

Interannual ice mass variations are one cause of differences. How-

ever, even with restriction to identical time intervals, very differ-

ent results can arise from different releases of monthly solutions

(e.g. Sasgen et al. 2007) or from different methods of analysing one

set of monthly solutions.

One root cause of differences may be traced to discrepant ways of

handling glacial isostatic adjustment (GIA) signals and separating

these from ice mass signals. However, other differences of methods

are also important. It is desirable to understand the error mechanisms

of the different methods to resolve the differences between results

and to advance the methodologies.

This paper aims to thoroughly investigate methods and errors of

mass change inferences from GRACE monthly solutions given in

the SH representation. Our area of application is Antarctica and our

numerical results use the release-4 monthly solutions by GFZ, yet

the methods and insights are adaptable to other regions and to other

monthly solution series. After providing a general framework of

estimation methods and their inherent errors in Section 2, we justify

our practical realization of mass change estimates in Section 3. We

place special emphasis on error assessments (Section 4) and include

intermediate and auxiliary results to isolate different sources for

discrepant results. The extended analysis aids in disclosing current

and future challenges for the SH GRACE solution method. We

provide new estimates of ice mass changes of the Antarctic ice

sheet and its large drainage basins (Section 5) and, finally, conclude

with a discussion of methodological improvements (Section 6).

2 M E T H O D S O F M A S S C H A N G E

E S T I M AT E S F RO M G R A C E M O N T H LY

S O LU T I O N S

2.1 General framework of mass change estimates

Following the approach of Wahr et al. (1998) and Swenson & Wahr

(2002) mass variations are modelled as surface density variations

�κ(�, t) in a spherical layer of radius a (a is the semi major axis,

� and t are the spherical position and the time, the unit of �κ is

mass per surface area). The mass change within a given region, or

integration region, is expressed as the following integral over the

unit sphere:

�m(t) =
∫∫

�

ϑ(�)�κ(�, t) a2 d�, (1)

where the region function ϑ(�) is defined as 1 inside the region and

0 outside. Typically, the considered mass variations are residuals

with respect to a background model or set of models, and our task

is to estimate mass changes according to (1) from GRACE monthly

gravity field solutions.

These monthly solutions are given in the SH domain (e.g.

Heiskanen & Moritz 1967; Wahr et al. 1998). For the represen-

tation of the gravitational potential V , we use the notation

V (r,�) =
G M

r

∞∑

n=0

(a

r

)n
n∑

m=−n

cnmYnm(�), (2)

where r, G and M are the geocentric radius, the gravitational con-

stant and the Earth mass, respectively, Y nm(�) are the fully normal-

ized SH base functions of degree n and order |m| and cnm are the

corresponding Stokes coefficients. Positive or negative m indicate

cosine or sine dependence on longitude (That is, for m ≥ 0 and m

< 0, respectively, the cnm correspond to the C lm and S lm in Wahr

et al. 1998). GRACE yields residual changes �csat
nm(t) with respect

to background models of gravity field variations. The GRACE prod-

ucts are restricted to the satellite-derived part of the SH spectrum

{nm} sat (e.g. n = 2, . . . , 120, m = − n, . . . , n for the release-4

solutions by GFZ), and they contain errors εsat
nm(t) = �csat

nm (t) −
�cnm(t).

A mass change estimate �̂m(t) based on GRACE monthly solu-

tions is expressed as a linear functional of the general form

�̂m(t) =
∑

{nm} sat

αnm�csat
nm(t), (3)

where the factors αnm are to be specified.

To explore how �̂m(t) relates to �m(t), we express (1) in the SH

domain (Wahr et al. 1998):

�m(t) = 4πa2
∑

{nm} all

ϑnm�κnm(t). (4)

Here,
∑

{nm} all
denotes the summation

∑∞
n=0

∑n

m=−n and ϑ nm,

�κ nm(t) are the SH coefficients of ϑ(�), �κ(�, t) according to

the following convention to expand a square-integrable function

f (�) on the sphere into spherical harmonics:

f (�) =
∞∑

n=0

n∑

m=−n

fnmYnm(�). (5)

By splitting and rearranging the factors, eq. (3) becomes

�̂m(t) = 4πa2
∑

{nm} sat

ηnm�κ sat
nm(t), (6)

where

�κ sat
nm(t) = Kn�csat

nm(t) (7)

are the SH coefficients of a surface density change equivalent to the

satellite-derived gravity field change, which are obtained using

Kn =
2n + 1

1 + k ′
n

M

4πa2
, (8)

with k ′
n being the load Love numbers after Farrell (1972). In the

spatial domain, (6) has the form

�̂m(t) =
∫∫

�

η(�)�κ sat(�, t) a2 d�, (9)

where �κ sat(�, t) is the spatial representation of the satellite-derived

surface density changes and, accordingly, η(�) is the spatial repre-

sentation of the coefficients ηnm following the convention (5). That

is, the weight function η(�) in (9) arises from the choice of the

linear factors in (3) or (6).

2.2 Errors of mass change estimates

Comparing (4) with (6) or (1) with (9) shows the formal structure

of the error of the estimate. It is composed of two effects (Swenson

& Wahr 2002):

�̂m(t) − �m(t) = εleak
�̂m

(t) + εsat
�̂m

(t). (10)

The so-called leakage effect εleak
�̂m

results from the spectral truncation

and the replacement of ϑ nm by ηnm when stepping from (4) to (6).

The GRACE error effect εsat
�̂m

is the direct effect of errors in the

GRACE gravity field solutions. Specifically,

εleak
�̂m

(t) = −4πa2
∑

{nm}nonsat

ϑnm�κnm(t)

+ 4πa2
∑

{nm} sat

(ηnm − ϑnm)�κnm(t), (11)
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εsat
�̂m

(t) = 4πa2
∑

{nm} sat

ηnm(�κ sat
nm(t) − �κnm(t))

= 4πa2
∑

{nm} sat

ηnm Knε
sat
nm(t). (12)

Here,
∑

{nm}nonsat
denotes the summation over the SH spectrum not

covered by the GRACE solutions. In the spatial domain, the two

error types can be expressed as

εleak
�̂m

(t) =
∫∫

�

(η(�) − ϑ(�))�κ(�, t) a2d�, (13)

εsat
�̂m

(t) =
∫∫

�

η(�)(�κ sat(�, t) − �κ(�, t)) a2d�. (14)

Leakage effects are induced by any geophysical variation �κ(�,

t),which is not part of the a priori reduced background model. In

particular, in accordance with the definition by Swenson & Wahr

(2002, their eq. 35), leakage not only occurs from variations outside

the region of interest (hereafter termed leakage from outside) but

also from variations inside this region (leakage from inside).

The choice of a specific estimation method that determines the

factors ηnm or, equivalently, the weight function η(�) affects both

leakage and GRACE error effects.

Commonly the mass variations �κ(�) are a spatial superposi-

tion of variations in different Earth subsystems, for example, ice,

atmosphere and solid earth. An interpretation of the estimated in-

tegrated mass variations in terms of one single subsystem (e.g. ice

masses) must rely on a separation of the other subsystem signals,

for example, by reducing respective models. Then, an additional

error results from the imperfection of this separation. Note in this

context that GIA, as occurring in the Earth’s interior, is no surface

mass process. It can be, anyway, included in the above formalism

since it can be uniquely assigned to a surface mass process with

identical gravity field effect.

For error assessments, errors are treated as random variables, and

their quadratic mean is estimated, which is called rms error, error

standard deviation (STD; if zero-centred) or just error.

