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GRACE observes small-scale mass loss in Greenland

B. Wouters,' D. Chambers,2 and E. J. O. Schrama'

Received 28 May 2008; revised 31 August 2008; accepted 8 September 2008; published 16 October 2008.

[1] Using satellite gravity data between February 2003 and
January 2008, we examine changes in Greenland’s mass
distribution on a regional scale. During this period,
Greenland lost mass at a mean rate of 179 + 25 Gt/yr,
equivalent to a global mean sea level change of 0.5 =+
0.1 mm/yr. Rates increase over time, suggesting an
acceleration of the mass loss, driven by mass loss during
summer. The largest mass losses occurred along the
southeastern and northwestern coast in the summers of
2005 and 2007, when the ice sheet lost 279 Gt and 328 Gt
of ice respectively within 2 months. In 2007, a strong mass
loss is observed during summer at elevations above 2000 m,
for the first time since the start of the observations.
Citation: Wouters, B., D. Chambers, and E. J. O. Schrama
(2008), GRACE observes small-scale mass loss in Greenland,
Geophys. Res. Lett., 35, 120501, doi:10.1029/2008 GL034816.

1. Introduction

[2] Several studies have addressed changes in the behav-
ior of the Greenland ice sheet over the last few years. Many
of the outlet glaciers have increased their speed [Stearns
and Hamilton, 2007; Rignot and Kanagaratnam, 2006;
Dietrich et al., 2007; Luckman et al., 2006] and strong
thinning of the ice sheet has been observed along the coast
[Thomas et al., 2006; Zwally et al., 2005]. Summer tem-
perature increased by 1.7°C between 1991 and 2006, with
2003, 2005 and 2007 having the highest summer tempera-
ture in 61 years [Hanna et al., 2008b].

[3] The Gravity Recovery and Climate Experiment
(GRACE) satellites have been providing the scientific
community with a quasi-continuous record of the Earth’s
gravity field over the last 5 years. Due to its global
coverage, it offers an excellent tool to study mass changes
over large areas. Assuming the majority of the change is
related to water mass transport [Wahr et al., 1998], several
authors have used GRACE data to estimate the rate of mass
loss over Greenland. Due to the limited spatial resolution
and the presence of non-random noise, obtaining mass
estimates from GRACE data is not straightforward and
results vary widely between 101 Gt/yr and 227 Gtly
[Luthcke et al., 2006; Ramillien et al., 2006; Velicogna
and Wahr, 2006; Chen et al., 2006]. The large differences in
the estimates can partly be attributed to the different
observation periods used in these studies combined with
the large variability in Greenland’s mass balance, but are
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mainly due to the different methods used. Besides differ-
ences introduced by the different groups processing the raw
data, differences can be caused by truncating coefficients
differently, using area smoothing functions or averaging
gridded and smoothed data, and from failing to restore
power lost by smoothing. Here, we present results based
on 58 monthly GRACE observations (CSR RL04) between
February 2003 to January 2008.

2. Method

[4] The CSR RL04 GRACE solutions are provided in
terms of Stokes coefficients and are known to be contam-
inated by noise at the shorter wavelengths. We apply a
filtering technique based on empirical orthogonal function
(EOF) decomposition of the spherical harmonics grouped
by order. The obtained principal components (PC) are tested
for temporal random behavior and the series of coefficients
are then rebuild using the non-random PCs and associated
EOFs, see Wouters and Schrama [2007] for details. Also,
the C,, terms were replaced by values based on satellite
laser ranging data (J. Ries, personal communication, 2008).
After filtering, the coefficients are converted to maps of
equivalent water height. To suppress any remaining noise in
the maps of monthly mass anomalies, we convolve the
solutions with a Gaussian smoothing kernel with a 250 km
halfwidth radius. A trend as well as an annual and semi-
manual varying signal is estimated through a least squares
fit to the monthly observations (Figure 1).

[5] Smoothing the GRACE maps will inevitably lead to
attenuation of the original signal. Additionally, contamina-
tion from external signals, such as changes in the continen-
tal hydrology or ocean bottom pressure in the regions
surrounding Greenland, will occur. Velicogna and Wahr
[2006] estimated a scaling factor to compensate for signal
attenuation caused by smoothing and truncation of the
spherical harmonics and removed the effect of external
mass changes by means of geophysical models. However,
this method was used to obtain temporal mass variations
over the whole ice sheets or large portions, i.e. the North
and South part, only. In this report we take a different
approach, based on forward modeling of higher resolution
mass variations that agree with the GRACE observations
once smoothed. Similar methods have been used before,
based on either spherical harmonics [Chen et al., 2006] or
using direct ranging measurements between the GRACE
satellites [Luthcke et al., 2006], however, in contrast to
Chen et al. [2006], we do not limit our study to the regions
of largest losses, but estimate mass changes over the entire
ice sheet. To do so, we divide the ice covered area into
8 different zones corresponding to the major glacier drain-
age systems, based on satellite radar and airborne laser
altimetry observations [Zwally et al., 2005]. Furthermore,
we partition each of the basins in two zones, located above
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Figure 1. Changes in equivalent water height over Greenland between February 2003 and January 2008 as (a) observed
by GRACE and (b) simulated with the forward model, both smoothed with a 250 km Gaussian filter. A maximum negative
value of 12.5 cm/yr is found at (39.5°W, 66.5°N), close to the Helheim glacier. Elevation contours are plotted at 2000 m

intervals. Black color is off-scale.

