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ABSTRACT. Jakobshavn Isbra is the most active glacier in Greenland, with an annual
discharge of about 30 km® of ice, and it is one of the few recently surveyed glaciers to thicken
between 1993 and 1998, despite locally warm summers. Repeated airborne laser-altimeter
surveys along a 120 km profile in the glacier basin show slow, sporadic thickening between
1991 and 1997, suggesting a small positive mass balance, but since 1997 there has been sus-
tained thinning of several ma ' within 20 km of the ice front, with lower rates of thinning
further inland. Here, we use weather-station data from the coast and the ice sheet to estimate
the effects on surface elevation of interannual variability in snowfall and surface melt rates,
and thus to infer the temporal and spatial patterns of dynamic thinning. These show the
glacier to have been close to balance before 1997 followed by a sudden transition to rapid
thinning, initially confined to the lower reaches of the glacier (below about 500 m elevation),
but progressively spreading inland until, between 1999 and 2001, thinning predominated
over the entire surveyed region, up to 2000 m elevation. If this continues, the glacier calving

front and probably its grounding line will retreat substantially in the very near future.

1. INTRODUCTION

Recent measurements (Krabill and others, 1999,2000) show
that most coastal parts of the Greenland ice sheet thinned
between 1993/94 and 1998/99. Summer temperatures during
this period were warm, compared to a 20 year climatology
for the period 1979-99 (Krabill and others, 2000), and melt
was observed to increase slightly over the same time period
(Abdalati and Steffen, 2001). This probably caused some of
the observed thinning. But the amount of increased melt
attributable to the higher summer temperatures, calculated
by the positive-degree-day method (Reeh, 1991; Braithwaite,
1995), can explain only part of the observed thinning
(Abdalati and others, 2001). The number, N, of positive
degree days (PDDs) for each month was calculated for near-
by coastal weather stations as the integral over time of all air
temperatures > 0°C. Comparison of these values during the
period of observed thinning with long-term averages gives
the PDD anomaly, which was extrapolated inland assuming
linear decrease with surface elevation to zero at the inland
limit of summer melting. The resulting values were multi-
plied by a coefficient (k=9 mm PDD ") to give estimates of
near-coastal surface lowering caused by higher-than-normal
surface melting. These estimates show good agreement with
observed elevation changes (Abdalati and others, 2001) for
some glaciers and stagnant ice margins, but they are notlarge
enough to explain the higher thinning rates.

Jakobshavn Isbra was one of the few surveyed glaciers to
thicken between the 1993 and 1998 surveys, despite a local
positive PDD anomaly (Abdalati and others, 2001). Airborne
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laser-altimeter surveys along a 120 km profile in the Jakobs-
havn basin have been made almost every year since 1991 by
NASASs Airborne Topographic Mapper (ATM). These show
slow, sporadic thickening between 1991 and 1997, suggesting a
small positive mass balancein broad agreement with the pre-
vious balance estimates. Since 1997, however, there has been
" within 20 km of the ice
front, with lower rates of thinning further inland. Velocity

sustained thinning of several ma

measurements made during various periods since the 1960s
show little variation (Carbonnell and Bauer, 1968; Lingle
and others, 198]; Echelmeyer and Harrison, 1990; Fastook
and others, 1995; Abdalati and Krabill, 1999) and there is
negligible seasonal change (Echelmeyer and Harrison,
1990). However, the recent thinning may indicate a change
in glacier dynamics that will result in another retreat of the
ice front. Consequently, we attempt here to infer how much
of the observed thinning since 1997 was caused by increased
creep thinning of the glacier, in order to reveal the spatial
and temporal pattern of dynamic change.

Jakobshavn Isbra is the most active glacier in Greenland,
draining approximately 7% of the ice sheet, with an annual
discharge of 27-31 km” ofice at speeds up to 7kma ' (Echel-
meyer and others, 1992; Weidick, 1995), making it the fastest
glacier in the world. Most of its catchment area lies within
the dry-snow zone of the ice sheet, but it includes large
regions within the percolation, soaked and ablation zones,
with melt rates of several ma ' near the calving front. Many
large lakes with depths up to several meters form during
most summers in the percolation and ablation zones, and in
situ measurements and frequently repeated laser-altimetry
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Iig. 1. A map of the Jakobshavn Isbre region, showing flight-
lines with the ATM, locations of coastal weather stations
(CWS) at Egedesminde (E) and Hlulissat (1) and of auto-
matic weather stations (AWS) on the ice sheet at JAR-L, -2
and -3 ( J1, 12 and j3), Swiss Camp (S) and Crawford Point
(C ). The ATM flight-line that was resurveyed most frequently
between 1991 and 2001 (“main line” ) is highlighted.

data show that some empty very rapidly. The calving front
retreated 30 km between 1850 and 1964 but it has occupied
approximately the same location since (Weidick, 1995;
Hughes, 1998, fig. 1.5; Sohn and others, 1998). Balance calcu-
lations for 1985/86 by Echelmeyer and others (1992) suggest
that total loss by surface and basal melt and ice discharge is
slightly less than total accumulation within the drainage
basin, but not by more than errors in the estimates.