2.3 Particular estimation methods

2.3.1 Regional integration approach

The regional integration approach introduced by Wahr et al. (1998)

and Swenson & Wahr (2002) starts directly from the idea of com-

puting a regional integral (1) and takes the weight function η(�) as

a filtered version of the region function ϑ(�). Apart from Gaussian

filtering (Wahr et al. 1998) several more sophisticated filters have

been proposed.

Here we consider the Lagrange multiplier method (Swenson &

Wahr 2002), which minimizes the global mean of (η(�) − ϑ(�))2

under the constraint that the STD of the GRACE error effect,

σ (εsat
�̂m

), does not exceed a given value σ con. An often employed

case assumes σ (εsat
�̂m

) to be modelled by uncorrelated propagation

of the Stokes coefficient errors σεnm , and this results in

ηnm = wnmϑnm for (n, m) ∈ {nm} sat (15)

with damping factors wnm determined by

wnm =
1

1 + λ K 2
n σ 2

εnm

, (16)

where λ is the unique positive solution of the equation

∑

{nm} sat

(4πa2)2 K 2
n σ 2

εnm
ϑ2

nm(
1 + K 2

n σ 2
εnm

λ
)2

= σ 2
con. (17)

Note that the impact of ϑ(�) and σ con on the filter factors wnm is

just by the single damping parameter λ. Any value of λ provides an

optimal filter with respect to the constraint σ con related to λ by (17).

Thus, instead of starting with a value for σ con (chosen somewhat

arbitrarily), one may also start with a value for λ (chosen with the

same arbitrariness) to specify the wnm.

Although it obeys a formal optimal criterion, the Lagrange mul-

tiplier method does not appear particularly optimal, since it does

not account for geographical characteristics of the mass variations

of interest. For Antarctica, for example, the mass variations after

reduction of modelled atmospheric and oceanic variations have a

tendency to be larger on the continent than in the adjacent ocean

and to be larger at the continental margin than in the continental

interior. The minimization of (η(�) − ϑ(�))2 is globally uniform,

leading to a weight function η(�) that typically deviates largely

from 1 near the region boundary. In addition, for large regions such

as the Antarctic continent η(�) is typically below 1 in the entire

region. Methods of introducing geophysical signal characteristics

have been proposed (e.g. Swenson & Wahr 2002; Seo et al. 2006),

but their current numerical realizations still use simple stochastic

models of the geophysical signal, for example, not accounting for

covariances between Stokes coefficients. They, thus, still do not

exploit the geographical a priori information.

2.3.2 Heuristic amendments to the regional integration approach

The current imperfection of the regional integration approach jus-

tifies heuristic, or empirical, amendments. Here we consider two

such amendments. The first one is a widening of the region func-

tion (and, hence, of the resulting weight function) of continental

regions towards the ocean to increase the weight of continental

mass changes near the coast. More precisely, we consider a mod-

ified region function ζ (�), with ζ (�) = 1 in the integration re-

gion, ζ (�) = 1
2
+ 1

2
cos(πd/dmax) in the adjacent ocean region and

ζ (�) = 0 everywhere else. The ‘adjacent ocean region’ comprises

all oceanic positions with distance d from the integration region

being smaller than a maximum distance d max (here: 400 km) and

smaller than the distance to any other continental region. The second

amendment is the introduction of a yet unspecified scaling factor γ .

In particular,

ηnm = γ wnmζnm . (18)

2.3.3 Fitting predefined patterns

The formalism of Sections 2.1 and 2.2 applies not only to the

regional integration approach but for any estimate having the form

of a linear functional similar to (3). The general functional form may

also assert certain assumptions about the signal’s spatial patterns

a priori. It may also include detailed geographical parameters and

then retrieve the areal integral. More specifically, the mass variations

are modelled as a linear combination of a finite number of given

patterns. Linear factors for each of these patterns are estimated from

the GRACE monthly solutions. Formally, let �κ i (�) (i = 1, . . . , u)

be the patterns of surface load variations, and let (�cnm)i ((n, m) ∈
{nm} all , i = 1, . . . , u) be the related sets of Stokes coefficients in
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the sense of (7). For every i, the (�cnm)i with (n, m)∈ {n, m}sat are

arranged in a column vector x i . In the same way, the satellite-derived

Stokes coefficient anomalies �csat
nm(t) are arranged as a vector y(t)

and their errors εnm as a vector ε with covariance matrix Cov(ε) =
σ 2 P−1. This leads to the Gauss Markov model (Koch 1999)

Xβ(t) ≡
u∑

i=1

βi (t)xi = y(t) − ε, Cov(ε) = σ 2 P−1 (19)

and the following estimate for the vector β(t) of the factors β i (t):

β̂(t) = (X ′ P X)−1 X ′ P y(t). (20)

Then, estimates of integrated mass changes arise indirectly from

the mass changes �m i (arranged in the column vector �m) that are

induced by the individual patterns �κ i (�):

�̂m(t) =
u∑

i=1

�mi β̂i (t) = �m′β̂(t) (21)

= [�m′(X ′ P X)−1 X ′ P ] y(t) (22)

= 4πa2
∑

{nm} sat

ηnm Kn�csat
nm(t). (23)

The equality (23) arises from expressing y(t) by its elements

�csat
nm(t) and expressing the elements of the square-bracketed vector

as 4πa2ηnm K n , thus, deducing the factors ηnm of (6).

For an exact linear model (19), GRACE errors would be the only

error source. However, the true mass variations are unlikely to be

precisely composed of only the chosen set of spatial patterns. This

causes a model error in the Gauss Markov model and, as a result,

additional errors to be reconciled in the mass change estimate. In

the sense of the general formalism of Section 2.2, these errors are

leakage errors as described by (11) and (13).

2.4 Previous work discussed in the methodological

framework

The regional integration approach has dominated analyses of mass

changes using GRACE harmonic fields. The concept of rescaling

the results (cf. ‘second amendment’ of Section 2.3.2) has arisen

from considerations of leakage from inside (e.g. Velicogna & Wahr

2006a; Chen et al. 2007). The assessment of this leakage differs

between different studies. For example, Ramillien et al. (2006) do

not discuss this effect, whereas Velicogna & Wahr (2006a) rely on

the assumption of a uniform mass change over the integration re-

gion, and Chen et al. (2007) and Fenoglio-Marc et al. (2006) base

their treatments on more realistic models of mass variations. Wahr

et al. (2007) recently widened an earlier region function assumed by

Velicogna & Wahr (2006b), and this is similar to the ‘first amend-

ment’ discussed in Section 2.3.2

The approach of fitting predefined mass change patterns (Sec-

tion 2.3.3) corresponds to the general idea of using a priori in-

formation to reduce or constrain the parameters that have to be

estimated to explain the satellite observations. Wiehl et al. (2005)

present a conceptual study of this approach. Chen et al. (2006) and

Sasgen et al. (2007) are lead by the same idea but perform the fit

in the spatial domain based on filtered GRACE fields. Limiting the

allowed mass variations to small areas might make it difficult to

extrapolate inferences to a pan-Antarctic scale.

The approach of fitting predefined patterns has some correspon-

dence to the mascon approach of GRACE data analysis (e.g. Luthcke

et al. 2006) but our approach has to rely on the monthly global

GRACE solutions as intermediate products and thus can not ex-

ploit the ability of the mascon method to employ individual passes

of the satellite pair over the target region. The inverse method by

Ramillien et al. (2004, 2005) can be viewed as a generalization of

the approach of fitting predefined patterns.