and below the 2000 m elevation contour respectively
(Figure S1 of the auxiliary material).' Each of the 16 basins
is then assigned a preliminary estimated mass change rate,
based on Rignot and Kanagaratnam [2006]. The same
procedure is repeated for the regions surrounding Green-
land, where we take relatively large basins over the oceans,
since the expected signals are small here. An iterative
procedure is then started, in which the model of surface
mass change is converted to Stokes coefficients up to degree
60, of which the degree / = 1 term (which is not observed by
GRACE) is removed and the Gaussian smoothing kernel is
applied. The forward model is compared with the GRACE
trend map and the mass change rates in each of the basins
are adjusted, after which the procedure is re-initialized. This
repeated until optimal agreement with the GRACE obser-
vations is reached (i.e., minimal spatial rms of the
differenced maps). The mass variations in each 58 monthly
solution are estimated using a similar methodology.

3. Results

[6] After convolving with the 250 km Gaussian smooth-
ing kernel, excellent agreement is obtained between the
forward model and GRACE (Figure 1): integrated over the
entire ice sheet, the absolute differences between the ob-
served and modeled mass rates sum up to 8 Gt/yr (after
smoothing), with values for the individual basins in the
order of 0.5 Gt/yr. The unsmoothed forward model provides
an average water height change for each basin (Figure 2 and
Table 1), which can be multiplied by the basin’s area and the
density of water to obtain an estimate of the total mass
change in the basin. By summing the results for all basins,
we find a total mass loss over Greenland (continental ice
only, 1.768 x 10° km? in total) of 171 + 13 Gt/yr for the
period of February 2003 to January 2008. The error bars are
obtained by quadratically summing (1) the absolute differ-
ence between our forward model and the GRACE observa-
tions, integrated over the basin, (2) the calibrated errors in
the GRACE Stokes coefficients (10 Gt/yr), (3) an estimate

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL034816.

of tidal errors (2 Gt/yr) and (4) a correction for the influence
of the filter (2 Gt/yr) (see auxiliary material).

[7] Part of the signal observed by GRACE is due to solid
earth movement in response to changes in the surface load
since the last glacial maximum (LGM), known as post-
glacial rebound (PGR). We correct our GRACE derived
maps of mass changes using the PGR model from Paulson
et al. [2007], based on the ICE-5G ice load history and a
solid Earth model adjusted to match GRACE observations
over Fennoscandia and the Hudson Bay. As a measure for
the PGR correction error we use the value of Velicogna and
Wahr [2006], who used a range of viscosity profiles and
different deglaciation history models over Greenland and
found the PGR correction to vary by +£21 Gt/yr over
Greenland. Correcting for the effects of PGR adds an
additional —8 Gt/yr to the estimated trend, resulting in a
mean trend of —179 £ 24 Gt/yr between February 2003 to
January 2008. We note that recent results [e.g., Ivins and
Wolf, 2008, and references therein) suggest that the PGR
error might be underestimated and the uncertainty is still
under debate. Further investigation of this issue is crucial to
come to smaller and more reliable error bars on the GRACE
based mass change estimates over Greenland.

[8] Trends based on previous releases of different
GRACE processing center have been known to show little
agreement. To test the robustness of our estimates, we
estimated a trend based on the GFZ RL04 solutions. Over
a similar period, excluding the period of June — September
2004 when the GRACE satellites were in a near-repeat orbit
resulting in degraded quality of GFZ the solutions, we find a
trend of —173 + 28 Gt/yr, which is well within the error
bounds of our trend based on the CSR data.

