






and GNETagree that anomalous mass loss in mid and late 2010
was concentrated in the south of Greenland, the average displa-
cement anomaly sensed by GNET in northern Greenland was
close to zero, whereas GRACE suggests a modest mass gain in
this zone. This discrepancy could be explained if most of the
mass gain occurred in the interior of northern Greenland, since
GRACE is more sensitive to mass change in the interior than
near the margins (SI Appendix, section 3), whereas the reverse
is true of the GPS stations, and to an even greater degree (11).

Seasonal Cycles. GPS displacement time series exhibit annual
oscillations all over the world (15), especially in the vertical com-
ponent. These displacement cycles are very evident in Greenland
(Fig. 4), but at first glance they seem enigmatic because the

bedrock uplift cycle always peaks at least several months after
the ice mass cycle reaches its minimum in late summer. We now
demonstrate that this is because the displacement cycle is re-
sponding to seasonal changes in air mass as well as ice mass.
In Fig. 6 we show the average GNET displacement cycle and
compare it to seasonal cycles in ice mass and air mass overlying
Greenland as a whole. The ice mass cycle was estimated from
GRACE: we fitted the all-Greenland mass change time series
(early 2002–early 2011) with a quadratic trend and a 4-term
FS, and then isolated the oscillatory component. We note that
this estimate for the ice mass cycle is in good accord with that
determined from SMB-Discharge studies (16). We estimated
the annual cycle in air mass using an 8-year time series of surface
pressure fields produced by the mesoscale numerical weather
model Polar MM5 (17). The seasonal variation of the air mass
overlying Greenland was characterized using a 4-term FS, just
as we handled the ice mass and displacement cycles. Note that
the air mass cycle and the ice mass cycle have similar amplitudes
but very different phase structure (Fig. 6). The sum of these two
mass cycles constitutes the total annual loading cycle, and its
shape far more closely corresponds to that of the crustal displa-
cement cycle than do either of the individual mass cycles (Fig. 6).
We do not expect a perfect agreement at this stage of our inves-
tigation, because there are still some uncertainties associated
with our estimates for the ice mass and air mass cycles, and be-
cause the mean displacement cycle is based on an irregular sam-
pling of Greenland while the mass cycle estimates are not. Our
finding is something of a complication for GNET since it implies
that we must routinely use pressure fields from numerical weath-
er models to isolate the solid earth’s response to seasonal ice mass
variations. But this complication is also a blessing in that GPS
position determinations are made daily, and we should be able
to use the correlation between daily displacements and daily aver-
age surface pressure fields to calibrate our ice-weighing machine.

Beyond GPS. Ice mass changes in the polar ice sheets are being
monitored using a variety of remote sensing systems including
airborne Light Detection And Ranging (LIDAR), space-based
laser and radar altimeters, radar interferometers, and GRACE.
In contrast, GNET makes in situ measurements at a limited num-
ber of points. GRACE and GPS both sense ice mass changes
directly, whereas the other techniques measure changes in the
height of the ice sheet surface. The relationship between height

Fig. 5. The 2010 uplift anomaly (green arrows) for all GPS stations in Green-
land where it could be reliably computed, superimposed on a map showing
the 2010 melting day anomaly that was produced by R. Simmon at the NASA
Earth Observatory using data provided by M. Tedesco (13). When we take
into account the tendency for the earth’s elastic response to ice loss to de-
crease with distance from the unloading area (i.e., the ice margin), then the
spatial correlation between the uplift anomaly and the melting day anomaly
is apparent. The standard errors associated with the 2010 uplift anomaly
estimates are listed in SI Appendix, Table S2. They are typically close to
approximately 1.75 mm.

−8

−6

−4

−2

0

2

4

6

8

GNET AVERAGE (DOWN)

CRUSTAL DISPLACEMENT CYCLE

ICE + AIR MASS CYCLE

GREENLAND MASS CYCLES

AIR MASS  (OSU MM5)

ICE MASS  (CU GRACE)

D
O

W
N

 (
M

M
) M

A
S

S
 (G

igatons)

−200

−100

0

100

200

DAY OF YEAR
0 50 100 150 200 250 300 350

SEASONAL OSCILLATIONS AVERAGED OVER GREENLAND

Fig. 6. A comparison of crustal displacement and surface loading cycles in
Greenland. We plot the down (D) rather than up (U) component of displace-
ment to aid the comparison with load cycles, since the groundmoves down as
the load increases. The seasonal cycles of the air mass and ice mass (overlying
Greenland as a whole) are shown, as is their sum, which far better correlates
with the displacement cycle.
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change, H(t), and mass change, M(t), is complicated by the fact
that the near-surface density of snow, firn, and ice can vary in
space and in time (18). However, the surface-sensing techniques
have much better spatial resolution than does GRACE or GPS.
Clearly the best prospect is to combine all of these observations,
using the strengths of each system to compensate for the weak-
nesses in the others. Even though GRACE and GPS measure-
ments both sense M(t), they are complementary in that they
have distinct spatial sensitivity kernels.

Discussion
GNET is clearly sensing ice loss at subannual, annual (i.e., sea-
sonal), and multiyear timescales. Because a great many GNET
stations are located in the near-field of these load changes,
the earth’s response will be sensitive to the elastic structure of the
upper and lower crust (19, 20), which is much more variable than
deeper earth structure and is not well known in Greenland.
Recently installed seismic networks will soon help in this regard.
It is probably inappropriate to use elastic-loading Green’s func-
tions based on the Preliminary Reference Earth Model (21), or
any other radially symmetric, whole-earth model, in order to in-
vert the crustal displacements observed by GNET for the spatial
variation of surface load changes. At a minimum, we need to tune
our Green’s functions to the average elastic structure underlying
GNET. We suspect that this last step will prove to be the thorniest
problem associated with realizing Hager’s (1) vision of weighing
the ice sheets using GPS. However, as noted above, the demon-

strated sensitivity of crustal displacement to atmospheric pressure
variations, though at first glance an unwelcome complication,
should provide us with the means to calibrate our Green’s func-
tions, and thus our weighing machine, by comparing daily GPS
displacement time series with daily pressure fields from numer-
ical weather models.

The most rapidly uplifting stations in GNET are KUAQ
(30.5 mm∕yr) and MIK2 (24.0 mm∕yr) near Kangerdlugssuaq
Glacier (Fig. 1). Because these stations were established in 2009,
these rates were probably strongly influenced (i.e., perturbed
upwards) by the 2010 melting day anomaly. Thus these estimates
might be viewed as being biased by a short-lived event. But
GRACE and the oldest GPS stations reveal changes in mass rates
at three- to ten-year timescales too. The competing view (22) is
that given more and longer time series of accurate measurements
we will find that ice mass (and crustal displacement) frequently
change at short timescales and that, as with nontidal sea level
change, ice mass variability is distributed over a significant range
of temporal and spatial scales.
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