2. MEASUREMENTS
2.1. Airborne Topographic Mapper

Measurements ofice-surface elevations along flight-lines over
Jakobshavn Isbre were made during most years since 1991
using the NASA ATM, a scanning laser altimeter that meas-
ures the surface elevation of many 1 m laser footprints within
a 140-400m wide swath beneath the aircraft to an accuracy
of about 10 cm (Krabill and others, 1995, 2002). A major sur-
vey was completed in 1997, along a grid pattern of flight-lines,
but one profile was resurveyed almost every year (Fig. ). It
runs east—west along the lowest reaches of the glacier, but then
moves to the north of the main trunk of the glacier to cross the
catchment basin in a northeast direction. The most complete
coverage of this line was obtained during May 1997, so each
laser-footprint elevation from other surveys was compared
with those from the 1997 survey within a horizontal radius of
1 m, to obtain estimates of the elevation change (AS) between
surveys. All elevations were measured with respect to the
World Geodetic System 1984 (WGS84) ellipsoid, which is
about 26 m below sea level near Jakobshavn Isbre, and we use
the same reference level here.

Figure 2 shows observed elevation changes derived in
this way. The high spatial variability of AS at lower eleva-
tions is caused by large changes in surface elevations at a
fixed point as crevasses and ice blocks move forward with
the glacier. Elevation changes averaged over longer sections
of the profile are more subdued and are thus likely to give a
good indication of net changes. Below about 110 m elevation,
much of the glacier is floating, but with partially grounded
areas. The entire floating tongue is intensively crevassed,
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and the surface is particularly rough, making local AS esti-
mates very noisy. In addition, glacier advances and retreats
result in very large, spurious values of AS. Consequently, in
this area we estimated elevation changes for two adjacent
2 km sections of the glacier by comparing average elevations
for a section, derived from each ATM survey. The section
nearest the ice front (Fig. 2) has a near-horizontal surface
and is probably floating. The adjacent section straddles a
small dome that probably marks an area of local grounding,
or “ice rumples”. Repeat coverage by the ATM survey was
sparse before 1993, after which there was progressive thicken-
ing of the glacier at all elevations until 1997, with a marked
change to rapid thinning afterwards. Although these results
apply only to the surveyed traverse, they show broad agree-
ment with estimates of AS derived for locations where each
year’s flight-lines crossed the 1997 grid survey. However,
these “crossing-point” estimates are very noisy because they
apply to small areas of the very rough glacier surface, with
each year’s survey over different roughness samples.

2.2. Automatic weather station and in situ measure-
ments

During the time period covered by the surveys, we also have
measurements of snow accumulation and air temperature
from Swiss CGamp, to the north of the glacier, situated close
to the equilibrium line (where the surface mass balance is
zero) at an elevation of about 1180 m. In the late 1990s, these
measurements were augmented by similar ones from a total
of five automatic weather stations (AWSs) at elevations of
327-2022m (Steffen and Box, 2001). Each spring, between
20 and 25 May, snow depth and density were measured at
Swiss Camp (S in Fig. 1), and at the AWSs atJAR (Jakobshavn
ablationregion) -1, -2 and -3 and Crawford Point 1 and 2. The
JAR stations are located in the ablation regions, and the
measured snow cover at that date represents the winter accu-
mulation. At Swiss Camp (equilibrium-line altitude) the
reference surface height from the previous summer was
derived from the acoustic height instruments at the AWS. At
Crawford Point 1 and 2 the snow pit was analyzed and the
last summer horizon was identified using grain-size analysis.
The level was verified with the acoustic height measurements
which record the surface height change throughout the year
on an hourly basis. The Crawford Point stations, at 1990 and
2022 m elevation, are very close together, and we averaged
observations from these stations and assigned them to an ele-
vation of 2000 m (Cin Fig. 1). At all AWSs, temperatures were
sampled every 10's, and we used the hourly averages of these
measurements. On the coast, there are also long time series of
weather observations from Egedesminde and Ilulissat (Fig. 1).
Although Ilulissat is closer to the glacier, measurements were
not continuous through our observation period, so we use the
Egedesminde data in this investigation.

3. ANALYSIS

3.1.Theoretical concept

The vertically integrated equation of continuity for an ice
column of thickness H at a fixed location (e.g. Van der Veen,
1999, p. 154), modified to take account of flowline divergence
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and firn densification, can be written to give the rate at
which the surface elevation increases with time:

%ZA—MS—M})-FV})—V:i-FHéZ—%, (1)
where A is the snowfall expressed as a thickness of surface
snow per unit time (this includes all snow precipitation that
is not removed by drifting, and is different from net surface
mass balance), M is the melt rate expressed as a thickness of
surface snow or ice per unit time, and includes losses by evap-
oration, with subscripts s and b the surface and base of the
ice column respectively, Vj, is the upward vertical velocity of
the bed beneath the ice, Vj is the downward surface velocity
caused by snow densification, €, is the depth-averaged verti-
cal creep rate, which includes the effects of longitudinal
strain and of lateral divergence/convergence, U is the
depth-averaged horizontal velocity, H is ice thickness,
assumed to vary only in the ice-flow direction, and 0H /0x
is the ice-thickness gradient taken along the direction of
motion.

