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Simultaneous estimation of global present-day
water transport and glacial isostatic adjustment
Xiaoping Wu1*, Michael B. Heflin1, Hugo Schotman2,3, Bert L. A. Vermeersen2, Danan Dong1,
Richard S. Gross1, Erik R. Ivins1, Angelyn W. Moore1 and Susan E. Owen1

Global water transport between oceans and continents during the transition from glacial to interglacial times has been
enormous. The viscoelastic solid Earth has been responding to this unloading of large ice masses with a rise of the land
masses, in a process termed glacial isostatic adjustment. In addition, significant changes in the land/ocean water distribution
occur at present. As both present-day changes in the ice/water thickness and glacial isostatic adjustment affect space
geodetic measurements, it is difficult to untangle the relative contributions of these two processes. Here we combine
gravity measurements and geodetic data of surface movement with a data-assimilating model of ocean bottom pressure
to simultaneously estimate present-day water transport and glacial isostatic adjustment. We determine their separate
contributions to movements in the geocentre, which occur in response to changes in the Earth’s mass distribution, with
uncertainties below 0.1 mm yr−1. According to our estimates, mass losses between 2002 and 2008 in Greenland, Alaska/Yukon
and West Antarctica are 104±23, 101±23 and 64±32 Gt yr−1, respectively. Our estimates of glacial isostatic adjustment
indicate a large geocentre velocity of −0.72±0.06 mm yr−1 in the polar direction. We conclude that a significant revision of
the present estimates of glacial isostatic adjustments and land–ocean water exchange is required.

Strong evidence for present-day surface mass trend (PDMT)
has emerged from satellite tracking and other data1–13,
especially from the Gravity Recovery and Climate Experiment

(GRACE) mission3–8. Still, separating PDMT and glacial isostatic
adjustment14–16 (GIA) signatures in most high-precision geodetic
data is a major challenge17. Unknown but possibly significant
uncertainties remain about ice history14,15 and the rheological
profile of the Earth14,15,18–20 in the GIA models. Estimating GIA
in Greenland and Antarctica is particularly difficult owing to very
sparse near-field relative sea level records. At present, PDMT is
estimated by correcting GRACE and other data using recent GIA
models4–8, and GIA over certain regions is studied by correcting
the data using hydrological models21. Potentially large errors in
the models will be aliased into the resulting PDMT or GIA
estimates. Both PDMT (ref. 22) and GIA (refs 23,24) also drive
geocentre velocities of the centre-of-mass of the total Earth system
with respect to the centre-of-figure of the solid Earth surface.
Such velocities and their underlying degree-1 spherical harmonic
surface mass variations have not been reliably determined from
observations25, but are integral and important parts of the global
change spectra. These motivated us to estimate PDMT and GIA
simultaneously in a global inverse study with a realistic and fairly
rigorous uncertainty assessment.

From April 2002 to December 2008, linear trends are de-
rived from GRACE gravity data with empirically calibrated full
covariance matrices26, and from the Jet Propulsion Laboratory’s
data-assimilating ocean bottom pressure (OBP) model27. These are
combined with three-dimensional surface velocities at 664 globally
distributed sites. Although the durations of the surface geodetic
time series are diverse, most of the data are collected by the global
positioning system (GPS) technique during the 2000s and processed
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up to August 2007. Spherical harmonic coefficients of both PDMT
and GIA signatures as well as other relevant parameters are then
estimated from the data combination (see theMethods section).

Separate long-wavelength signatures
Table 1 lists geocentre velocities (VG) and a few low-degree
dimensionless geopotential coefficients of considerable historic
interest owing to PDMT(including the atmosphericmass) andGIA.
The y component owing to PDMT is clearly significant. Overall, the
geocentre velocity owing to PDMT is small, which is not known
a priori. Still, the seemingly very small z component contributes
a 13Gt yr−1 mass gain for Antarctica when supplemented to the
GRACE data. The Earth’s dynamic oblateness rate J̇2 owing to
PDMT shows a larger positive value than the absolute value of the
negative J̇2 owing to GIA, resulting in a net increase in the Earth’s
oblateness during 2002–2008. A similar behaviour was observed in
the late 1990s (ref. 1). The GIA estimates show a very significant
−0.72±0.06mmyr−1 contribution to the geocentre velocity along
the z axis compared with −0.48mmyr−1 in the a priori GIA

Table 1 | Estimated long-wavelength geodetic signatures and
uncertainties.

