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across their surface, supporting the fracture-based
mechanism for rapid drainage that we have de-
scribed for our study lake.

Thus, we have shown that water-driven frac-
ture enabled by the large volume of water stored
in supraglacial lakes provides a means by which
hydrologic surface-to-bed connections are estab-
lished through thick ice. Climate warming would
lead to earlier and expanded surface lake for-
mation and, as a result, connections to the bed
may occur earlier in the melt season and over a
larger area, although further work is needed to
constrain the limits of this area. This would in-
crease the annual subglacial throughput of melt-
water and may substantially impact Greenland Ice
Sheet dynamics (/).

References and Notes

1. 1. Joughin et al., Science 320, 781 (2008); published
online 17 April 2008 (10.1126/science.1153288).

2. H. . Zwally et al., Science 297, 218 (2002).

3. C.]. van der Veen, Geophys. Res. Lett. 34, L01501 (2007).
4. R. B. Alley, T. K. Dupont, B. R. Parizek,
S. Anandakrishnan, Ann. Glaciol. 40 (2005).

5. ]. Weertman, in Symposium on the Hydrology of Glaciers,
Cambridge, 7 to 13 September 1969 (International
Association of Hydrologic Sciences, Cambridge, 1973),
pp. 139-145.

6. S. Boon, M. Sharp, Geophys. Res. Lett. 30, 1916 (2003).

7. ). L. Bamber, R. B. Alley, I. Joughin, Earth Planet. Sci.
Lett. 257, 1 (2007).

8. S. ). Marshall, Earth Planet. Sci. Lett. 240, 191 (2005).

9. B. R. Parizek, R. B. Alley, Quat. Sci. Rev. 23, 1013
(2004).

10. IPCC, Climate Change 2007: The Physical Science Basis.
Contribution of Working Group | to the Fourth Assessment
Report of the Intergovernmental Panel on Climate
Change (Cambridge Univ. Press, Cambridge and New
York, 2007).

11. M. McMillan, P. Nienow, A. Shepherd, T. Benham, A. Sole,
Earth Planet. Sci. Lett. 262, 484 (2007).

12. ). E. Box, K. Ski, J. Glaciol. 53, 257 (2007).

13. M. Luthje, L. T. Pedersen, N. Reeh, W. Greuell, J. Glaciol.
52, 608 (2006).

14. S. Gogineni et al., ]. Geophys. Res. 106, 33761 (2001).

15. R. Greve, J. Clim. 10, 901 (1997).

REPORTS

16. Methods are available as supporting material on Science
Online.

17. Support was provided jointly by NSF and NASA through
ARC-0520077 (S.B.D., M.P.B., I.M.H.) and ARC-520382
(1.).). The Woods Hole Oceanographic Institution Ocean
and Climate Change Institute and Clark Arctic Research
Initiative provided additional support to S.B.D., M.D.B.,
and D.L.; and a Natural Environment Research Council
(UK) Research Fellowship supported M.A.K. Logistical and
instrumental support was provided by VECO Polar
Resources, PASSCAL, and UNAVCO. Early conversations
with R.B. Alley helped initiate this project. Comments
from two anonymous reviewers substantially improved
the content and clarity of the manuscript. The ATM data
were kindly provided by B. Krabill and S. Manizade.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1153360/DC1
Methods

Figs. S1 to S3

References

26 November 2007; accepted 31 March 2008
Published online 17 April 2008;
10.1126/science.1153360

Include this information when citing this paper.