3 A P P L I C AT I O N T O A N TA RC T I C M A S S

C H A N G E

Our mass change estimates use 61 release-4 GRACE monthly so-

lutions by GFZ (GFZ 2007). They cover the months 08/2002 to

01/2008 except 09 and 12/2002, 01 and 06/2003 and 01/2004. They

are unregularized solutions of the SH degrees n = 2, . . . , 120, with

the exception of five months (07–10/2004 and 12/2006) for which

we use the regularized solutions provided by GFZ. Any statisti-

cal analyses (including the estimation of trends) will be restricted,

however, to the 56 unregularized months.

The monthly solutions are provided together with monthly data

sets of the atmospheric and oceanic background models. Here, when

regarding these background fields, we decompose their sum into the

ocean bottom pressure model that is provided as an extra product by

GFZ and the rest, which is the continental atmospheric model. The

modelled atmospheric and oceanic variations are already reduced

from the monthly solutions. We reduce additional models of gravity

field variations to isolate ice mass signals. These additional reduc-

tions are a model of Antarctic GIA, based on the ice load history

of Ivins & James (2005) and a mean mantle viscosity profile (the

IJ05 model) and the Water GAP Global Hydrology Model (WGHM;

Döll et al. 2003) complemented by uniform oceanic layer changes

to assure global mass conservation.

We consider the following integration regions: the entire Antarc-

tic continent (grounded ice); East Antarctica and West Antarctica

(including the Antarctic Peninsula), as well as 16 major drainage

basins as delineated in Fig. 1, which are roughly adopted from pre-

vious studies (Davis et al. 2005; Zwally et al. 2005; Wingham et al.

2006).

The detailed analyses through Section 4.6 are confined to two

exemplary basins: entire Antarctica and Basin 12 in the Amundsen

Sea sector of West Antarctica.

Figure 1. Antarctic integration regions considered in this study: East and

West Antarctica (separated by grey line) and 16 individual drainage areas

(red boundaries).
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Signal and error in GRACE inferences on Antarctica 853

Figure 2. Damping factors wnm for (a) λ = 0.3 and (b) λ = 0.01.

The general estimation scheme (6) is implemented by three dif-

ferent techniques (hereafter denoted by Method I, II and III): the

‘pure’ Lagrange multiplier method of regional integration (Sec-

tion 2.3.1), the Lagrange multiplier method with the amendments

introduced in Section 2.3.2 and, finally, the method of fitting pre-

defined spatial patterns (Section 2.3.3). When specifying ηnm, we

use the calibrated error STDs of the Stokes coefficients provided

together with the monthly solutions and take their quadratic mean

values over the unregularized months.

For Methods I and II, results were generated for a range of differ-

ent damping parameters λ. Likewise, different scaling parameters

γ were tested with Method II. Parameter selection is a compromise

between leakage and GRACE error effects. The detailed error as-

sessments leading to these choices are described in the next section.

At this point, we just mention the final values because the illustra-

tions and numerical examples are related: We ultimately use λ =
0.3, γ = 1.33 for entire Antarctica and λ = 0.01, γ = 1 for Basin

12. As a first illustration, Fig. 2 shows the resulting damping factors

wnm for both cases.

Method III is an initial test of the approach of fitting predefined

spatial patterns. Owing to the spherical harmonic input data, the

solution has to be global in nature and the involved patterns are

defined globally, although we are ultimately interested in Antarctic

mass changes. We use 67 patterns, each of them representing surface

mass changes in a certain region complemented by a uniform ocean

layer change to assure mass conservation. 16 patterns represent

uniform changes over each of the 16 Antarctic drainage basins.

16 other patterns represent non-uniform changes in the 16 basins.

These patterns have large values near the coast and small values

in the continental interior. They account for the fact that temporal

variations in both surface mass balance (SMB) and ice dynamics

are typically confined to coastal regions. Specifically, the following

dependence on the distance D(�) from the grounding line or coast:

�κ(�) =

⎛
⎝ 7600√

D(�) km−1 + 50

− 199

⎞
⎠ kg m−2 (24)

is employed following Van Lipzig et al. (2002), who identified this

as a reasonable approximation of the space-dependence of the SMB.

The remaining 35 patterns represent uniform surface mass changes

of regions outside the Antarctic continent: 32 oceanic regions (in-

Figure 3. Weight functions η(�) used in mass change estimates for Antarc-

tica (left-hand panel) and Basin 12 (right-hand panel) with Methods I, II and

III (top, centre, bottom). Black isolines show the values −1, 0 and 1.

cluding ice shelves) covering the ocean approximately south of

−40◦ latitude; the global land area excluding Antarctica and Green-

land; Greenland; and a circular area with 1200 km radius centred

in the Hudson Bay. By these patterns, variations outside Antarctica

(oceanic variations, continental hydrology, Greenland ice mass vari-

ations and GIA in North America) shall be roughly parametrized

and, thus, prevented from causing too large biases in the Antarctic

ice mass estimates.

The arising weight functions η(�) are shown in Figs 3 and 4 to

illuminate some general features of the three methods: For the case

of entire Antarctica, the global patterns for Methods I and II are

induced by the omission of the degree-1 components of ϑ(�) and

the damping of further low-degree components. For Method I, the

low-degree omission and damping makes η(�) significantly smaller

than 1 everywhere within the integration region. With Method II,

this effect is compensated by the rescaling with γ . The damping of

the high-degree components of ϑ(�) yields a smooth transition of

η(�) over the region boundaries. Values right at the boundary are

typically around 0.3 for Method I. For Method II the widening of

the original region function assures that, now, η(�) hugs a value

near 1 at the coast and reduces only in the adjacent ocean. For

Method III, η(�) deviates relatively strongly from ϑ(�), both in the

global pattern and in the Antarctic region. With this method, η(�)

is retrieved more indirectly from the condition that for certain mass
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Figure 4. The same as in Fig. 3, but in a global view and with different

colour scale.

variation patterns the η(�)-weighted integral equals their actual

integral.

For the case of Basin 12, the global patterns of η(�) have much

smaller amplitudes than for all of Antarctica, since the low-degree

components of ϑ(�) are now much smaller. The damping of high

degrees now not only leads to a smoothed transition over the region

boundary but also to an overshooting in the region interior.

Time-series of estimated monthly ice mass changes are shown in

Fig. 5. Linear, annual and semiannual harmonic functions (called

linear and seasonal model) are fit to these time-series, where the

individual months are weighted according to their GRACE error

effects propagated from the calibrated errors.

Figure 5. Estimated ice mass changes for (a) Antarctica and (b) Basin 12 with Methods I (blue), II (green) and III (red). Dots mark unregularized months.

The fitted linear and seasonal models (black) and their trends with formal error STDs are also shown. The right-hand ordinate axes show the corresponding

mean surface density changes over the region. Absolute levels are shifted arbitrarily.

4 E R RO R S O F E S T I M AT E D I C E M A S S

C H A N G E S

Our error assessments focus on the error of the linear trend of

the �̂m(t). Similar analyses may be performed for other parameters

such as seasonal signal amplitudes. As a starting point, the diamonds

in Fig. 6 show the formal a posteriori errors of the trend as obtained

from the residuals of the linear and seasonal fit (e.g. Vanı́ček &

Krakiwsky 1986). The following sections describe the error synop-

sis given in this figure.

4.1 Errors of superimposed mass variation corrections

The GIA correction is a well-recognized source of error in ice mass

trend estimates. Fig. 7 (brown curves) shows the effects of our GIA

model reduction. For entire Antarctica, they are about as large as

the finally estimated ice mass trends.