Component PDMT estimate GIA estimate

VGX (mm yr−1) −0.08±0.04 −0.10±0.01
VGY (mm yr−1) 0.29±0.05 0.11±0.02
VGZ (mm yr−1) −0.16±0.07 −0.72±0.06
J̇2 (1 yr−1) (5.2±0.5)× 10−11 (−3.4±0.4)× 10−11

J̇3 (1 yr−1) (1.3±0.4)× 10−11 (0.6±0.3)× 10−11
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Figure 1 |Average global PDMT estimates including the atmospheric mass in thickness of water equivalent. An optimal averaging function at each grid
point is used with a similar resolution to that of the 300-km Gaussian spatial filter but a smaller uncertainty. AIS (Abbott Ice Shelf), ASE (Amundsen Sea
embayment), DML (Dronning Maud Land), KIS (Kamb Ice Stream), RIS (Ross Ice Shelf), Totten (Glacier), WIS (Whillans Ice Stream), WL (Wilkes Land).

model14,15. These newly determined geocentre velocity components
owing to GIA can be used in future dynamic studies to further
improve our understanding of the ice history and Earth rheology
on a global scale. Our GIA J̇2 estimate is fairly close to that of
the a priori GIA model (−3.9× 10−11 yr−1) and not far from the
long-term (33 years) satellite laser ranging (SLR) observations2 of
−2.75× 10−11 yr−1. As the observed long-term J̇2 is the sum of
GIA and the long-term PDMT contributions, our result indicates
that the latter is limited to around 0.65×10−11 yr−1, subject to an
additional uncertainty associated with the removal of the 18.6 year
solid Earth tide28.

Global spatial pattern of present-day surface mass trend
The inverted PDMT coefficients including the atmospheric mass
are sensed by the GRACE and GPS data, and do not directly
depend on any atmospheric analysis. These coefficients and their
covariance matrix are then used to compute optimal spatial average
values around global 1◦ × 1◦ grid points26 (see the Methods
section). The averaging results and their uncertainties are shown in
Fig. 1 and Supplementary Fig. 1, respectively. Intensive ice melting
can be seen in the southern area of Alaska/Yukon, including
Bering and Malaspina glaciers, Yakutat Icefield and Glacial Bay,
in agreement with recent studies based on local glaciological/GPS
uplift18 and GRACE data6,7. On the other hand, we also find
significant mass loss along the west coast of Alaska with no
appreciable changes in the interior. The mass loss in Greenland
is concentrated along the coastal areas, and is particularly heavy
in the west, and in the southeast with the large Kangerdlugssuaq
and Helheim glaciers. Significant losses can also be seen over

Svalbard and Ellesmere Island where mass losses through calving
and surface ablation have been reported before by surface, radar and
imagery observations9. In contrast, the interior of Greenland shows
significant positive mass balance. The image of inland thickening,
owing to increased precipitation, and coastal thinning, owing
to enhanced surface melting and ice dynamics, is in very good
agreement with recent altimetry studies10,11 and in line with the
predicted ice-sheet response to climate warming. In particular, the
average 24–38mmyr−1 thickening above 2000m elevation during
1993–2004 from laser altimeters10 is very close to our interior
results. Areas of both intensive gain and loss are found in West
Antarctica, including the northern tip of the Antarctic Peninsula,
whereas East Antarctica seems fairly stable. Although independent
and with a lower spatial resolution, our Antarctic mass trends show
similar significant features identified as ice- or snow-mass changes
by a recent European remote sensing (ERS) satellite altimeter
study12 and by Ice, Cloud and land Elevation Satellite (ICESat) laser
altimeter observations11,13. These include the significant drawdown
of the glaciers in the Amundsen Sea sector; the thickening further
inland of the sector confirming the shutdown of Kamb Ice Stream,
in the coastal area east of Amundsen Sea embayment feeding the
Abbott Ice Shelf; and in the Ellsworth Mountains region south of
the Antarctic Peninsula. In addition, our results seem to support
the full ICESat picture of Kamb Ice Stream thickening, and thinning
in the tributary region of Whillans Ice Stream as well as along the
east coast of the Ross Ice Shelf11,13. In other areas of Antarctica
where thickening and thinning are indicated by the ERS and ICESat
data, some qualitative agreements can also be found in our results
(for example, some thickening in the western portion of Dronning
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Table 2 |Regional mean present-day mass trend.