Seasonal Speedup Along the Western
Flank of the Greenland Ice Sheet

lan Joughin,™ Sarah B. Das,” Matt A. King,> Ben E. Smith,* lan M. Howat,*t Twila Moon®

It has been widely hypothesized that a warmer climate in Greenland would increase the volume of
lubricating surface meltwater reaching the ice-bedrock interface, accelerating ice flow and increasing
mass loss. We have assembled a data set that provides a synoptic-scale view, spanning ice-sheet to
outlet-glacier flow, with which to evaluate this hypothesis. On the ice sheet, these data reveal summer
speedups (50 to 100%) consistent with, but somewhat larger than, earlier observations. The relative
speedup of outlet glaciers, however, is far smaller (<15%). Furthermore, the dominant seasonal influence
on Jakobshavn Isbrae’s flow is the calving front’s annual advance and retreat. With other effects producing
outlet-glacier speedups an order of magnitude larger, seasonal melt’s influence on ice flow is likely
confined to those regions dominated by ice-sheet flow.

long its western margin, the Greenland
AIce Sheet melts at rates that can ex-
ceed 2.5 m/year (/) as ice flows seaward

at speeds of roughly 100 m/year. Embedded
within the ice sheet are faster-flowing (200 to
12,000 m/year) outlet glaciers that discharge ice
directly to the ocean. When the combined loss
from melt and ice discharge, which now act in
roughly equal proportions, removes more ice
than is replaced by annual snowfall, the excess
ice lost to the ocean contributes to sea-level rise.
Glacial motion results from a combination of
internal deformation of ice under its own weight,
sliding at the ice-bed interface, and deformation
of underlying sediments. Basal sliding over a well-
lubricated bed is often the source of fast (e.g.,
>100 m/year) ice motion (2). Seasonal fluctuation
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in the drainage of rainfall and surface meltwater
to the bed modulates the sliding speed of many
alpine glaciers (3—5). Greenland’s large coastal
melt rates have prompted widespread speculation
both in the popular media (6) and in the scientific
literature (7, 8) that a warmer climate will in-
crease melting, which in turn will enhance basal
lubrication and hasten ice-sheet retreat. Poor
knowledge of this process is one of the limita-
tions on prediction of future ice-sheet contribu-
tions to sea-level rise that was noted by the
Intergovernmental Panel on Climate Change (9).

The few studies of seasonal speedup in Green-
land are equivocal about the importance of this
lubrication effect. An early study of western Green-
land’s largest outlet glacier, Jakobshavn Isbrae,
found no measurable seasonal speedup (/0). One
outlet glacier in northern Greenland, however, did
undergo a short-term speedup, apparently in
response to the drainage of a supraglacial lake
(11). On the slow-moving ice sheet at Swiss Camp
(Fig. 1), located just north of Jakobshavn Isbrae, a
time series of Global Positioning System (GPS)
observations showed seasonal speedups of 5 to 28%
that correlated well with summer melt rates (7).

To better determine the influence of surface
melting on ice-sheet flow, we have assembled a

comprehensive set of interferometric synthetic
aperture radar (InSAR) and GPS observations
(12). These data include 71 (September 2004 to
August 2007) InSAR velocity maps along two
partially overlapping RADARSAT tracks that
include Jakobshavn Isbrae, several smaller marine-
terminating outlet glaciers, and a several-hundred-
kilometer-long stretch of the surrounding ice
sheet. We also collected GPS observations from
July 2006 to July 2007 at sites near two supra-
glacial lakes (Fig. 1) south of Jakobshavn Isbrae.

Figure 1 shows the August 2006 speedup
measured with InSAR speckle tracking. Although
there are coverage gaps, the data show a relatively
uniform speedup extending over the bare-ice zone.
To simplify the analysis, we used a 150-m/year
threshold to partition the area into slower-moving
“ice-sheet” and faster-moving “outlet-glacier” re-
gions. Under this rough classification, the ice sheet
sped up by 36 m/year (48%) above its 76-m/year
mean speed, demonstrating increases over a broad
area that are substantially larger than measured
earlier at Swiss Camp (28%) (7). On the outlet
glaciers, the 51-m/year speedup was larger, but this
was only 8.6% faster than the 594-m/year mean.
Although the INSAR coverage (not shown) is less
complete, mid-July 2006 speedups were 71 (97%)
and 77 m/year (14%) for the ice-sheet and outlet-
glacier regions, respectively. Similar speedups
occurred in summer 2007 (e.g., fig. S1).