Concerning the GIA correction error for entire Antarctica we

refer to Velicogna & Wahr (2006a) who computed a range of GIA

corrections based on two models of ice load history (IJ05; Ivins

& James 2005, and ICE-5G; Peltier 2004) and a realistic range of

mantle viscosities. The corrections ranged from 104 to 249 Gt yr−1.

Velicogna & Wahr (2006a) took the midpoint of this interval as

their GIA correction and the half width (72.5 Gt yr−1) as their GIA

error. For the present study, we assess an error of 40 Gt yr−1, that is,

lower by factor 1.8, for two reasons: First, the GIA correction error

depends on the adopted weight function η(�) just as the correction

itself does. The weight function by Velicogna & Wahr (2006a, their

fig. 1, multiplied by 1/0.61) is considerably larger than our weight

function at positions with large GIA signals, for example, on the

Ross and Filchner Ronne ice shelves and at the root of the Antarctic

Peninsula. Second, recent geological evidence does not support the

strong Antarctic ice losses included in ICE-5G (Ivins & James

2005, 2006), so that the upper range of GIA corrections obtained

by Velicogna & Wahr (2006a) appears less realistic.

For Basin 12 (Fig. 6b), the GIA correction is smaller than

4 Gt yr−1. We assume a 4 Gt yr−1 error of this correction.

A way of validating, to some extent, the IJ05 model is to look

at GRACE results for the two large Antarctic ice shelves where
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Signal and error in GRACE inferences on Antarctica 855

Figure 6. Error budget of estimated ice mass trends for (a) Antarctica and (b) Basin 12. Diamonds show formal a posteriori errors of the ice mass trends.

Bars show assessed rms errors of different origins distinguished by colours where, each time, the three entries refer to Methods I, II and III, respectively. For

the fluctuation scenarios, the average effects over the 20 scenarios are shown.

Figure 7. Reduced mass changes according to the GIA model (brown), the continental atmosphere model (orange), the ocean bottom pressure model (blue)

and the hydrology model (green) as specified in Section 3. The curves show the signals that affect the ice mass change estimates had they not been reduced.

For each colour, three curves (pale colour, strong colour, strong colour with dots) refer to the Methods I, II and III, respectively. For comparison, the ice mass

change estimate with Method II is also shown (grey). Absolute levels are shifted arbitrarily.

modelled GIA is relatively large. With Method I applied to the

regions of these ice shelves, the GIA effect after IJ05 is 7.2 and

10.3 Gt yr−1 for the Ross and the Filchner Ronne Ice Shelf, respec-

tively. The residual mass change estimates from GRACE (i.e. after

correction of our background models including the GIA model)

should ideally be zero, as the hydrostasy of ice mass change in the

ice shelf has no gravitational effect. In fact, the residual trends are

as low as (0.0 ± 1.3) and (1.4 ± 1.4) Gt yr−1, respectively. These

results support the IJ05 GIA model.

Atmospheric mass variations above the continent are another su-

perimposed signal that is corrected from the estimate but subject to

errors. Fig. 7 (orange curves) illustrates the effect of the continental

atmospheric model reduction (see Section 3). For Antarctica, the

atmospheric time-series show the largest variations among the dif-

ferent signals in Fig. 7(a). The fact that the ice mass time-series vary

much less (about 25 per cent STD) indicates relative good accuracy

(say, at least 20 per cent) of the atmospheric reduction. We take

20 per cent as our estimate for the atmospheric correction error.

This is probably too pessimistic with respect to month-to-month

variations. Concerning trends, however, it is preferable to be con-

servative since systematic effects, for example, by changes in the

underlying operational atmospheric analysis, cannot be completely

ruled out.

4.2 Leakage effects

Assessments of leakage effects are based on simulations with model

scenarios that have geographical specificity. Antarctic ice mass
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variations as an inner-Antarctic source of leakage are treated next

(Section 4.2.1). Section 4.2.2 then addresses leakage from mass

variations outside the Antarctic continent.

4.2.1 Leakage induced by Antarctic ice mass variations

First, leakage may be determined for the simplistic scenario of a

uniform surface density change over the entire grounded ice sheet

(or ‘uniform scenario’). To retain global mass conservation, we add

a compensating mass change to the global ocean. With Method I

for entire Antarctica, the leakage effect induced by this scenario is

−28.1 per cent of the assumed ‘true’ mass signal. The effect is,

in turn, composed of −29.6 per cent induced by the Antarctic ice

layer itself (leakage from inside) and +1.5 per cent induced by the

complementing oceanic mass layer.

Roughly speaking, the integral signal is damped because

η(�) < 1 in the entire integration region. It might be intuitive

to always expect such a damping effect if 0 < η(�) < 1 in the entire

integration region (e.g. Velicogna & Wahr 2006a). However, this

intuition is misleading for the general case in which mass variations

occur with opposite sign. For a simple illustration, assume mass

variations concentrated at two locations �1, �2, where the weight

function η(�) happens to take the values η(�1) = 1 and η(�2) =
0.5, respectively. If now, for example, the mass changes are −30

and +20 Gt at �1 and �2, respectively, then the true total mass

change is −10 Gt. However, the estimated mass change due to the

different weighting is −20 Gt. That is, the total change is amplified,

not damped. If the mass changes at �1 and �2 are +30 and −40 Gt,

the true total mass change is again −10 Gt, whereas the estimated

mass change is +10 Gt, in fact of opposite sign.

A leakage error assessment should, hence, be based on a wider

and more realistic range of scenarios than just the uniform scenario.

To provide such scenarios for our simulations, we resort to aux-

iliary data sets with a more realistic spatial correlation behaviour.

These data sets do not represent ‘true’ ice mass trends and are not

intended to be compared with GRACE results. They are just a basis

for simulations. The ‘altimetry scenario’ (Fig. 8a) is derived from

surface height trends obtained from radar altimetry of the European

Remote Sensing (ERS) satellites (Legrésy et al. 2006). The ‘fluctu-

ation scenarios’ (20 in total, three shown in Fig. 8b) ought to mimic

the effect of interannual surface mass balance (SMB) fluctuations

on a 5 yr trend. They are randomly generated from a stochastic

model, which is described in Appendix.

Fig. 9 shows the simulation results for the uniform, altimetry

and fluctuation scenarios. For entire Antarctica, Method I typically

suffers negative relative leakage effects, i.e., signal damping. The

same is true for Method II for choice of no rescaling (γ = 1).

Figure 8. Auxiliary data sets of Antarctic ice mass changes used for leakage error simulations. (a) Yearly changes according to ERS-1/ERS-2 radar altimetry

trends for 1995–2003 (Legrésy et al. 2006), using the simplifying assumption that the observed volume changes reflect pure ice volume changes. (b) Illustration

of the stochastic model of interannual surface mass balance fluctuations: three pseudo-random realizations of yearly absolute fluctuations and the spatial

autocorrelation function of relative fluctuations.

For Method II (γ = 1), this damping is much more consistent

over all scenarios than for Method I. With Method III, there is no

tendency of signal damping. For Basin 12, the tendency of damping

with Methods I and II (γ = 1) is less pronounced than for entire

Antarctica because now leakage from inside is superimposed by

leakage from other Antarctic basins.