Region Mass gain all data
(GIA estimated) Gt yr−1

Mass gain GRACE only
(GIA corrected) Gt yr−1

Mass gain other GRACE estimates Gt yr−1

Greenland −104±23 −161±35 −234±33 (ref. 4)
Alaska/Yukon −101±23 −68±28 −91±5 (ref. 7)
West Antarctica −64±32 −99±59 −130±26 (ref. 5)
East Antarctica −23±29 16±54 −45±52 (ref. 5)

E+W (ref. 4)=−132±73

Remaining land 14±76 −74± 148
Oceans 236±81 341± 137

Non-steric (mass) mean sea level
Global 0.54±0.3 mm yr−1 0.82±0.4 mm yr−1

±66◦ 0.70±0.3 mm yr−1 0.94±0.4 mm yr−1 0.8±0.5 mm yr−1 (ref. 32)

The estimated regional mass gains include the atmospheric contributions. Atmospheric contributions were removed in the original referenced GRACE estimates, and are restored here for comparison
except in the mean sea level32 , using the same European Centre for Medium-Range Weather Forecasts operational analysis surface pressure data (Supplementary Table S1). 37.4 Gt yr−1 corresponds to
0.1 mm yr−1 equivalent mean sea level. The non-steric mean sea level estimates are calculated by removing the atmospheric contribution and are subject to its uncertainty of ∼0.2 mm yr−1 . The mean
sea level result within the±66◦ latitude band is to be compared with Jason-1 data.

Maud Land and thinning in Totten Glacier). However, our results
do not show significant thickening in the coastal area of Wilkes
Land observed by the ERS altimetry data12 (1993–2002), which is
not supported by snow accumulation data12 or the ICESat result11.
Our PDMT pattern in West Antarctica is similar to that of a recent
study using almost the same amount of GRACE data5, except in the
coastal area east of Amundsen Sea embayment feeding the Abbott
Ice Shelf. The difference may be attributed to the improvement
from the OBP data and the optimal filter.

The optimal averaging function is especially powerful in
identifying geographically isolated mass variations and allows us
to see mass losses of many mountain glaciers shown on the
map including Tianshan, Hengduan Shan, Patagonia, Anti-Taurus
and Taurus. Other remarkable features are several areas of mass
increases on the continents, including those in the Amazon, Lena,
Nelson and Zambezi basins, and mass losses owing to groundwater
depletion in northern India and droughts in southeastern United
States and South America. The aliased signature of the 2004
Sumatra earthquake (not removed from the data) can also be seen.

Geographic budget of present-day surface mass trend
A budget of PDMT over major geographic regions of the
world (Table 2) is computed by using optimal regional averaging
functions and the inverted PDMT coefficients (including the
atmospheric mass) sensed by the data. During 2002–2008, the
thinning ice sheets and mountain glaciers contributed significantly
to sea level rise. For example, the total mass loss over the two ice
sheets and Alaska/Yukon (west of 130◦W) would correspond to a
0.78mmyr−1 non-steric sea level rise. However, the remaining land
area shows a small net gain inmass despite losses over themountain
glaciers and ice caps. This is not surprising as evaporation,
atmospheric circulation and precipitation processes can transport
water mass (including from the oceans) over large distances around
the globe (see also ref. 29). For comparison, a GRACE-only
PDMT solution is also listed, with GIA corrected using the fixed
a priori model including its covariance matrix and supplemental
degree-1 information from a multiple data inversion. The large
differences (mostly over the ice-covered areas) of our two PDMT
solutions and the larger uncertainties of the GIA-corrected solution
demonstrate the importance of GIA model improvement and
enhanced resolution/accuracy resulting from the data combination.
Whereas the Alaska mass loss agrees with a recent GRACE study
having the data-constrained GIA effect corrected7, our PDMT
estimates over Greenland and Antarctica are considerably different
from some other GRACE estimates (ref. 30 and fourth column
of Table 2, where the atmospheric contributions removed by the
authors have been restored except in the case of non-stericmean sea

level). Differences in the treatment of GIA, atmospheric mass and
GRACE data, especially over long-wavelength coefficients (such as
degree-1 or 2) and differing time spans can play significant roles. For
example, an earlier GRACE mass concentration study8 using three
years of data and aGIA correction yielded aGreenland result similar
to our estimate. However, two recent studies using essentially the
same span of GRACE data as ours reported larger (about a factor
of 2) mass losses for Greenland4 and Antarctica4,5. With other
subtle differences in data handling, their methods and results are in
general agreement (within the range of uncertainties) with ourGIA-
corrected GRACE-only estimates. Therefore, we conclude that our
smaller mass loss estimates for Greenland and Antarctica are due
to GIA improvement and enhanced resolution and accuracy from
the data combination. We also note that our results are generally in
better agreement with altimetry (over different periods)10–13,30 than
with other GRACE estimates.

