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We examine the extent and magnitude of Greenland ice sheet surface melting between 2002 and 2010. We show that the
well documented Greenland ice mass loss in the southern region spread to northwest Greenland in the period from 2007
to 2010. We use Gravity Recovery and Climate Experiment (GRACE) satellite data to estimate ice mass variability over
time in Greenland. Monthly GRACE level 2 Release-04 (RL04) data from Center for Space Research (CSR) are used for
the period April 2002 to December 2010. In contrast to other recent studies, our method employs a non-isotropic filter
whose degree of smoothing corresponds to a Gaussian filter with a radius of 340 km. Stripping effects in the GRACE da-
ta, C20 effect, and leakage effects are taken into consideration in the computations.
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1. Introduction
The GRACE satellite gravity mission has
been providing valuable information regar-
ding Earth’s gravity field. GRACE not only
maps the Earth’s static gravity field but it
also measures temporal variation in the
Earth’s gravity field to a scale of several hun-
dred kilometers and with a period of around
one month. GRACE detects changes in the
gravity field caused by redistribution of mass
within the Earth and on or above the Earth’s
surface. Due to its global coverage, GRACE
provides an excellent tool for mapping the
gravity field over large areas such as Green-
land. In recent years, several research
groups have used GRACE data to estimate
the rate of ice mass change over Greenland. 

Several studies indicate that the Green-
land ice sheet has been losing mass at a sig-
nificant rate over the last decade. Ice mass
loss estimates from GRACE are reported by
Luthcke et al. (2006) using raw GRACE
KBRR (K-Band Range and Range rate) data;
Chen et al. (2006) using the CSR monthly so-
lutions RL01 from 2002-2005; Ramillien et

al. (2006) using the same period as Chen et
al. (2006) but using the GRGS/CNES GRA-
CE solutions; Velicogna and Wahr (2006a)
using the CSR monthly solutions Release 01
(RL01) from 2002 to 2006; Wouters et al.
(2008) using the CSR RL04 monthly solu-
tions from 2003 to 2008; Baur et al. (2009)
using monthly GRACE solutions RL04 provi-
ded by GRACE processing centers of CSR,
GFZ (German Research Center for Geoscien-
ces) and JPL (Jet Propulsion Laboratories)
for 2002 to 2008, and Velicogna (2009) using
the CSR RL04 monthly solutions from 2002
to 2009. Note that all of the results reported
above are based on isotropic filters.

Other satellite based sensors can also be
used to study Greenland ice mass changes.
Abdalati et al. (2001), Rignot et al. (2004),
Rignot and Kanagaratnam (2006) and Joug-
hin et al. (2010) used Synthetic Aperture Ra-
dar (SAR) imaging to reveal accelerated
mass change in a large number of outlet gla-
ciers in Greenland. Slobbe et al. (2008), Ho-
wat et al. (2008), Pritchard et al. (2009) and
Sørensen et al. (2011) used laser altimetry to
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study the mass balance of Greenland. Søren-
sen et al. (2010) used satellite laser, radar
and gravity measurements to study Green-
land ice mass change. 

In this study we estimate Greenland ice
mass change and ice-melt spread based on
monthly GRACE solutions provided by CSR
from April 2002 to December 2010. The la-
test release RL04 is used along with impro-
ved geophysical signal models and data pro-
cessing techniques. This release has the
smallest error compared to other releases
(Bettadpur 2007). Due to the presence of noi-
se in the provided spherical harmonic coeffi-
cients of the GRACE data, a filtering techni-
que based on non-isotropic filter is applied
(See Joodaki and Nahavandchi 2012). 

2. Surface mass change estimation from 
GRACE
The GRACE twin satellites were launched in
March 2002 and are jointly implemented by
the US National Aeronautics and Space Ad-
ministration (NASA) and the German Aero-
space Center (DLR) (Tapley et al. 2004a).
GRACE measures Earth gravity changes
with unprecedented accuracy by tracking
changes in the distance between the two sa-
tellites and combining these measurements
with data from on-board accelerometers and

Global Positioning System (GPS) receivers.
GRACE data are used to determine monthly
spherical harmonic coefficients of the Earth’s
gravity field. Each field consists of gravity
field normalized (Stokes) coefficients, Clm
and Slm, up to degree and order (l, m) 60 in
CSR products (Tapley et al. 2004b). Using
the static 30-day fully normalized spherical
harmonic coefficients, one can estimate
monthly local changes in surface mass (Wahr
et al. 1998). The mass changes can be assu-
med to be located in a very thin layer of wa-
ter concentrated at the surface and with va-
riable thickness. This assumption is not far
from reality. Changes in water storage in hy-
drologic reservoirs, by moving ocean, at-
mospheric and cryospheric masses, and by
exchange among these reservoirs has been
shown to cause monthly changes in gravity
signals (Chambers 2007). The vertical extent
of the water is much smaller than the hori-
zontal scale of the changes and is called equi-
valent water thickness. Mass variations are
modeled as surface density variations Δσ
(the unit of Δσ is mass/surface area) in a sp-
herical layer. 