We now consider Method II with a rescaling by γ > 1 because,

at least for entire Antarctica, the dampening nature of the leakage

effect is relatively consistent over all scenarios. Here, γ is chosen

to exactly compensate the leakage effect for the uniform scenario,

which yields γ = 1.33 for entire Antarctica and γ = 1.04 for

Basin 12. For entire Antarctica, this rescaling largely mitigates

leakage for all scenarios. For Basin 12, leakage is mitigated in

the altimetry scenario but aggravated, on average, in the fluctuation

scenarios. Consequently, the standard realization of Method II em-

ploys γ = 1.33 for entire Antarctica but employs no rescaling for

Basin 12.

4.2.2 Leakage from mass variations outside Antarctica

Modelled effects of oceanic and hydrological mass variations were

reduced from the ice mass change estimates (see Section 3). These

reductions are illustrated in Fig. 7. It should be mentioned that the

oceanic mass compensation of hydrology constitutes a significant

part of the so-called hydrological reduction.

A task remains to assess the leakage effects of errors in the

reduction models. The ratio between true geophysical effects and

errors in the reductions are poorly known. Hence, we make the

simple working assumption that 50 per cent of the variance of our

reductions are due to true geophysical effects whereas the other

50 per cent are due to model errors. This is supported by a compari-

son of our hydrological corrections based on the WGHM model with

analogous corrections based on two alternative models by Rodell

et al. (2004) and Milly & Shmakin (2002): The corrections based

on these three models exhibit different trends, and the mutual differ-

ences are typically in the order of the WGHM-derived trend. Based

on the above 50 per cent assumption, the effects of oceanographic

and hydrological model errors (blue and green bars in Fig. 6) are

assessed as 1/
√

2 times the respective trends.

Further sources of leakage exist: A Greenland ice mass trend

of −200 Gt yr−1 (e.g. Solomon et al. 2007) induces leakage in the

order of 1 Gt yr−1 or less. To assess leakage effects from northern

hemisphere GIA, we convert geoid trends after the ICE-4G global

GIA model (Peltier 1998) to equivalent surface mass trends and re-

strict them to the northern hemisphere. The resulting leakage effects

for entire Antarctica are −5, −7 and −22 Gt yr−1 with Methods, I,

II and III, respectively. Although these results are too coarse for a

correction, they indicate the magnitude of leakage from uncorrected
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Signal and error in GRACE inferences on Antarctica 857

Figure 9. Simulated leakage effects of the uniform, altimetry and fluctuation scenarios for (a) Antarctica and (b) Basin 12 and for Method I (blue), Method II

with γ = 1 (brown), Method II with γ > 1 (green) and Method III (red). Absolute values of the assumed ‘true’ change are quoted in the top. Leakage effects

are shown relative to these ‘true’ changes. Coloured lines mark the average effect over the 20 fluctuation scenarios (defined as the rms absolute leakage divided

by the rms ‘true change’). Symbols outside the frame indicate values outside the ordinate range.

signals outside Antarctica. The respective orders of magnitude are

listed as ‘other signals’ in Fig. 6.

4.3 GRACE error effects

4.3.1 Empirical GRACE errors

Before investigating how errors in the GRACE monthly solutions

affect mass change estimates, we extend the empirical assessments

of these monthly solution errors performed previously (Horwath &

Dietrich 2006). Linear and seasonal models (see Section 3) are fit to

the sequence of monthly solutions, and we analyse the residuals of

this fit to assess GRACE errors. The resultant STDs, over all months

(corrected for noise reduction by the model fit) are termed ‘empirical

error’ (EE) STDs and because they still contain geophysical effects,

they may be considered as upper error bounds.

Fig. 10(a) shows that the EE and the calibrated errors published

by GFZ have differences that exhibit an order band structure. Even

more important than the coefficient-wise differences are the inter-

coefficient correlations detectable through the empirical analysis

(Swenson & Wahr 2006; Horwath & Dietrich 2006). Strong cor-

relations appear among the coefficients of the same order and of

degrees with equal parity. This is evident from the empirical corre-

lation matrix as shown in Fig. 11.

The GRACE processing centres like GFZ distribute no infor-

mation on error correlations. Therefore, the standard approach of

modelling GRACE error effects in spatial functionals is an uncor-

related propagation of the calibrated errors (the uncorrelated error

model, or UEM). To show the actual effect of the error correla-

tions, the EE formalism is again applied to determine the residuals

of linear and seasonal fits, now performed pointwise in the spatial

domain. The considered spatial functionals are the GRACE-derived

surface mass density variations �κ sat(�, t) filtered with the SH fac-

tors wnm, as applied with Methods I and II for entire Antarctica.

Fig. 12(a) compares the obtained EE STDs with the error STDs

according to the UEM. Some regional features in the EE, for exam-

ple, in the Amazon region, can be attributed to residual geophysical

Figure 10. (a) Empirical versus (b) calibrated error STDs computed from

the 56 unregularized monthly solutions. (c) Quotient between empirical and

calibrated error STDs.

signals. Apart from these signals and the meridional striping, the

EE differ from the UEM in their large-scale latitudinal dependence.

In particular, at 60◦–85◦ northern or southern latitude, EE are con-

siderably larger than UEM errors, with quotients around 1.7. As

argued by Horwath & Dietrich (2006), the differences in the latitude
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Figure 11. Sections of the empirical error correlation matrix computed from

the 56 unregularized monthly solutions. Each subplot shows correlations for

a fixed order m and for degrees n = m, . . . , 50.

distribution of errors are due to the error correlations not represented

by the UEM.

4.3.2 GRACE error effects on Antarctic mass changes

We now turn to the effect of GRACE errors on integrated mass

changes and, most importantly, on their trends. Table 1 summarizes

our assessment. By pure error propagation of the UEM, the a pri-

ori error of the Antarctic trend is 5.7 Gt yr−1 (line b of the table).

The a posteriori error, that is, obtained by evaluating the residuals

of the linear and seasonal fit to the monthly mass changes, is as

large as 13.3 Gt yr−1 (line c). Note that this value is affected not

only by GRACE error effects but also by non-seasonal geophysical

variations. Corresponding assessments are given in lines d, e and

f. For oceanic and hydrological effects the working assumption of

Section 4.2.2, that is, that half of the variance of the reduction is

due to model errors, is employed. Assessment of the effect of non-

linear, non-seasonal ice mass variations is based on the stochastic

model of SMB fluctuations (see Appendix). After reducing the geo-

physical contributions (lines d, e, f) from the a posteriori error

(reduction in terms of variance subtraction), there remains a resid-

ual error of 10.9 Gt yr−1, which now has to be attributed mainly

to GRACE errors. Although it may contain atmospheric reduction

errors, we argue below that these effects are secondary. Hence, the

actual GRACE error effects are larger than their a priori estimates

based on the UEM by about the factor 1.9 (line h).

This discrepancy is explained by the error correlations evidenced

in Section 4.3.1 Indeed, for Method II, eq. (6) reads

�̂m(t) = 4πa2γ
∑

{nm} sat

ζnmwnm�κ sat
nm(t), (25)

and we may interpret the factors wnm as a filtering of �κ sat. Hence,

GRACE error effects in �̂m(t) correspond to the errors as consid-

ered in Fig. 12, integrated with the widened (but unfiltered) region

function ζ . These errors were found to be significantly larger than

predicted by the UEM.

Figure 12. (a) Empirical error STDs of surface density variations filtered

with the factors wnm as used by Methods I and II for Antarctica. (b) Error

STDs for the same surface density variations according to the uncorrelated

error model. (c) Quotient between empirical and uncorrelatedly modelled

errors (global map and polar regions).

Table 1. Assessment of errors in the estimated ice mass trends for Antarctica

and Basin 12 with Method II.