The effects of basal melting M), and crustal motion V},
are generally very small and can be neglected. Moreover,
the dynamic behavior of the glacier is described by the term
He, — (UOH /dx), which is negative for dynamic thinning,
so, for convenience, we define the rate of dynamic thinning

as D = (UOH /0x) — Hé.. Equation (1) then becomes:

%ZA—MS—‘/Zi—D. (2)
During a specific time period AT
A=A, + A,
Mg = My, + M,
Vo=V +V',
D=Dy,+D,

and the change in surface elevation during a time interval

AT is:

AS ~ [(Am — My — Vi — Dm)
+ (A =M -V - D)|AT
oy (3)
= [(E) +A' =M -V' - D' |AT,

where the subscript m denotes long-term averages, and the
primed terms are differences between values during AT
and the long-term averages. Over short time periods, values
of A, M’ and V' are determined by the weather, and can
differ widely from year to year. In addition, they may have
longer-period cycles associated, for instance, with the North
Atlantic Oscillation (NAO). By contrast, D’ is determined
by glacier dynamics, and short-term changes are generally
small, except during glacier surges or the retreat of tide-
water glaciers. Our observations of a large, sustained
change in 0S/0t on Jakobshavn Isbre suggest a change in
dynamics, and our objective here is to use available data to
solve Equation (3) in order to infer the magnitude and spa-
tial and temporal patterns of D'. For this purpose, we
assume (95/0t) = 0, implying the glacier has been in
steady state for the past few decades, as suggested by obser-
vations showing the ice front has been in approximately the
same location since 1964 and by the 1985/86 measurements
of Echelmeyer and others (1992). The repeat ATM surveys
give measurements of AS for a range of surface elevations
from near sea level to almost 2000 m based on comparisons
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Table 1. Values of the PDD factor (k) and snowfall (A) at
sites near fakobshavn Isbre

Station Ellipsoid elevation k A
m mm PDD ma '
Crawford Point 2000 50 1.7
Swiss Camp 1169 16 1.3
JAR-1 967 16 1.3
JAR-2 542 9 0.5
JAR-3 327 9 0.5

of surveys made between 1991 and 2001 with one in 1997. We
also need estimates of A’, M’ and V"

3.2. Snow accumulation and compaction, and
surface melting

For each year since 1991, we estimated values of A in the
ablation zone based on the depth of snow accumulated over
winter at Swiss Camp from observations made during May
each year, implicitly neglecting loss by melting during the
winter. Over several years in the late 1990s additional weather
stations were installed, so for the year May 2000—May 2001
we also have accumulation estimates at the five AWSs
between 327 and 2000 m ellipsoid elevation, and we adjusted
the Swiss Gamp observations to other elevations for each of
the years 1991-200], assuming an elevation dependence
similar to that during 2000/01 (Table 1). We used these values
as the annual accumulated snow depth at each station.

Both surface melting (M;) and snow compaction (Vg) are
strongly affected by temperature, so we assumed a simple
relationship between (Mg + Vq) and the number, N, of PDDs

(M, + Va)AT = kN . (4)

This implies that both surface melting and snow compaction
are primarily determined by near-surface air temperatures
above the melting point. There is good evidence that this is
true for melting (e.g. Braithwaite, 1981; Reeh, 1991), and it is
probably a reasonable approximation also for compaction,
most of which occurs within the uppermost snow layers. At
higher elevations, where the firn layer is deep, much of the
surface lowering during summer is caused by evaporation
and downward percolation of surface melt, and Equation
(4) becomes a poor approximation.

Values of k listed in'Table 1 are based upon observations
at Swiss Camp and the AWS sites, where both N and surface
lowering were measured. The measurements of surface low-
ering were made relative to markers frozen into the ice, so
the coefficient k here represents the reduction in surface ele-
vation caused by one PDD, and includes the effects of melt-
ing, evaporation and near-surface compaction. This differs
from the PDD ablation factor used by Braithwaite (1981),
which refers to the mass lost per PDD.

Surface elevations inTable 1 are for May 2001, and values
of A are for the year 2000/01, the only year for which we
have data from all stations. Values of k are based on all meas-
urements from each station. The value of k ~ 9 mm PDD !
atJAR-2 and -3, in the ablation area where all winter snow is
removed by melting, is unaffected by snow compaction. It is
identical to the surface lowering associated with the PDD
ablation factors of 3 and 8mmw.e. PDD ' associated
respectively with snow and ice (Braithwaite, 1993), and used
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Fig. 2. Main-line elevation profile with the total elevation
change (AS) for each survey compared to the 1997 survey.
In order to subdue AS “noise” associated with crevasses and
ice pinnacles, the plotted values of AS are averages over about
300 m of flight-line.