Although RADARSAT provides good spatial
coverage, its temporal resolution (24 days) is lim-
iting. Two-day temporal resolution is available with
GPS observations (Fig. 2) from two locations (North
Lake and South Lake, Fig. 1). These data reveal
periods of generally higher speeds (~50%) during
two melt seasons, punctuated by several additional
short-term speedups (~100%). The minimum veloc-
ity occurs with the late-summer cessation of melt,
and speed then slowly increases through the winter
before the late-spring large melt-induced speedup.

The GPS sites at both lakes show similar short-
and long-term variation in speed, consistent with
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the spatial uniformity visible at longer time scales
(Fig. 1). A notable exception is the local speedup
on day 210 at the North Lake site (Fig. 2), which
coincides with this lake’s rapid drainage to the bed
(13). Another local speedup occurred when a
moulin, a surface-to-bed conduit, likely opened
along the South Lake’s overflow channel and
began draining on day 217. Other than these local
lake-drainage events, the velocity peaks coincide
well with high-melt periods inferred from
positive-degree-days recorded at each site.

We also examined InSAR-measured speed at
10 locations (Fig. 1) on eight marine-terminating
outlet glaciers (Fig. 3A), which cover a range of
flow speeds. We selected these points to sample
the full range of variability for fast-flowing re-
gions (e.g., areas both near and far from the
calving front). Eight of these locations showed
coincident speedups of 40 to 200 m/year during
the 2006 and 2007 melt seasons. Speed at lo-
cations 6 and 8, which were near their respective
calving fronts, fluctuated erratically without a dis-
tinct seasonal pattern. Speed was considerably
more regular at location 9, several km upstream
on the same glacier as location 8, suggesting the
anomalous behavior seen at locations 6 and 8 was
driven by the dynamics near the calving front.

Figure 3A does not include the region of
Jakobshavn Isbrae flowing faster than 1500 m/year,
which continues to evolve following its speedup
that began in 1998 (14, 15). To evaluate seasonal
variation in speed on this glacier’s fast-moving re-
gion, we have removed a linear trend with time at
three locations designated A through C (Fig. 1). At
location A, 4 to 10 km behind the seasonally vary-
ing calving front, the speed varies by +1000 m/year
from its 8500-m/year mean (Fig. 3B). Farther up-
stream (location B), the annual variation diminishes
to roughly +400 m/year (around a 5200-m/year
mean). The seasonal variation at these two sites is
distinctly different from the melt-related speedup
visible elsewhere (Fig. 3A). Instead, peak speeds
occur near the melt season’s end, after seasonal
speedups on other glaciers have ended. In addition,
the main trunk’s elevated speeds persist past the end
of the melt season, taking several months to reach
their mid-winter lows. This variation appears
negatively correlated with the calving front’s
position, which fluctuated annually by ~6 km from
2004 to 2007 (Fig. 3B). At location C, the variation
(+200 m/year) is an apparent mixture of melt- and
ice-front—driven effects.

The InSAR data indicate that seasonal speedup
is widespread across much of the bare-ice zone.
‘When averaged over 24 days, the speedup is spatial-
ly uniform to a notable degree, particularly given the
expected variation in melt intensity with elevation.
This spatial uniformity is consistent with motion over
a well-distributed drainage network rather than a
network of sparsely distributed large tunnels (4, 16).

On Jakobshavn Isbrae’s fastest-moving parts
(>4000 m/year), the seasonal speedup is in phase
with changes in the ice-front position rather than
surface meltwater. This region accelerates through
spring and summer likely in response to a decline in

back-stress as the calving front retreats [e.g., (17)].
Conversely, minimum speeds occur as the ice front
extends to form a short floating ice tongue each
winter. This apparent back-stress modulation of
speed is consistent with the initial speedup in
~2000, which was about a factor of 3 larger than the
current annual variation and coincided with the
disintegration of a much larger section of the ice
tongue (14, 17). The current large seasonal variation
also is consistent with earlier observations of little or
no seasonal variation (/0, 15) when the ice-front
position was much less variable (18).