[¢9] Our mass change estimates over Greenland are con-
siderably larger than those in some earlier studies, which
reported a trend of —129 £ 15 Gt/yr (July 2002 to March
2005) [Ramillien et al., 2006] and —101 + 16 Gt/yr (July
2003 to July 2005) [Luthcke et al., 2006]. Over an identical
period as the latter, we find a comparable trend of —121 +
27 Gt/yr, consistent within the range of error. The pattern of
mass change matches well, with thinning along the coast
and a slight growth in the inland regions observed in both
studies. Between January 2006 to January 2008, we find a
trend of —204 + 25 Gt/yr, which implies that the larger mass
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Figure 2. (a) Trends for 2003—2007 and (b) amplitude of annual signal estimated with the forward model. The inlay in the
upper left corner shows the basin numbers used throughout the text. The bold red line delimitates the approximate 2000 m
elevation contour. Trends have been corrected for post glacial rebound effects.

loss rate over the entire period (—179 + 19 Gt) is due to a
change in the behavior of the Greenland ice sheet rather
than to the different method and data used. On the other
hand, our estimate for 2003 — 2005 is notably smaller than
the trends of Velicogna and Wahr [2006] and Chen et al.
[2006], which are in the order of 230 Gt/yr between mid
2002 and the end 2005. These studies used a different
method and relied on an older GRACE data release, with
larger associated errors and a lower spatial resolution.
Moreover, the estimate of Chen et al. [2006] may have
been biased by the fact that only regions showing large
mass losses were modeled, which ignored that some areas
have gained mass or are in balance.

[10] As in previous studies [Ramillien et al., 2006;
Velicogna and Wahr, 2006; Chen et al., 2006], our approach
is based on global Stokes coefficients, but allows one to
allocate the changes in mass to specific basins. The mass
losses are mainly taking place in the regions situated below
2000 m, where we find a negative trend of 186 + 19 Gt/yr
(Figure 2 and Table 1). Most pronounced trends are found in
the coastal zones ranging from the east to the southeast
(basins 4 and 5), which agrees well with the observed
thinning of the Kangerdlugssuaq and Helheim Glacier
between 2001 and 2006 [Stearns and Hamilton, 2007,
Luckman et al., 2006]. We also observe widespread mass
loss in the northwestern coastal zones (basins 7 and 8),
which confirms the findings of Rignot and Kanagaratnam
[2006] and Thomas et al. [2006], based on InSAR and laser
altimetry respectively. The interior of Greenland (>2000 m)
shows an insignificant positive trend of 7 + 18 Gt/yr and
appears to be in balance. Small positive rates are found in
the northern basin 2 and the southern basins 5 and 6.
Positive elevation changes in Greenland’s interior have been
observed using satellite radar [e.g., Zwally et al., 2005] and
laser altimetry [Thomas et al., 2006], particularly in the
South of Greenland (corresponding to basins 5 and 6), but
such altimeter measurement are greatly affected by uncer-
tainties in the density profile of the ice, driven by variability
in accumulation and temperature.

[11] A pronounced seasonal signal (Figure 2) is found in
the southern coastal zones (basins 4—6), with a maximum of

30 £ 4 Gt in basin 6. In contrast, the regions at higher
elevations show little or no annual signal (total mass
amplitude of 12 £ 11 Gt). The overall annual amplitude
for the Greenland ice sheet is 98 £ 18 Gt, reaching its
maximum on day 116 £ 13.

[12] Figure 3 shows the temporal evolution Greenland’s
mass balance, for the entire ice sheet, as well as for the
regions situated below and above 2000 m separately. Mass

Table 1. Overview of the Trends and Annual Amplitude Observed
in the Individual Basins Between February 2003 and January
2008*

Basin Average
Area Trend Trend  Amplitude  Phase
(10’ km®)  (Gtlyr)  (cm/yr) (Gt) (Day)
Greenland <2000m
Basin 1 177 —12+4 —-68+2 17+3 69 + 24
Basin 2 112 —-6+4 —54+4 10£3 123 + 38
Basin 3 84 -25+5 -30+6 16+5 130 + 37
Basin 4 58 —49+4 —85+7 17+4 103 + 21
Basin 5 80 —51+5 —64+7 20+5 137 + 36
Basin 6 104 —13+5 —13+5 30+ 4 123 £ 20
Basin 7 55 —14+3 -25+6 9+3 117 £ 37
Basin 8 93 —16+4 —17+5 3+4 254 + 259
Total 763 —186+19 —-24+2 109+15 118+12
Greenland >2000m
Basin 1 81 —1+4 —12+£5 10+4 230 + 88
Basin 2 197 19+6 9.6 £3 10+5 322+ 181
Basin 3 136 —-10+5 —-73+3 9+4 48 + 50
Basin 4 111 -7+3 —-63+£3 6+3 119 + 41
Basin 5 55 6+6 11 £11 8+6 31 +79
Basin 6 94 11£5 12+5 12+4 281 + 66
Basin 7 179 2+£5 1.1£3 4+4 266 + 258
Basin 8 152 —13+5 —-86+3 6+5 115 £ 48
Total 1005 7+18 0.7+2 12+11 326+ 176
Non-Greenland
Svalbard 179 —88+3 —49+1 99+3 160 + 50
Iceland 181 —114+3 —-63+1 89+3 102 + 28
Ellesmere Isl 428 —158+9 —4+2 69+6 192+ 50