in previous analysis of Greenland outlet glaciers (Abdalati
and others, 2001). There is very little snowfall at these two
lower stations, and the higher value of k at JAR-1 and Swiss
Camp suggests that k is larger for snow than for ice. The very
large value of k ~ 50 mm PDD ' at Crawford Point is prob-
ably partly explained by increased densification within the
surface snowpack as it is warmed and wetted by downward
percolation of surface melt. However, the PDD ablation fac-
tor is highly variable in areas of high accumulation, reaching
as highas 22 mmw.e. PDD ' (Braithwaite, 1995) which, when
adjusted for a snow density of 0.35kgm °, corresponds to a
surface lowering of about 63 mm PDD . This would be
further increased by snow compaction. Here, we assume k at
a fixed elevation is constant throughout our survey period,
whereas in reality its value for snow is likely to vary from year
to year as near-surface compaction rates change.

3.3. Positive degree days

For most years between 1991 and 2001, we have measurements
of the number, N, of PDDs only at Egedesminde and Swiss
Camp (NN is the integral over a year of all air temperatures

>0°C). Although N can also be estimated from weather
measurements at Ilulissat airport, which is closer to the
glacier, we used those from Egedesminde because they cover
the entire observation period, which is more strongly moder-
ated by the water temperatures of Baffin Bay. Comparison
between recent estimates of IV from the two locations shows
that they are very similar, but with Ilulissat N values
approximately 200 higher than those for Egedesminde. Con-
sequently, the Egedesminde values probably give a good indi-
cation of the interannual variations in IV on the glacier, but
they are unlikely to be equal to values of N at the same eleva-
tion on the ice. To adjust for this, we use measurements by
Echelmeyer and others (1991) of surface mass balance along
a profile up Jakobshavn Isbre between June 1985 and June
1986. Surface mass balance at the lowest station (~100 m ele-
vation) was 3.6 mw.e. ~4m ice. Assuming snowfall during
each year was similar to the 0.5 m measured for 2000/01 at
the lowest nearby AWS (JAR-3 in Fig. 1), total ablation at the
station was 4.5 m. Then, using the value of k ~ 9 mm PDD '
inferred from JAR-3 measurements, the equivalent value of
N at the station for 1985/86 was 500, almost 100 less than the
591 measured at Egedesminde. Consequently, for this study,
we reduced all Egedesminde N values by 100 to obtain
equivalent values, N (100), on the glacier at 100 m above the
ellipsoid, which serves as our reference elevation for the
remainder of the analysis. In order to proceed further, we
need a relationship between N (100) and the corresponding
value, N(h), at surface elevation h. N (h) is the area enclosed
by the frequency distribution of positive temperatures at ele-
vation h. Assuming a constant temperature lapse rate of
0.6°C (100m) " (Steffen and Box, 2001), increasing elevation
should have the effect of reducing this area by shifting the
zero degree ordinate of the frequency distribution by an
amount determined by the elevation change. The relation-
ship between N(h) and h is then determined by the shape of
the frequency distribution, and can be approximated by:

A \"

N(h) = N(100) (1 Ahm> , (5)
where Ah = h—100m, Ahy = hy —100m, and Ay, is the
highest elevation with surface melt during the year (the sub-
traction of 100 is the normalization to our 100 m reference
elevation). For a linear frequency distribution of positive
temperatures n = 2, and for more realistic distributions
n > 2. If n is known, substitution of NN (100), inferred from
Egedesminde measurements, and N (h ~ 1180) from Swiss

Table 2. PDDs ( N ) within and near the fakobshavn drainage basin, and estimates of the highest elevation ( hy, ) with summer melting

Time interval Number (N) of PDDs hm N(h =327) N(h =542) N(h =967) N(h =2000)
h=100m h =1169m Obd. Calc. Obd. Cale. Obd. Calc. Obd. Cale.
m
4 Sept. 1991 — 6 July 1993 520 37 2151
6 July 19936 June 1994 474 43 2284
6 June 199425 May 1995 452 78 2841
25 May 1995— 15 May 1996 593 127 3132 7 19
15 May 1996 — 15 May 1997 333 38 2433 62 65 0 1
15 May 1997 -6 July 1998 638 109 2814 173 166 6 9
6 July 199821 May 1999 411 53 2524 87 87 3 2
21 May 1999 15 May 2000 519 88 2795 243 276 127 133 9 7
15 May 2000—27 May 2001 608 78 2511 409 430 294 299 120 128 5 3

Note: Obd., observed; Calc., calculated.
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Table 3. Measured elevation changes (AS) and calculated
dynamic thinning ( D' AT ) at different elevations within the
Fakobshavn drainage basin ( for various time periods (AT ) )