Antarctica Basin 12

(a) A priori error of single month (Gt) 68.9 20.0

(b) A priori error of trend (Gt yr−1) 5.7 1.7

(c) A posteriori error of trend (Gt yr−1) 13.3 4.2

(d) Contribution by ocean (Gt yr−1) 4.6 0.1

(e) Contribution by hydrology (Gt yr−1) 1.3 0.0

(f) Contribution by ice mass (Gt yr−1) 6.0 1.2

fluctuations

(g) Residual error, attributed to (Gt yr−1) 10.9 4.0

GRACE and atmosphere

(h) Quotient (d)/(b) 1.9 2.4

Our assertion that residual errors associated with poorly mod-

elled atmospheric variability are relatively benign is supported by

the spatial structure of the EE in Fig. 12. Both the large-scale

latitudinal dependence and the smaller-scale meridional striping

seem unaffected by Arctic and Antarctic coastlines. Atmospheric

effects, instead, would mainly act over land and would be inverse-

barometrically compensated over the ocean.

C© 2009 The Authors, GJI, 177, 849–864

Journal compilation C© 2009 RAS

 at U
niveristÃ

©
 P

aul S
abatier on M

arch 6, 2014
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/
http://gji.oxfordjournals.org/


Signal and error in GRACE inferences on Antarctica 859

Figure 13. Influence of the filter parameter λ for Method I (grey and faint

colours) and Method II (black and bold colours) for entire Antarctica. (a)

Time-series (with arbitrary absolute levels) and trends of estimated ice mass

changes with different λ. (b) Influence of λ on estimated errors: a posteriori

error (grey/black), leakage effect by the uniform; the altimetry and the

fluctuation scenarios (red squares, crosses and circles, respectively), leakage

effects by errors of the oceanic (blue) and hydrological (green) reduction.

This assessment implies that the deviations of the monthly mass

change estimates from the linear and seasonal model are dominated

by GRACE errors. This fact motivates weighting the individual

months according to their GRACE error level when fitting this

model (see end of Section 3).

4.4 Methodological choices

For Methods I and II, the choice of the ultimate filter parameter λ

was made based on the error assessments described in the previous

subsections performed for a range of λ values.

Fig. 13 illustrates this choice for the case of entire Antarctica.

Fig. 13(a) shows how the damping of errors and signals gets stronger

with increasing λ, for Method I. For Method II, this damping is

partly compensated by the rescaling with γ > 1, which is always

chosen such that it compensates leakage effects for the uniform

scenario (see Section 4.2.1). Fig. 13(b) shows the λ-dependence of

errors in the trend. With Method I, the impact of λ is largest for the

GRACE error effects and the leakage effects by Antarctic ice mass

variations. A choice around λ = 0.3 (the rough intersect between the

bundle of faint red curves and the grey curve) seems an appropriate

compromise between both types of errors. For Method II, leakage

from Antarctic ice mass variations is considerably smaller whereas

leakage from oceanic and hydrological reduction errors grows in

importance. The choice of λ = 0.3 again appears appropriate. In

any case, the choice is somewhat arbitrary, governed by the models

used in the error assessment.

Fig. 14 is analogous to Fig. 13 but refers to Basin 12 (γ = 1 is fixed

for Method II). The errors are now dominated by GRACE error and

Figure 14. Same as Fig. 13 but for Basin 12.

leakage effects from Antarctic ice mass variations. λ = 0.01 seems

a reasonable compromise between both. This choice is critically

influenced by the a priori information on large ice mass changes in

the region incorporated into the leakage error assessment.

For Method III, the precise definition of the Gauss Markov model

strongly influences the results. For example, we tested a model

modification that omits the 16 patterns representing geographically

dependent mass variations within the continent. As a result, the

pan-Antarctic ice mass trend reduced to −55 from −101 Gt yr−1.

The geographically-dependent patterns are consistent with inde-

pendent observation supporting that ice mass variability is primar-

ily coastal. The geographical dependence suggests that the weight

function η(�) be close to 1 at the coast. By their omission, in

contrast, only about 50 per cent of actual ice mass variations are

correctly attributed to ice masses, whereas another 50 per cent are

attributed to the ocean. This simple example shows the sensitivity of

Method III to the predefined patterns.

4.5 Interannual variations: signal and error

The presence of interannual components in the mass change time-

series limits, to some extent, the ultimate value of linear trends

determined in such a short time-series. By geophysical interannual

variations, the trend over a few years differs from a long-term trend.

For a simple assessment, assume that yearly SMB fluctuations over

the entire grounded ice sheet have a relative STD of 6 per cent (cf.

Van Lipzig et al. 2002; Monaghan et al. 2006). Then, with a roughly

2000 Gt mean yearly SMB (Bentley 2004), the STD of fluctuation-

induced mass changes over five years is
√

5 × 6 per cent× 2000

Gt = 268 Gt, or 54 Gt yr−1.

A subtlety of the analysis presented in this paper is that an ad-

ditional complication arises, for in fact, GRACE errors correlated

in time may be another source of interannual variation and under-

mine the ability to determine trends. Although our GRACE error

assessment so far is based on the standard assumption of temporally

uncorrelated errors, this assumption is questionable. Tidal aliasing

is a known source of temporally correlated GRACE errors (Seo et al.

2008; Moore & King 2008). As another example, Horwath et al.

(2007b) and Horwath (2007) report statistically significant trends in

the higher degrees of GRACE monthly solutions, which resemble

neither geophysical effects nor expected tidal aliasing patterns. To

avoid our error assessment from being too optimistic, we include

a tentative assessment of temporal correlation effects: Analyses of

basin-wise mass change time-series (Horwath 2007) show that the

interannual signal not explained by modelled geophysical effects is

typically twice as large (in terms of variance) as random interan-

nual effects of temporally uncorrelated errors. Hence, we estimate

that the additional error variance of the trend, induced by temporal

GRACE error correlations, is equal to the a posteriori error variance

of the trend.

4.6 Synopsis

Analogously as for Antarctica and Basin 12, errors were assessed

for Basins 1–16, for East and West Antarctica. Among the three

considered estimation methods, Method II proved most valuable,

mainly due to its relatively low leakage effects from Antarctic ice

mass variations.

For the entire Antarctic continent (with λ = 0.3 and γ = 1.33,

chosen as explained in Sections 4.4 and 4.2.1) an ice mass trend

error budget was assessed as in Fig. 6. The effect of temporally
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uncorrelated GRACE errors (as represented by the a posteriori error

of the trend) is 13.3 Gt yr−1 (Section 4.3.2). About the same error can

be assigned to leakage effects, which are dominated by oceanic and

hydrological variations and possibly other variations distant from

Antarctica (Section 4.2.2). Once more the same error is attributed

to possible temporal correlations in GRACE errors (Section 4.5).

Together, the listed error effects have an rms of
√

3 × 13.3 Gt yr−1

= 23.0 Gt yr−1. The error in the superimposed signal correction

is 40 Gt yr−1 for GIA and, in a conservative assessment, another

11 Gt yr−1 for the atmosphere (Section 4.1). The total error hence

becomes 48 Gt yr−1. Although the GIA error dominates, other types

of error, taken together, are non-negligible. In fact, the relative sup-

pression of the other errors arises only with the extended GRACE

time-series. In a previous assessment (Horwath 2007) with about

4 yr of GRACE data the GIA error and the combined effect of other

errors were similar.