“Statistics are given for regions below and above 2000 m in Greenland as
well as some selected surrounding regions. Average trend is obtained by
dividing the basins total value by its area and density of water.
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Figure 3. Time series of the monthly GRACE solutions
between February 2003 and January 2008, for (top) the
entire Greenland ice sheet, (middle) the regions below
2000 m and (bottom) the regions above 2000 m. Error bars
are based on the calibrated GRACE errors and the misfit
between the forward model and the GRACE observation,
integrated over the region of interest. The vertical dashes
indicate the middle of month May for each year, roughly
coinciding with the start of the summer seasons.

builds up slowly between October and April, followed by
rapid loss of mass between May and September. The
amplitude of the summer ice loss varies between the years,
with a maximum in 2007, in which 338 Gt was lost in
summer (Table 2, calculated as the difference between the
April-May-June and August-September-October mean mass
over Greenland, to account for different timing of the onset
and end of the melt season, and random errors in the
GRACE observations). Similar values are found for 2003
and 2005, in which 265 Gt and 279 Gt were shed respec-
tively. These losses are only partially compensated by mass
accumulation in the preceding winter seasons. A large mass
gain is observed in early 2003, almost completely offsetting
the succeeding mass loss. During the 2006—2007 winter
season, the Greenland ice sheet gained only 68 Gt, resulting
in a net loss of 270 Gt for the entire 2006—2007 balance
year. Mass accumulation was comparable in the 20042005
winter season, totaling 50 Gt, which gives a net ablation of
229 Gt for the 2004—2005 year.

4. Discussion

[13] A strong correlation exists between summer temper-
ature and the amount of summer mass loss. Hanna et al.
[2008b] observed a significant warning of 1.7°C in summer
temperature for 1991-2006. The summers of 2003, 2005
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and 2007 were the warmest three since 1961 [Hanna et al.,
2008b; Mote, 2007]. Two independent numerical models of
the Greenland ice sheet [Hanna et al., 2008a], show minima
in surface mass balance in 2003 and 2006 and suggest a
record surface melt of the Greenland ice sheet during the
summer of 2007, preceded by very low snow accumulation
in the winter months [Hanna et al., 2008a]. The GRACE
observations do indeed indicate large mass losses in 2003
and 2007 and a low mass growth in 2006—2007, but the
GRACE data do not confirm the 2006 minimum. However,
it should be kept in mind that such models ignore ice flows
when comparing the two data sets.

[14] The summer mass loss is dominated by ablation
occurring along the coast (Figure 3). In the higher elevation
zones no clear repeating pattern of summer mass loss is
discernable, however, rapid ice loss appears to have oc-
curred between April and August 2007, with a peak to peak
difference of 238 Gt, followed by a period of mass accu-
mulation. It is noteworthy that periods of mass loss above
2000 m are generally accompanied by accumulation below
2000 m. Although periods of small negative trends have
occurred before above 2000 m, the duration and magnitude
of the summer 2007 anomaly is unprecedented during the
observation period. This validates surface melt studies
based on satellite microwave data [7edesco, 2007], observ-
ing a surface melt index (the melting area multiplied by the
number of melting days) of 153% greater than the average
over the last 18 years for regions above 2000 m. Based on a
longer data set, Mote [2007] reported melt frequency
anomalies of up to 50 days for the southern regions above
2000 m in 2007, with a melt onset occurring up to 30 days
carlier than the 1973—-2007 average.

[15] The GRACE spherical harmonics contain more in-
formation than previously recognized and allow regional
estimation of mass changes. We find strong mass losses
along the southeast coast, but also observe widespread mass
loss in the Northwest. On average, Greenland contributed
0.5 £ 0.1 mm/yr to global mean sea level rise between 2003
and 2008. Trends are increasingly negative, partly due to the
record mass loss during the summer of 2007, when mass
loss occurred also at high elevations. The mass balance of
Greenland is dominated by such summer events, rather than
by a linear trend, and the amount of summer mass loss
varies substantially during the 5 years considered. This
underlines the need for extended time series and continued
observations of the Earth’s gravity signal as provided by
GRACE.

Table 2. Overview of the Mass Changes Over the Entire
Greenland Ice Sheet”

Year A-M-J A-S-O  Winter Gain  Summer Loss  Net Balance
2003 525 260 235° —265 -30
2004 355 149 95 —206 —111
2005 199 —80 50 —-279 —229
2006 -26 214 54 —188 —134
2007  —146 —484 68 —338 —270

?Average values of the total mass with respect to the (2003—-2008) mean
are given for April-May-June (A-M-J) and August-September-October (A-
S-0), together with winter gain, summer loss and net balance. Units are Gt.

®Calculated using February 2003 as substitute for A-S-O 2002.
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