Obsn. period AT Elev.band ~ Av.elev. AS A'AT (M'+V') D'AT

AT
years m m m m m m
1991-97 57 1250-1500 1434 111 012 056 —0.67
1500-1750 1643 066 -012  —034 044
1750-2000 1881 017 -020 005 —0.32
1993-97 3.86 Floating 98 690 +0.09 034 647
Rumples 121 6.95 +0.09 033 —6.53
110-250 124 837 +0.09 034 794
250-500 354 505 +0.09 +003 499
500-70 649 241 +0.11 +0.15 245
7501000 884 153 +0.19 +027 161
1000-1250 1l 09 +025 +029 099
1250-1500 1354 079 +023  +041 -0.97
1500-1750 1698 021 +029 4052 044
1750-2000 1848 -0.01 +032 +048 017
1994-97 2.94 Floating 99 424 0.1 -066  —347
Rumples 121 7.11 0.11 062 -6.38
110-250 130 538 0.1 -063 464
250-500 361 386 0.1 -023 352
500-70 639 146 0.4 0.15 —147
7501000 874 113 023 0.41 -1.31
1000-1250 1126 L1203l 0.52 -1.33
1250-1500 1343 094 029 0.86 —1.51
1500-1750 1665 0.3 038 0.86 -0.78
1750-2000 1865 009 037 0.70 -0.42
1995-97 1.98 Floating 100 328 0.29 -068 231
Rumples 121 6.83 029 -064 590
110-250 125 299 029 -064 206
250-500 367 134 029 -029 076
500-70 651 058 0.38 0.01 -0.21
7501000 883 027 066 0.24 0.15
1000—1250 12 120 077 031 -0.75
1250-1500 1328 105 0.79 0.42 -068
1500-1750 1637 0.58 0.89 0.76 —0.45
1750-2000 1881  0.37 094 0.59 0.02
1997-98 1.14 Floating 98 —6.03 -0.04 0.56 543
Rumples 121 -771 —-0.04 0.56 711
110-250 107 448 -0.04 0.56 3.88
250-500 358 233 -0.04 0.51 1.78
500-70 647 —047 -0.04 049 -006
7501000 880 061 -0.08 0.59 -006
1000-1250 1123 -034 0.0 0.45 -0.21
1250-1500 1346 -043 0.2 0.52 -0.21
1500-1750 1649 -0.29 -0.13 043 -0.27
1750-2000 1874 —0.21 014 0.23 -0.16
1997-99 2.02 Floating 94 147 -0.05 043 14.22
Rumples 119 -127 -0.05 0.42 12.23
110-250 125 ~151 -0.05 0.41 1464
250-500 358 903 -0.05 0.32 8.66
500-70 641 124 -0.07 0.33 0.84
7501000 879 048 -0.12 0.41 -0.05
1000-1250 1099 037 0.3 0.26 -0.76
1250-1500 1330 006 0.5 0.24 —0.45
1500-1750 1648 -02 0.5 0.26 -0.21
1750-2000 1863 -0.22 —0.17 0.09 -004
1997-2001  4.02 Floating 83 363 005 1.51 34.84
Rumples 97 556 005 149 54.16
110-250 158 416 005 1.38 40.27
250-500 367 266 005 1.1 25.55
500-70 655 784 005 0.93 6.96
7501000 877 278 0.0 1.06 1.82
1000-1250 1105 -175 0.6 0.79 1.12
1250-1500 1363 072 0.6 0.62 026
1500-1750 1686 —0.06 0.19 008 0.17
1750-2000 1840 015 0.20 0.16 0.19
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Camp observations gives values of hy, for each year, and
hence values of N for any elevation. In addition to Egedes-
minde and Swiss Camp, we have measurements of PDD for
the later part of the period from the profile of up to four
AWSs between 327 and 2000 m elevation (Fig. 1). Three of
these stations have been operating since May 1999, and the
fourth since May 2000, and we used these data to estimate a
value of n = 3.5, assuming it to be constant from year to
year. Table 2 lists the values of N observed at various eleva-
tions between ATM surveys, derived values of hy, for each
time interval, and values of N calculated from Equation
(5). For the years without AT M surveys (1996 and 2000), we
chose 15 May as a “survey” date. Note that the elevations
listed in Table 2 are for May 2001 and, because the stations
on the ice were all moving, our calculations took account of
resulting elevation changes during the survey period.

Our calculated estimates of N (h) at AWS sites are in rea-
sonable agreement with the observations, and values of Ay, in
Table 2 are similar to elevations at the inland limit of surface
melting, derived from time series of satellite passive-micro-
wave data (personal communication from T. Mote, 2001).
Consequently, we used Equation (5) to calculate values of N
for each time interval between ATM surveys at any elevation
in the basin, from which we inferred corresponding values of
(M + Vq) over the same period using Equation (4). We then
used the average values of A and (M + Vy) over the entire
period, 1991-2001, as A, and (M, + V;,) in order to calcu-
late values of A" and (M’ + V') for each time interval.

4. RESULTS

Because of excessive noise in the AS characteristics, we
separated the data into 250 m elevation bands (apart from
the lowest 250m) and solved Equation (3) using average
values of AS for each of these, assigning an elevation equal
to the average elevation of all AS measurements within the
band. Below 250 m, we used three values of AS: one for an
elevation band from 110 to 250 m, which refers to the lowest
grounded part of the glacier; one derived for the “ice rum-
ples” section; and one derived for the “floating” section.
Results are shown inTable 3, as comparisons with the refer-
ence year 1997.