Having obtained monthly spherical har-
monic coefficients of the Earth’s gravity field,
one can estimate monthly local changes in
surface mass density (Wahr et al. 1998):

(1)

where ϕ and λ are the spherical latitude and
longitude of the point of interest, a is the ma-
jor semi axis of a reference ellipsoid and is
the normalized associated Legendre function
of the first kind. ρave is the average mass-
density of the solid Earth (assumed throug-
hout this paper to be 5517 kg/m3), ΔClm and
ΔSlm are time-variable components of the
GRACE observed Stokes coefficients for
some month of degree and order (l, m) or as
changes relative to the mean of the monthly
solutions, and kl is the Love number of de-
gree l which is given in Wahr et al. (1998). It
should be stated here that Δσ/ρw transforms
surface mass-densities to equivalent water

thickness values, where ρw is the mass-den-
sity of freshwater (=1000 kg/m3 in this stu-
dy).

Crucial for a reliable estimate of secular
mass changes from GRACE monthly solu-
tions is the ability to correct for systematic
errors in the surface mass density computa-
tion as discussed below.

Due to the nature of the measurement
technique in GRACE and mission geometry,
the monthly spherical harmonic coefficients
are contaminated by short-wavelength noise.
The noise is significant when one is interes-
ted in signals extending geographically a few
hundred km or when using higher degree co-
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efficients (short-wavelengths). Non-isotropic
filters are used in this study since the GRA-
CE noise structure mainly manifests itself as
near north-south ‘‘stripes’’ and has a non-iso-
tropic nature. We use the Kusche et al.
(2009) decorrelation and smoothing method
to correct monthly GRACE RL04 gravity mo-
dels, as did Joodaki and Nahavandchi (2012). 

Due to the GRACE orbit geometry and the
separation length between its satellites, the
lowest-degree zonal harmonics, C20 (or in
another format as J2) cannot be satisfactori-
ly determined from the GRACE data (Tapley
et al. 2004b). The C20 estimates from GRACE
also are well-known to be affected by signifi-
cant long-period tidal aliases. Replacement
of the GRACE C20 coefficient by its estimate
from Satellite Laser Ranging (SLR) impro-
ves the estimation of mass variations from
GRACE (Chen et al. 2005). The SLR time se-
ries are also more precise, with about a third
of the noise of the GRACE time series. The-
refore, the monthly SLR estimates for C20 co-
efficient are used to replace the estimates
from GRACE in this study. The SLR time se-
ries for C20 coefficient are taken from J. Ries
(personal communication, 2010).

For a reliable estimate of secular mass
changes over Greenland one needs to correct
for leakage effects. On the one hand, mass
change located outside Greenland propaga-
tes into a signal spreading over Greenland
and has an impact on the Greenland mass-
change estimates. On the other hand, mass
change over Greenland propagates into a sig-
nal spreading over areas outside Greenland.
These are called leakage in and leakage out
effects, respectively. The leakage out signal
has to be restored back into the region of in-
terest. The leakage in signal has to be redu-
ced from the region of interest. We use re-
sults from Joodaki and Nahavandchi (2012)
to estimate leakage effects. In this approach,
we use only GRACE results to delineate the
leakage effects rather than additional infor-
mation from sources such as remote sensing
or global hydrological models. The procedure
is to calculate the spherical harmonic coeffi-
cients associated with leakage effects, on the
areas concerned, from the surface mass den-
sity derived from GRACE data alone. The
sources generating leakage in signals could

be from all over the world; however, the im-
pact declines with increasing distance. This
is because leaking signals follow Newton’s
law of gravitation. The strongest signals on
Greenland are caused by Alaska, Fennoscan-
dia and the Canadian Shield. These three
sources are also used in investigations by
Baur et al. (2009). 