To derive non-steric mean sea level rise, atmospheric mass
contribution over the oceans is removed using the National Cen-
ters for Environmental Prediction reanalysis-2 surface pressure
data (Supplementary Table S1) with an additional uncertainty of
∼0.2mmyr−1 (70Gt yr−1) from the pressure data31 (Supplemen-
tary Information). When compared to the 2.4±1.1mmyr−1 total
mean sea level rise determined from Jason-1 altimetry (between
±66◦ latitudes) using a GIA correction and a steric contribution
of 0.8± 0.8mmyr−1(ref. 32), our 0.7± 0.3mmyr−1 (similar to
that of ref. 32) non-steric mean sea level rise estimate (between
±66◦ latitudes) is well within the range of uncertainties, particularly
considering the slightly different time spans. Ourmean sea level rise
estimate over the global oceans is smaller because during 2002–2008
the semi-enclosedArcticOcean has a significantmass loss according
to our PDMT estimate (−91± 15Gt yr−1), which may be linked
to the decadal oceanographic variability of freshwater release of
the Arctic ‘capacitor’33.

Estimated glacial isostatic adjustment
As shown in Fig. 2, the pattern of estimated GIA-induced geoid
rate over Laurentia is slightly different from that of the a priori
model (ICE-5G in the Northern Hemisphere). A large negative
geoid trend in the middle of Greenland is seen where a pronounced
positive PDMT is also found in our solution. The trend is significant
with a maximum signal-to-noise ratio of 4 (Fig. 2a, Supplementary
Fig. S2). The mean GIA geoid trend over Greenland calculated
using a simple box-car averaging function is−0.56±0.17mmyr−1,
rather than 0.1±0.35mmyr−1 as suggested by the a priori model.
Our uncertainty estimates, which also peak in the middle of the
Greenland and Antarctic ice sheets, are fairly rigorous. Simulated
inverse recoveries reveal no algorithm artefact. Therefore, part

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 3

http://www.nature.com/doifinder/10.1038/ngeo938
http://www.nature.com/naturegeoscience


ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO938

Geoid height rate (mm yr¬1)

a b

¬180 ¬90 0 90 ¬180 ¬90 0 90

¬60

¬30

0

30

60

¬60

¬30

0

30

60

¬1.5 ¬1.3 ¬1.1 ¬0.9 ¬0.7 ¬0.5 ¬0.3 ¬0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7

La
tit

ud
e 

(°
 N

)

La
tit

ud
e 

(°
 N

)

Longitude (° E) Longitude (° E)

Figure 2 |Unfiltered GIA geoid height trends. a, Estimated in this study. b, Predicted by ICE-5G/IJ05/VM2 model.

of the negative GIA geoid trend in Greenland could be new
evidence for additional net past ice accumulation (∼100–300m
of ice depending on rheological properties and onset time) in
comparison with the a priori model. Past accumulation over
certain parts of Greenland has been suggested before by other
data and dynamic ice models14,34. The GIA solution contains a
strong rebound over Alaska. This is a feature not found in the
a priori model, and provides support for regional inferences of
significant ice melting since the Little Ice Age18. In Antarctica, our
GIA solution agrees better on average with the a priori model, but
a slightly weaker mean GIA signature is found in West Antarctica.
Like the a priori GIA model, our estimated GIA-induced geoid
trends can be removed from the GRACE data for users interested in
determining PDMT. For GRACE sea level determination, removing
the estimated negative GIA geoid trends corresponds to adding
0.66±0.1mmyr−1 (global oceans) and 0.82±0.1mmyr−1 (±66◦)
to the raw results, compared with 0.95mmyr−1 (global) and
1.1mmyr−1 (±66◦) suggested by the a priorimodel.