The final column in Table 3 gives estimates of the total
dynamic thinning between the ATM observation periods
and the 1997 survey. The rate of dynamic thinning (D')
between consecutive surveys can then be calculated by dif-
ferencing sequential values of D' AT, and dividing the dif-
ference by the time interval between observations. Results
are plotted against elevation in Figure 3 and against time
in Figure 4. Here, the elevation is the mean of the average
elevations for the two observation periods. It is clear from
Figures 3 and 4 that D’ is negative at most elevations until
1997, indicating that the glacier was dynamically thickening
compared to our assumed steady state, with thickening most
pronounced at elevations up to about 1000 m. Thickening
rates were highest between 1993 and 1995, followed by a sub-
stantial reduction until 1997, after which there was a marked
transition to large positive values of D' (i.e. dynamic thin-
ning). Thinning was initially confined to the lowest 500 m,
but progressively migrated inland until, between 1999 and
2001, D" was positive at all elevations (Fig. 4).

Errors in surface-elevation change (AS), snow accumu-
lation (A) and surface melting and compaction (M + Vy)
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Fig. 3. Rate of dynamic thinning (D' ) plotted against elevation
Jor the periods between ATM surveys, with the envelope of esti-
mated errors shown in the lower panel.

all contribute to errors in the estimates of D’ plotted in Fig-
ures 3 and 4. Of these, errors in AS at low elevations are
probably the largest, because of large spatial variability in
AS associated with surface roughness and crevasses and
the advection of local topographic features. Although we
cannot determine the magnitude of each of these contribut-
ing errors, Figure 3 provides an indication of their overall
impact on our estimates of D’. Above 1000 m elevation, most
of the pre-1997 estimates fall within about £0.5ma ', sug-
gesting that the overall uncertainty in D’ at higher eleva-
tions is about £0.5ma '. At lower elevations, there is far
higher variability in D', even before 1997. Here, we would
expect errors in AS; A and M to be independent from year
to year, so the interannual variability before 1997 probably
gives an indication of the effect of these errors on D'. Indeed,
this is probably a worst-case error estimate because some of
the interannual variability in D' may reflect real changes in
ice dynamics near the calving front, where rapid changes
are more likely. Based on these considerations, error bars in
Figure 3 are =15ma ' at the lowest elevations, decreasing
linearly to £0.5 ma ' at 1000 m elevation and above.

5. DISCUSSION

The results shown in Figures 3 and 4 indicate that, before
1997, ice above 1000 m elevation in the Jakobshavn drainage
basin was in approximate dynamic balance, with probable
thickening at lower elevations at rates that reached max-
imum values of > Ima ' near the ice front. After 1997, there
was a major shift to rapid thinning at lower elevations,
reaching a maximum near the ice front where dynamic
thinning rates progressively increased to >10ma ' after
1998. Above about 1000m elevation, the ice remained
approximately in balance, but the thinning zone at lower
elevations migrated inland so that, by 1999-200l, it included
all elevations up to about 1200 m and perhaps higher. The
dynamic thinning rate comprises two components: a change
in vertical ice creep (H€¢,) and a change in ice advection
(UOH /Ox). In a glacier basin, such as Jakobshavn Isbre,
advection associated with increased horizontal velocities
favors thickening of the glacier by bringing additional thick-
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Fig. 4. Rate of dynamic thinning (D' ) plotted against time.

er ice from upstream. Conversely, a slow-down of the north-
ern branch of Jakobshavn Isbre would favor thinning along
our surveyed profile. However, ATM crossing-point com-
parisons show thinning over most of the southern branch
also, so we discount this possibility. Instead, we propose that
thinning by enhanced creep after 1997 predominated over
thickening by increased advection within a zone close to
the ice front that progressively migrated upstream to reach
at least 1200 m elevation (approximately 55 km inland from
the glacier calving front) by 1999-2001. 1997 also marked a
change to generally warmer summers, with the average
annual PDD value for the years 1997-2000 at Egedesminde
higher than for any other 4 year period since 1962. However,
the longest temperature record in Greenland, from Nuuk on
the west coast about 500 km south of Jakobshavn, shows sum-
mer temperatures since the mid-1960s were slightly cooler than
those between the start of records in 1870 and the late 1920s,
and far lower than those between 1930 and the mid-1960s
(these records were obtained from the U.S. National Climate
Data Center through the Goddard Institute for Space Studies
and can be down-linked from http://www.giss.nasa.gov/data/
update/gistemp/station_data/). Thus, the sequence of Jakobs-
havn ice-front retreat between 1880 and 1964, and the more
recent dynamic behavior of the glacier, follows the same pat-
tern as the summer temperatures. This suggests quite large
and rapid responses of the glacier dynamics to sustained
changes in summer temperatures. If so, what are the causes
of these responses?