In the estimation for ice mass change ra-
tes in this study, contaminating factors like
the effects of variation in atmospheric mass
and the solid Earth contribution from high-
latitude Post Glacial Rebound (PGR) are not
applied. Atmospheric effects are negligible
for Greenland on the long term trend (Veli-
cogna and Wahr 2006a, b). We also chose not
to apply the correction for the PGR signal,
considering the total uncertainty in the PGR
estimations (Velicogna and Wahr 2006a, b).
It is left to others to choose their preferred
PGR model. Nevertheless, it should be stated
here that the PGR signal for the entire
Greenland is computed to about –7.4 Giga-
ton per year (Gt/yr) with standard deviation
of ±19 Gt/yr (Velicogna and Wahr 2006b).
When compared to the ice-mass estimates,
the PGR signal is more than one order of
magnitude smaller. 

3. Numerical investigations
We estimate the secular trend in Greenland
ice mass rate using more than 8 years of
GRACE level 2 RL04 data. Monthly GRACE
solutions by CSR processing centers are used
for the period April 2002 to December 2010.
The maximum degree of expansion for the
CSR in this study is 60. This spatial resoluti-
on may not be enough fine to isolate the sour-
ce of the ice mass variability, but it is the ma-
ximum resolution available by the CSR mo-
del and enough to show the Greenland ice
sheet mass loss. As mentioned in section 2,
monthly solutions of GRACE when compu-
ting ice mass rates include a non-physical
striping error pattern which can be conside-
red noise and must be decorrelated/filtered.
It has been filtered in the corresponding
Gaussian radius of 340 km (see Joodaki and
Nahavandchi 2012). The monthly SLR esti-
mates for the C20 coefficient are used to re-
place the estimates from GRACE to complete
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the data edition step. Leakage effects are
corrected for in the estimation of total mass
change for each month. The average leakage
in and leakage out effects for CSR monthly
gravity solutions and smoothing degree of
corresponding Gaussian radius of 340 km
are estimated at 7.7 Gt and 17 Gt, respecti-
vely. 

We convert the gravity field residuals ob-
served by GRACE into surface mass using
Equation (1).To do this, the time-mean of the
GRACE Stokes coefficients from April 2002

to December 2010 is calculated and the
monthly coefficients anomalies ΔClm and
ΔSlm are determined by removing the mean
from monthly Stokes spherical coefficients.
On a 1° x 1° grid, we estimate monthly mass
variability over Greenland using Eq. (1) (see
Chen et al. 2006; Joodaki and Nahavandchi
2012). To detect the secular trend and perio-
dic variations in the monthly mass anomali-
es, a general expression of the following form
can be used:

 (2)

The value of the considered functional f (the
ice mass anomaly, here) at a selected location
(ϕ, λ) and time t is approximated by a static
value A, and its secular (B) and periodic
(with amplitude Ci and Di of typical angular
frequencies ωi) variations. The variable ε
characterizes noise and unmodeled effects.
To detect the secular trend, we have simulta-
neously fit periodic and secular terms to the
results (a bias, trend and four annual and se-
miannual terms as well as seasonal varia-
tions). These terms are applied to a time se-
ries of grids from which Figure 1 is derived.
The seasonal terms of the ice mass loss vari-
ations have been removed to make the long
term variations more evident. The average
value of –162±20 Gt/yr between 2002 and
2010 is estimated for the Greenland ice-mass
change using CSR monthly solutions. This
estimate is –151±20 Gt/yr between 2002 and
2007. These results are reached by applicati-
on of a non-isotropic filter whose degree of
smoothing corresponds to a Gaussian filter
with a radius of 340 km. These annual mass
loss estimates of the Greenland ice sheet
agree well with several other studies of the

Greenland ice sheet mass balance using dif-
ferent remote-sensing techniques. However,
it should be noted that each study is cha-
racterized by its observation period, indivi-
dual analysis method and monthly gravity
solutions. Therefore, it would be very diffi-
cult to compare different GRACE studies ob-
jectively. Previously published estimates of
the Greenland ice mass loss range from -101
Gt/yr to –240 Gt/yr (see e.g. Velicogna 2009
and Sørensen et al. 2011). The secular trend
error estimates for both periods above take
into account errors of the least squares ad-
justments of the mathematical model used to
detect the secular trend and periodic varia-
tions in the monthly mass anomalies, the le-
akage effects and the gravity field error. Ta-
ble 1 shows the bias, trend and annual terms
for the period 2002-2010. The error estima-
tes in Table 1 are only derived from residuals
between the recovered mass-variation time
series and the least-squares fit to this series;
they do not account for the uncertainties of
leakage effects and GRACE gravity field er-
rors.