Although our observations indicate substan-
tial (=50%) ice-sheet speedup, the melt-induced
speedup averaged over a mix of several tidewater
outlet glaciers is relatively small (<10 to 15%).
When factoring in the short melt-season duration,
the total additional annual displacement attribut-
able to surface meltwater amounts to a few
percent on glaciers moving at several hundred
meters per year. Although conditions might yield
a greater sensitivity to melt for some glaciers
outside our study area, the limited seasonal ob-

Fig. 1. The August 2006 speedup
(color) relative to the September
2004 to December 2006 mean speed
displayed over SAR imagery (gray
scale). Speeds are determined using
overlapping tracks that span two
24-day intervals centered on 5 and
13 August. Mean annual speed is
shown with blue, 50-m/year (50
to 150 m/year), and magenta,
200-m/year (200 to 1000 m/year)
contours. Contours for speeds greater
than 1000 m/year are omitted.
Colored/numbered symbols indicate
the locations referenced in Fig. 3.
We situated our GPS receivers next
to two supraglacial lakes at the lo-
cations indicated with white circles.
The colors within these circles cor-
respond to the values from the GPS
observations to allow comparison
with the surrounding InSAR speedup
values for the same period. Surface
elevation is contoured at 250-m
intervals (black).

servations elsewhere in Greenland suggest a low
sensitivity to summer melt similar to that which
we observe (/19-21). Because of this low sensi-
tivity, it is unlikely that recent outlet-glacier
speedups (14, 19-21) were directly caused by
increased surface meltwater lubrication during
recent warmer summers. Instead, these large
speedups were likely driven by processes that
caused ice-front retreat and reduced back-stress
(17, 19, 20, 22), such as declining sea-ice extent
near calving fronts (/8). The recent period of
warmer summers (23) might also enhance ice-
front retreat through increased hydro-fracturing
in water-filled crevasses near the calving front
(18), which represents a process whereby surface
meltwater influences glacial flow through means
other than directly enhancing basal lubrication.
Smoother beds beneath outlet glaciers, caused
by strong erosion, should yield less sensitivity to
water-pressure variation (3), which may explain
some of the insensitivity of outlet-glacier flow to
surface meltwater. Additionally, basal shear-heating
under the outlet glaciers produces a steady source of
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meltwater that could maintain water-filled cavities
year-round. In contrast, the water-filled cavities
under the ice sheet may drain and collapse over the
winter, resulting in a more pronounced speedup
once spring melt reaches the bed [e.g., (24)].
Another contributor may be that the outlet glaciers
are narrow and deep so that their lateral margins
have comparable area to their beds. With this
geometry, the lateral resistive stresses should be
comparable to or even greater than the basal
resistive stresses, potentially making outlet glaciers

less sensitive to variations in basal lubrication.
Surface meltwater—enhanced basal lubrication
has been invoked previously as a feedback that
7/19/06