Sustained changes in summer temperatures have an
immediate impact on surface melt rates within Jakobshavnk
extensive ablation region and, if ocean waters are also warmer,
on basal melt rates from beneath the floating tongue. Surface
melt rates may affect glacier dynamics by controlling the flux
of meltwater reaching the glacier bed to affect resistance to
glacier sliding, and basal melting could influence the buttres-
sing effect on glacier flow of the floating tongue by changing
its thickness and the distribution of grounded ice rumples
within the floating tongue. Dynamic thinning resulting from
these several effects has been described by Hughes (1986) as
“the Jakobshavns effect” Echelmeyer and Harrison (1990)
found that surface melt does not affect Jakobshavn Isbre sea-
sonal velocities, suggesting strong temporal damping of the
summer meltwater pulse. However, results from near Swiss
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Fig. 5. A sequence of elevation profiles along the main line,
extending from the ice front to 600m elevation. The probable
grounding-line location (G ) is based on transition from higher-
elevation, rugged topography to lower, near-horizontal surfaces,
and possible locally grounded ice rumples ( A—C) are identified
where “hills” persist_from year to year. The two sections for which
we inferred elevation changes are also shown: one on near-hort-
zontal and probably floating ice (F), and one on the most sea-
ward of the ice rumples (R). The ice rumples discussed by
LEchelmeyer and others (1991) as possibly having a stabilizing
influence on the ice front are at D on the Landsat image from 20
May 2001 showing the flight track of the main line. The hori-
zontal scales for the profiles and the Landsat images are the same.

Camp (Zwally and others, 2002) show an increase in ice
velocities during the very warm summers in the late 1990s,
with little or no increase in years with low melt. It is possible
that faster parts of the glacier respond differently from the
slower ice near Swiss Camp, or there may be a critical level
of melt at which flow rates increase.

The effect of dynamic thinning of the glacier will also
affect the floating ice tongue as ice flowing across the
grounding line becomes progressively thinner, but creep
thinning rates for the floating ice should not increase, and
the change in surface elevation (AS) should be far less than
for grounded ice. However, it is clear from Figure 5 that
after 1997 the floating ice thinned substantially. Elevation
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Fig. 6: Time series of Egedesminde PDDs since 1949, and of
SST averaged for the four warmest months ( fuly—October)
over the North Atlantic and Davis Strait at 50—-65° N, 45—
05° W ( personal communication from S. Hakkinen, 2002).

reduction between 1997 and 2001 for the “floating” section
(F in Fig. 5) was approximately 35 m, implying a thinning
of about 320 m at an average rate of 80ma ', assuming the
ice wasindeed floating. Thisis far higher than thinning rates
of grounded ice immediately upstream, and must have been
caused by massive increases in basal melt and/or creep thin-
ning, on the floating ice tongue. Ice freeboard in 1997 was
approximately 75 m, so that H was about 690 m. Velocities
on the ice tongue were 6-7 kma ' during the 1980s (Echel-
meyer and Harrison, 1990), with little or no increase to-
wards the ice front, so creep rates then were probably quite
small. If this was also the case prior to 1997, the observed drop
in surface elevation implies an increase in basal melt rate of
up to 80ma ' or a creep thinning rate of as much as 0.12a "'
(~37 %10 ?s™"). The Jakobshavn floating ice tongue flows
between fjord walls that probably limit lateral creep to quite
small values, so the longitudinal and vertical creep rates have
approximately the same magnitude, expressed by:

. pighH — 2F 3
° ( AHB (©6)

(Thomas, 1973), where h is the ice-tongue freeboard and H its
thickness, pj is the density ofice, B is the temperature-depend-
ent ice hardness parameter averaged over ice thickness, and F'
is the “back force”, per unit width of ice tongue, associated
with shear past ice margins and over seabed beneath ice rum-
ples, and compression upstream of ice rises. For h = 75 m,
H= 690m and F = 0, this gives B~ 11x10’kPas"”,
assuming that all of the thinning was caused by creep, and
that rapid thinning of the floating-ice tongue after 1997 was
caused by a reduction of F' to zero. The temperature corres-
ponding to this value of B is approximately —8°C (Paterson,
1994, p.97). This may be close to the effective temperature of
the floating ice, considering that a thick, basal layer of tem-
perate ice hasbeen postulated for Jakobshavn Isbra (Iken and
others, 1993), much of the rest of the ice column could be
warmed by refreezing of abundant meltwater flowing into
crevasses and moulins below the equilibrium line at about
1100 m elevation, and the colder, near-surface ice is weakened
by deep crevasses. However, as the floating ice became thin-
ner, h and H in Equation (6) would become smaller, yielding
progressively smaller values for the creep rate €. Moreover,
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the back force F'is unlikely to have decreased to zero. Conse-
quently, increased basal melt was almost certainly respons-
ible for much of the thinning since 1997.