Implications and perspectives
The simultaneous kinematic global inversion presented here allows
us to separate the global PDMT and GIA signatures in the geodetic
data with unprecedented precision. These results are achieved by
combining the multi-satellite high-precision geodetic data with the
a priori information on GIA dynamics and the relatively well-
constrained spatial extent of deglaciation from glacio-geological
data. The GIA improvement and the enhanced resolution and
accuracy from the data combination result in (about a factor of two)
smaller mass loss estimates for Greenland and Antarctica during
2002–2008 than other recent GIA-corrected GRACE estimates. The
non-steric mean sea level rise is estimated to be 0.54±0.3mmyr−1
(global) and 0.70± 0.3mmyr−1 (±66◦). The time span of the
geodetic data, however, is still short. For example, the SLR-observed
J̇2 during 2002–2008 greatly contradicts that of the longer-term
(33 years) SLR tracking data. This indicates that the estimated
PDMT in J̇2 or any other PDMT coefficients may be interannual
or decadal in nature rather than a century-scale secular trend.
Our GIA estimates reveal significant new features in areas where
GIA models are known to be poor. The largest uncertainty values

are over the interiors of Greenland and Antarctica where spatially
coherent data fusion is lacking. In the coming decade, as time series
of global gravity, altimetry and GPS continue to improve, better
constraints on ice-sheet mass balances and their contributions to
sea level shall be achieved.

Methods
Global inversion. The theoretical framework (including the relevant measurement
equations), data sets and uncertainty assessment are described in the Supplementary
Information. We take a kinematic approach to the simultaneous estimation
problem. GRACE gravitational geoid (referred to as geoid hereafter) trend and
surface velocities both have PDMT and GIA components, whereas the OBP
data have only a PDMT component. The horizontal velocities also have a plate
motion component. The measurement equations of the data correspond largely
to separate spherical harmonic expansions of the PDMT and GIA components.
The coefficients of the PDMT components of all three data types are completely
described by the PDMT coefficients. The GIA components, on the other hand,
are described by separate coefficients of geoid trend, vertical and horizontal
surface velocities. We solve for separate spherical harmonic coefficients of PDMT,
and of vertical and horizontal GIA respectively, from degree n= 1 to 60, GIA
geoid harmonic coefficients from n= 2 to 7 and rotation vectors of 15 major
tectonic plates. The GIA geoid coefficients from n= 8 to 60, to a good precision,
are approximately related to the corresponding vertical coefficients17, and are
substituted by the latter in the measurement equations to reduce the size of the
problem. The kinematic approach resolves PDMT without the complication
of estimating load-time history14,15,18 and Earth’s rheological profile18–20, which
cannot be completely resolved by modern geodetic data alone. The dynamics and
our prior knowledge of the GIA process are incorporated in the inversion through
the use of a priori information, which consists of a priori mean values and an a
priori covariance matrix of all GIA parameters. We use the average of ICE-5G
(ref. 14)/IJ05 (ref. 15) ice-history models and the VM2 (ref. 14) Earth rheology
profile to compute the a priori mean values. The a priori covariance matrix is
constructed dynamically assuming large but plausible uncertainties in ice history
and Earth rheology (Supplementary Information). No effective a priori knowledge
is used for other parameters in the inverse problem, which is solved by the method
of least squares with reduced a priori information35. The inverse method also yields
a full covariancematrix for all of the estimated parameters.

Optimal averaging functions. Once the spherical harmonic coefficients of PDMT
are estimated, an optimal averaging function around each grid point is constructed
to minimize the uncertainty in the average value with a fixed level of spatial
resolution using the estimated full covariance matrix of the PDMT coefficients.
With the same spatial resolution as that of the 300-km Gaussian average, the
optimal functions result inmuch smaller uncertainties26. For a water storage budget
of the major geographic areas of the world, optimal regional averaging functions
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are constructed using the least-squares method incorporating a priori information
to minimize the total error resulting from measurement noises and signal leakage.
A zero a priorimean value is assumed in all cases. Global homogeneous Gaussian
a priori covariance functions having a 400-km correlation length are used to
construct averaging functions over land areas, with a 20 cm yr−1 uncertainty for
the ice sheets and Alaska/Yukon, and a 10 cm yr−1 uncertainty for the rest of
ice-free land, respectively. To construct an optimal averaging function over the
oceans, a two-region Gaussian a priori covariance function with independent
variation regimes (with 2 cm yr−1 and 15 cm yr−1 uncertainties for the oceans and
land respectively) is used. Mass variations within the oceans or the land areas are
assumed correlated spatially with a 400-km correlation length. However, across
the ocean/land boundary, mass variations are independent from each other. Two
additional constraints are applied a priori such that the average weights over
the surface of the Earth and over the region of interest are both unity26. The
GIA-induced geoid change is derived as a simple sum of the spherical harmonic
components up to degree and order 60, because the a priori GIA information acts
as an efficient low-pass filter.
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