8/8/06 8/28/06

would hasten the Greenland Ice Sheet’s demise in
a warming climate (6-8). Our results show that
several fast-flowing outlet glaciers, including
Jakobshavn Isbrae, are relatively insensitive to
this process. Previously reported acceleration and
near-doubling of speed of many outlet glaciers from
other effects such as back-stress reduction are more
than an order of magnitude greater (/4, 19-21) than
the observed melt-induced acceleration. South of
Jakobshavn, however, the ice sheet’s western flank
is comparatively free of outlet glaciers, and ice loss
is largely due to melt. Numerical models appro-
priate to this type of sheet flow and that include a
parameterization of surface meltwater-induced
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Fig. 2. Speed from GPS stations located south of Jakobshavn Isbrae (Fig. 1). At the North Lake, we
installed one summer continuous (15-s sample rate) GPS receiver (NS) and one annual (operating 12
hours/week) GPS receiver (NA). The South Lake had one annual (SA) and two summer (SS51 and SS2)
receivers. In summer 2007, NS and SS2 did not resume logging and SA lost power for 3 months. The
summer-station data have been smoothed to 2-day resolution, and the year-round estimates are based on
weekly positions. Positive-degree-day (PDD) values are included for both sites in 2006 and for the South
Lake in 2007. Gray shading indicates when the North Lake drained in 2006 (13).
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speedup predict 10 to 25% more ice loss in the
21st century than models without this feedback (8).
Thus, surface meltwater—induced speedup may
influence large regions of the ice sheet in a
warming climate. Although our data provide the
most comprehensive observations to date, more
data are needed to quantify the relative importance
of melt- and calving-front-induced changes in ice
flow in controlling near-future ice-sheet mass
balance. Our results thus far suggest that surface
meltwater-enhanced lubrication likely will have a
substantive but not catastrophic effect on the
Greenland Ice Sheet’s future evolution.
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M ethods

INnSAR Data

Velocities were determined by applying standard speckle-tracking techniquesto 71
RADARSAT image pairs acquired from September 2004 through August 2007 (S1). On
the fastest moving regions, where motion may introduce strong decorrelation of the
speckle patterns, we also applied the algorithm after smoothing the images with a 3-by-3
moving average filter to suppress speckle and enhance matching on features (e.g.,
crevasses). These results were merged with the speckle-tracked (unfiltered) resultsin a
way that selected the best estimate at each point. Because of the effect of uncompensated
surface slopes (S2), absolute errors may be as large as 3% where local slopes are high.
These errors cancel, however, when making comparisons between INSAR estimates.
Relative errors when comparing estimates are spatially and temporally variable, and
typically fall in the range of 1-20 m/yr.

GPS Data

The GPS 15-s data, collected in one 12-hour interval each week, from the year-round
stations (NA and SA) were processed with the GIPSY software using the Precise Point
Positioning (PPP) strategy at 5-minute intervals (S3), which were then averaged to
produce a weekly position. These positions were used to cal cul ate weekly estimate of
velocity.

The continuous GPS summer stations (NS, SS1 and SS2) were processed at the full the
15-s resolution using PPP processing. During some periods when our stations were
operating, data were available from a station on bedrock (Kaga) located 55-to-74 km
from our sites. When data were available, we also processed our summer sites relative to
the Kaga bedrock position, using the Track software ($4). In both the PPP and relative
data processing, site motion was constrained on an epoch-by-epoch basis to suppress
noise without damping the signal. We computed velocities using the PPP data and
smoothed the results to 2-day temporal resolution using afinite impulse response (FIR)
filter (Fig. 2).

Removal of Secular Trends from InSAR Data

The fast moving regions of Jakobshavn are accelerating at a steady rate of afew percent
per year. For this study we are concerned with seasonal variation, so we have removed
this trend from data in the area surrounding Jakobshavn. At each grid point, we
performed alinear fit to all the estimates over the 3-year span for that location. Using the
results from thisfit, we removed the spatially-varying linear trend at each grid point (Fig.
3b).

INSAR GPS Comparison

We have compared the INSAR and GPS data for the North Lake location as shown in
Figure S1. Thelake liesjust at the edge of the region of overlap for the two satellite
tracks, so we sampled the INSAR data afew kilometers to the west of the GPS location



where there was overlap, doubling the number of estimates. For the period from Day 270
to 500, when the speed was varying slowly, we compared the INSAR data (15 points) to a
linear fit to the

GPS data. Thisyielded amean difference of 2.1 m/yr and a standard deviation of 6.1
m/yr. The mean difference is well within the difference expected due to the different
sampling locations and the standard deviation is consistent with the expected errors.
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Figure S1. Speed measured with GPS (NA) and InSAR in the vicinity of the
North Lake at the location shown in Fig. 1.
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