Table 1. Summary statistics for the model estimation of the Greenland secular trend. 

We decided to calculate the resulting secular
trends in Greenland ice mass in two different
periods to see whether the extent and magni-

tude of ice mass melting is constant, accele-
rating or decelerating. Figure 1 shows the se-
cular trends in the Greenland ice mass vari-

f t A Bt C t D ti i i
i

iϕ λ ω ω ε, ,  cos sin( ) = + + ( ) + ( ) +∑

Bias (Gt) Trend(Gt/yr) Annual 
Cos-term (Gt)

Annual 
Sin-term (Gt)

2002-2010 601±13 –162±3 35±7 -57±9
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ability represented as equivalent water
thickness change averaged between April
2002 and December 2007, and between April
2002 and December 2010. These two figures
illustrate areas in which Greenland lost
mass at different rates during the study pe-
riod. It is obvious that the ice mass loss has
been significant along the northwest coast of

Greenland. A large area experienced losses
of 6 to 10 centimeters per year (blue). Losses
were highest over southeastern Greenland.
The interior parts of Greenland shows less
negative trend and the northern and
northeastern parts show the least negative
trends. 

4. Discussions and conclusions
The GRACE twin satellites have been provi-
ding a continuous record of the Earth’s gravi-
ty field for more than 9 years, offering an ex-
cellent tool to study mass changes over large
areas. The Earth’s gravity field is a product
of its mass distribution. The mass distributi-
on is constantly changing. GRACE tracks
changes in Earth's gravity field due to chan-
ges in Earth's mass distribution. This inclu-
des changes in ice of the Greenland ice sheet.
Mass loss over Greenland is reported in seve-
ral studies consistent with increased global
warming in recent years, and indicates that
Greenland is a major contributor to recent
global sea level rise. 

The monthly GRACE gravity field solu-
tions allow regional estimation of Greenland
ice mass balance. In contrast to some other

techniques, GRACE measures Greenland
mass variability over the entire ice sheet.
Furthermore, the process to obtain this mass
variability is less ambiguous for GRACE be-
cause the relationship between gravity and
mass variability follows directly from New-
ton’s law. 

Our model shows that rapid mass loss of
the Greenland icecap spread from southern
portions to northwest Greenland coast in
2007-2010. From 2002 to 2010, the ice loss
rate doubled (see also Velicogna 2009). The
summers of 2003, 2005, 2007 and 2008 are
observed to be among the warmest years sin-
ce 1961. Our model reveals large mass loss in
these years, indicating strong correlation
between summer temperature and the ice
loss observed by GRACE.

Figure 1. GRACE model estimation of the Greenland Ice mass loss rate in units of equivalent
water height change per year, cm/year. The left figure is the averaged rate from April 2002 to
December 2007 and the right figure is the averaged rate from April 2002 to December 2010. 
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Important elements in our computations
are that: 1) GRACE level 2 release 4 datasets
from CSR are used to compute the Green-
land mass changes, 2) non- isotropic filter in
340 km corresponding radius is used to de-
correlate high frequency GRACE measure-
ments provided by high degree terms and or-
der of the Stokes’s coefficients, 3) leakage ef-
fects are estimated and applied and 4) un-
weighted least squares method is used to es-
timate secular trends and periodic variations
for the Greenland mass changes. Note that
our estimated values are free of any PGR cor-
rections. PGR signals are more than one or-
der of magnitude smaller than ice mass loss
signals. 

Accelerations and decelerations of ice
mass loss are apparent from the GRACE da-
ta. As mentioned, the results of this study
shows a northward movement of ice mass
loss along the west side of the Greenland ice
sheet while at the same time we observe ra-
pid ice melting in southeast Greenland in
2005 and 2007, followed by a moderate dece-
leration in 2006 and 2008 (see also Joodaki
and Nahavandchi 2012). However, the dece-
leration is weak. Southeast Greenland is still
losing mass at a high rate and continuing to
contribute to global sea level rise. 

The low resolution of GRACE, 250 kilome-
ters, is not enough fine to isolate the source
of ice mass variability. However, the results
of this study show that the Greenland ice
sheet is losing mass nearer to the ice sheet
margins than in the interior portions. The ice
mass loss has been very dramatic along the
northwest coast of Greenland. The long term
assessment of the Greenland ice mass sheet
variability and its contribution to sea level
rise is important for future forecasting of glo-
bal sea level rise. 
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