The error assessments for the other integration regions are per-

formed in a similar manner and lead to the choice of λ = 0.01, γ =
1 for Basins 11–13, λ = 0.3, γ = 1.30 for East Antarctica and λ =
0.3, γ = 1 for the remaining basins. In particular, a choice of γ >

1 for West Antarctica did not seem justified based on leakage error

simulations as in Section 4.2.1 The GIA error is difficult to assess

without region-specific modelling studies. The GIA reductions tend

to be proportional to the region size with about a rate of 10 Gt yr−1

per 106 km2, and we generally assume that the GIA error follows this

proportionality. This assessment may be too pessimistic and may be

replaced by improved assessments where possible. Therefore, we

will quote error measures with and without the GIA error.

A comparison of results from different methods shows the un-

certainties that are still related to choices of methodology. Different

methods imply different GRACE error and leakage effects. For ex-

ample, the oceanic and hydrological reductions are very different

for Methods II and III (Fig. 7). For Basin 12, the difference between

Methods II and III is 9 Gt yr−1 whereas the assessed error (with

exclusion of the GIA error) is about 7 Gt yr−1 for both methods.

In fact, for Basins 11–13, where ice mass changes are particularly

high, leakage due to these ice mass changes, or in other words, the

separation of the neighbouring basins, is crucial. As a consequence,

we applied a very moderate smoothing (λ = 0.01) for these basins.

Leakage is probably less crucial if we consider the Basins 11, 12 and

13 together as an integration region wherein a somewhat stronger

smoothing with λ = 0.03 applies.

Methodological uncertainties also manifest themselves in the fact

that, for Method II, the sum of estimates for individual basins is

not equal to the estimate for the union of these basins. This is

particularly striking for East, West and entire Antarctica (numbers

will be quoted in the next section) and also occurs in previous

studies such as by Velicogna & Wahr (2006a), although less severely.

The reason lies in the different filtering (implied by different λ

and γ ) applied to the different regions according to individual,

region-specific assessments. Such inconsistencies do not occur with

Method III, which determines mass changes of all regions in a single

inversion.

5 A N TA RC T I C I C E M A S S C H A N G E S :

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

Fig. 15 shows the estimated monthly ice mass variations and the ice

mass trends for entire Antarctica (grounded ice) and for the 16 indi-

vidual drainage basins. The Antarctic trend over the period 08/2002

to 01/2008 is (−109 ± 48) Gt yr−1. Without the GIA reduction er-

ror, the rms error would be 26 Gt yr−1 instead of 48 Gt yr−1. The

trend corresponds to a mass deficit of 5 per cent of the SMB of

the grounded ice sheet and it contributes (+0.30 ± 0.13) mm yr−1

eustatic sea level rise. The results for the 16 drainage basins show

that the largest ice loss comes from Basin 12 (the region of the Pine

Island and Thwaites Glaciers in the Amundsen Sea Embayment)

with (−60 ± 8) Gt yr−1, followed by Basin 11 (northwest Marie

Byrd Land) with (−28 ± 6) Gt yr−1. Basin 13 (Antarctic Peninsula

and part of Ellsworth Land) contributes another large yet, according

to our analysis, statistically insignificant loss of (−19 ± 28) Gt yr−1.

Since the separation between these three basins is critical, as dis-

cussed in Section 4.6, we add results for their union. There, the

trend is (−105 ± 35) Gt yr−1. Smaller positive trends are visible for

Basins 10 and 3. The remaining basins show no significant ice mass

trends over 08/2002 to 01/2008. Our estimates for East and West

Antarctica are (−1 ± 40) and (−82 ± 42) Gt yr−1, respectively.

The apparent discrepancy between the sum of these two trends and

the pan-Antarctic trend is due to the methodological uncertainties

inherent to the regional integration approach, as discussed in Sec-

tion 4.6.

The strong negative trend in Basin 12 is in agreement with evi-

dence for dynamic ice mass losses from independent observational

techniques: Rignot et al. (2008) obtained (−64 ± 27) Gt yr−1 in

2000 and (−90 ± 27) Gt yr−1 in 2006 for this basin, from a mass

flux budgeting method. Analyses of ERS-1/ERS-2 radar altimeter

data (mostly preceding the GRACE period) inferred negative mass

trends of tens of gigatons per year (up to −63 Gt yr−1), dependent

on the particular study and on density assumptions (Zwally et al.

2005; Davis et al. 2005; Wingham et al. 2006; Helsen et al. 2008).

For Basin 11, Rignot et al. (2008) report (−23 ± 39) Gt yr−1,

which is, again, in agreement with our result.

The large variability of our time-series for Basin 13 is partly due

to aliasing of residual ocean tides (Han et al. 2005; Moore & King

2008), for example, with a 161 d alias period of the S2 tide, and

fostered by the weakness of our smoothing. The negative ‘trend’

appears to be due to an abrupt change in the beginning of 2007. By

closer analyses (not shown) we may attribute this change mainly

to the tip of the Antarctic Peninsula, where Rignot et al. (2008)

report negative changes of (−15 ± 8) Gt yr−1 in 2000 and (−47 ±
9) Gt yr−1 in 2006.

For Basin 10 (ice streams draining into Ross Ice Shelf, includ-

ing the stagnated Kamb Ice Stream), Rignot et al. (2008) report

(+34 ± 8) Gt yr−1 which is considerably larger than our estimate of

(+11 ± 6) Gt yr−1.

For Basin 3 (Enderby Land), a previous GRACE analysis (Chen

et al. 2006) inferred a much larger positive trend than our estimate.

Close examination of the time-series of monthly changes suggests

that the trend is induced by interannual variations (increase in 2002–

2004 followed by a stable behaviour in 2005–2007). Whereas the

ERS-1/ERS-2 altimetry analyses cited above show little changes

in the region, an analysis of Environmental Satellite (ENVISAT)

radar altimeter data over 2003–2007 by Legrésy et al. (2007) shows

positive trends (presumably due to an accumulation anomaly) that

might be compatible to our GRACE results.

Our estimated pan-Antarctic seasonal signal has its minimum

in February, its maximum in October and a peak-to-trough differ-

ence of 304 Gt. An earlier GRACE analysis by Llubes et al. (2007)

qualitatively found similar results. Monthly accumulation variations

inferred from atmospheric modelling by Van Lipzig et al. (2002)

and Cullather et al. (1998) predict mass variations with a minimum

in February, a maximum in August or September, respectively, and

a peak-to-trough difference of about 175 Gt. Although our results
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Figure 15. Estimated ice mass changes (Method II) and their trends for entire Antarctica (grounded ice), for the 16 individual drainage basins as shown in

Fig. 1, and for the union of Basins 11, 12 and 13. Monthly changes are shown in green (with unregularized months marked by dots), the fitted linear and

seasonal models are shown in black. Total rms errors of trends are given in black (numbers and error bars). In addition, errors excluding the GIA error are

given in grey.

include GRACE error effects (which likely increase the amplitudes)

as well as leakage effects from hydrology and from seasonal Antarc-

tic ice mass variations, the agreement is encouraging.

Finally it is important to compare our results with those of previ-

ous GRACE analyses. For the entire grounded ice sheet, Velicogna

& Wahr (2006a) estimate (−139 ± 73) Gt yr−1 (ice volume con-

verted to mass with 917 kg m−3 density) from UTCSR release-1

monthly solutions over 04/2002–08/2005. Ramillien et al. (2006)

estimate (−40 ± 36) Gt yr−1 (we quote one-sigma errors) from 10-

daily 30-d-solutions by CNES/GRGS over 07/2002–03/2005. By an

alternative high-resolution mascon approach using GRACE inter-

satellite data processing, Luthcke et al. (2007) estimate −81 Gt yr−1

when GIA is corrected using the IJ05 model. For the Amundsen Sea

Sector of West Antarctica (corresponding to our Basin 12 and part

of Basin 11), Chen et al. (2008) estimate (−81 ± 17) Gt yr−1 from

UTCSR release-4 monthly solutions over 01/2003–09/2006 by their

approach of fitting a predefined pattern in the spatial domain. By

a similar yet somewhat more sophisticated approach, Sasgen et al.

(2007) estimate (−69 ± 4) Gt yr−1 from the joint analysis of four

series of monthly solutions.

In view of the assessed errors, there is no fundamental contra-

diction between our estimates and those previously determined.

Nevertheless, the differences are so large that they motivate further

discussion. One cause are different actual ice mass changes related

to the different time intervals. However, they are not the only and

probably not the main cause. Instead, differences in the methods

of GRACE data analysis with their different inherent errors have

to be considered as a major cause. These methods (except Luthcke

et al. 2007) include the GRACE processing to produce the monthly

gravity field solutions and the analysis of these solutions (including

geophysical corrections) for mass change inferences. Concerning

this last step, we may raise the following points based on our error

investigations of Section 4.

The GIA correction applied by Velicogna & Wahr (2006a) does

not rely on a particular model (like IJ05 in our and in most other

studies) but uses a mean value of corrections obtained from different

models. Since this value is larger than the corrections from the IJ05

model, there likely arises a negative offset between the estimates by

Velicogna & Wahr (2006a) and those of other studies.

The analyses also differ by their account for leakage effects

by Antarctic ice mass variations (leakage from inside for an in-

tegration over entire Antarctica). Velicogna & Wahr (2006a) use

a rescaling analogous to our approach with Method II but with

the relatively large value of 0.61−1 = 1.61. In view of our inves-

tigations in Section 4.2.1, it is not clear how reliably this rescal-

ing mitigates leakage from inside. Ramillien et al. (2006) use

the original regional integration approach based on the regular-

ized 30 d solutions by CNES/GRGS. They apply no additional

filtering, but the spectral truncation and regularization inherent in

these solutions corresponds to a particular filter (e.g. Kusche 2007).
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Hence, leakage effects do arise, and they might damp the total mass

changes.

The adopted region boundaries also differ. Velicogna & Wahr

(2006a) include the ice shelves into their integration region. Al-

though mass changes of floating ice do not affect gravity due to

hydrostasy, this choice makes the results more vulnerable to errors

in the GIA models (which show large signals in the Ross and Filch-

ner Ronne Ice Shelves) and to residual tidal effects. The analyses by

Chen et al. (2008, 2006) allow for mass changes only in restricted

areas. By not estimating mass changes in most parts of Antarctica,

it can not be easily extrapolated to a pan-Antarctic scale. Similar

remarks hold for the study by Sasgen et al. (2007), although here

the allowed-for patterns of mass change are not restricted in area

but still in their number (three in total).

6 C O N C LU S I O N S A N D O U T L O O K

We have examined the estimation of mass changes from GRACE

monthly solutions. Among other things, we assessed leakage in-

duced by the non-uniform weighting within Antarctica using a range

of ice mass variation scenarios. Restricting such an assessment to

a single (e.g. uniform) scenario may mislead to corrections that

might even aggravate leakage effects. We further showed that by

error correlations of the GRACE monthly solutions, the GRACE

error effects on Antarctic mass changes are about two times larger

than predicted by standard error models that do not include corre-

lations. Presumable temporal correlations of GRACE errors are an

additional error source. These insights are relevant, also beyond our

particular application to the Antarctic ice sheet.

Beyond the concrete mass change estimates reported in the pre-

vious section, our analyses indicate directions of methodological

improvements. Some of them may build on the current monthly

solution releases. The incorporation of a priori information may

be further enhanced based on the approach of predefined patterns.

In fact, the upscaling applied with Method II is an attempt to re-

place the uncertain degree-1 and -2 information by higher-degree

information, and, thus, heuristically exploits known couplings be-

tween low and high degrees. The predefined patterns approach is

a more solid incorporation of such a priori information. More re-

alistic patterns could be derived from altimetry, SMB modelling,

flow velocity fields and other sources. Applying more realistic error

models of the GRACE solutions is another obvious improvement.

Note, however, that presently, even the complete formal covariance

matrix does not fully describe the error structures (Horwath 2007;

Schrama et al. 2007). Modelling and parametrization problems in

the GRACE processing are reasons for this discrepancy (e.g. Wiehl

& Dietrich 2005; Seo et al. 2008).

Concerning necessary developments in the GRACE processing,

improvements of the background models are remaining an impor-

tant task. The functional models linking GRACE observations to

gravity field variations are another issue. The traditional approach of

numerical dynamic orbit analysis (Reigber et al. 2005) has attractive

alternatives tailored to the new satellite gravity missions (Rowlands

et al. 2002; Mayer-Grr et al. 2005; Ilk et al. 2008). As yet an-

other field of development, the parametrization of spatio-temporal

gravity field or mass variations has to seek proper compromises be-

tween detectability and geophysical relevance of the parametrized

variations (Wiehl & Dietrich 2005; Horwath et al. 2007a). From

the geophysical viewpoint, a regionalized parametrization seems

attractive. The mascon approach (Luthcke et al. 2006, 2007) is one

example. Indeed, if GRACE shall observe mass transports in the

Earth system, it seems more direct to parametrize the mass changes

than to go across the intermediate product of global gravity field

models. Finally, only by its consistent combination with comple-

mentary observations and models will GRACE fulfill its role as one

‘sensor’ in a consistent Global Geodetic Observing System (Drewes

2005). Preferably, the synthesis of different techniques should occur

at an early stage (for example, affecting the GRACE processing) to

consistently exploit complementarities.
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A P P E N D I X : S T O C H A S T I C M O D E L

O F S U R FA C E M A S S B A L A N C E

F LU C T UAT I O N S

By relative annual surface mass balance (SMB) fluctuations we

mean the deviations of the yearly SMB (accumulation minus ab-

lation) from the long-term mean SMB, divided by this long-term

mean. We model the relative annual fluctuations as a homogeneous

isotropic stochastic field with a spatial autocorrelation function as

shown in Fig. 8b and a pointwise STD of 0.19 (i.e. 19 per cent rel-

ative annual fluctuation at every Antarctic position). No temporal

correlation from year to year is assumed. This model is established

by Horwath (2007), based on statistical analyses of in situ obser-

vations. To derive absolute fluctuations we use the long-term mean

SMB compilation by Vaughan et al. (1999). Our model is compa-

rable with results on surface height fluctuations by Wingham et al.

(1998), though at distances beyond 500 km our autocorrelation is

somewhat larger.

It is straight-forward to derive a respective stochastic model of 5

yr trends induced by SMB fluctuations (as needed in Section 4.2.1)

or to derive a stochastic model of monthly SMB fluctuations (as

needed in Section 4.3.2). For the latter model, we assume that the

yearly variance is evenly distributed over the 12 months.

Based on these models, we generate pseudo-random realizations

to perform our statistical assessments. For example, we find that the

modelled pan-Antarctic annual fluctuations have a STD that is 3.8

per cent of the mean annual pan-Antarctic SMB. Atmospheric mod-

elling studies by Van Lipzig et al. (2002) and Monaghan et al. (2006)

report respective STDs between 4 and 7 per cent. To not underes-

timate SMB fluctuation effects in our assessment in Section 4.3.2,

we scale our results with 1.6 (leading to a 6 per cent relative an-

nual STD) to conform more with those atmospheric modelling

results.
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