Melting from beneath ice shelves and floating ice tongues is
extremely sensitive to ocean conditions, with melting rates
ranging from a few cma ' to tens of ma ' (Jacobs and others,
1992; Rignot, 1996; Jenkins and others, 1997, Rignot and
Jacobs, 2002). There have been a number of observations show-
ing quite large temperature and salinity changes recently in
both the North Atlantic and the Arctic (Steele and Boyd,
1998; Dickson and others, 2000; Morison and others, 2000; Ser-
reze and others, 2000), and it is possible that increased basal
melting from floating ice tongues could result from these
changes. Figure 6 shows a time series of PDDs at Egedesminde
since 1949, and one of sea-surface temperatures (SS13) for the
same period, averaged over the four warmest months (July—
October) for the North Atlantic and Davis Strait at 50-65°N,
45-65°W (personal communication from S. Hakkinen, 2002).
These SSTs are averaged over 2.5° x 2.5° ice-free grid squares
during 1948—2001, and are the same as those used in the U.S.
National Centers for Environmental Prediction/U.S. National
Center for Atmospheric Research (NCEP/NCAR) re-analysis
(http: //www.cdc.noaa.gov/reanalysis.html).

The warming in the latter half of the 1990s extends to the
deeper ocean also, as shown by the TOPEX altimeter time
series from the same area (personal communication from S.
Hakkinen, 2002), and can be explained by decreased merid-
ional overturning during a strongly negative NAO, as
simulated by a numerical model (Hakkinen, 1999, 2001).
The sea-surface height (SSH) measured by TOPEX con-
tains signals both from vertical stratification changes and
from barotropic wind-driven effects. Although the latter
contribution increases towards high latitudes, the positive
trend of both SSTand SSH suggests that warming extended
deeper into the water column below the thin surface layer.
This is supported by temperature profiles measured in the
West Greenland Current at about 60.5° N, showing a steady
increase of the maximum temperature in the current from
3.5°C in 1994 to 4.8°C in 1999, and temperature profiles
from 20-500m depth at three stations over the West Green-
land Slope near 60° N showing an increase in the average
temperature from 3.7°C for 1990-95 to 4.1°C for 19962000
(personal communication from J. Lazier, 2002). The SSTs
show a similar pattern to the Egedesminde PDD values,
suggesting that summer temperatures along the west coast
of Greenland are driven by nearby ocean conditions. Both
show recent values higher than at any time since the 1960s,
with the intervening period coinciding with a more-or-less
stable location for the Jakobshavn ice front.

6. CONCLUSIONS

Recent substantial thinning of the grounded part of Jakobs-
havn Isbrae results from dynamic processes rather than
increased melting or reduced snowfall. It could be partly
explained by glacier acceleration induced by increased
basal lubrication as excess surface meltwater drains to the
glacier bed. However, highest thinning rates are inferred
for the floating ice tongue, implying increased basal melt
rates and/or increased longitudinal creep rates, with the
strong probability that both mechanisms are required to
explain the extremely high thinning rates. Increased creep
rates would result from a reduction in the back force acting

238

https://doi.org/10.3189/172756503781830764 Published online by Cambridge University Press

on the floating ice tongue. The back force is probably caused
by resistance from shear past the fjord sides, iceberg frag-
ments choking the fjord, and grounded areas such as ice
rumples A-D identified in Figure 5. Ice rumples A-C
started to thin after 1997, so a large reduction in F is most
readily explained by substantial weakening of these and the
largerice rumples (D) to the south of our survey line, as sur-
rounding areas of the floating tongue thinned sufficiently
for the ice to float free. This thinning could have been
initiated by an increase in basal melt rates on the floating
ice tongue as ocean temperatures began to increase after
the warm summer of 1995, when dynamic thickening rates
on the floating tongue began to decrease.

The ice front advanced about 3 km between 1991 and
1997, followed by a 4km retreat, and an apparent 2km
advance between 1999 and 2001. However, the floating ice
tongue in May 2001 was deeply fractured within 6 km of the
ice front, and a Landsat image from 7 July 2001 showed that
most of this ice had calved, with the ice front approximately
at the location of ice rumple A in Figure 5. This ice rumple
appears to have become ungrounded by May 2001 following
very rapid thinning between 1999 and 2001 (Fig. 4), and the
other ice rumples (B and C in Fig. 5) also thinned appreci-
ably after 1999. We should note that most of our measure-
ments were made over the slower, northern branch of the
glacier and the region of slow-moving ice between the north-
ern and southern branches, suggesting the possibility that
observed thinning is simply indicative of a slow-down of the
northern branch. However, the thinning zone extends into
the region of slower-moving ice, and many spot measure-
ments over the rest of the glacier basin also show appreciable
thinning. Consequently, we believe that our observations are
indicative of conditions over the entire glacier. Following our
most recent survey, summer temperatures were also high for
2001, with the annual PDD at Egedesminde higher than for
any year since 1960 (Fig. 6), and a strong probability of con-
tinued thinning and possible ungrounding of the remaining
ice rumples. This could lead to a retreat of the calving ice
front to a new position at the grounding line (G in Fig. 5),
where the ice sharply rises inland. This position is close to
large icefalls, presumably overlying shallow bedrock, that
separate the main, southern branch of the glacier from its
slower, northern branch. The two branches would then calve
directly into the ocean, and would probably continue to thin
further inland towards a new configuration consistent with
the loss of buttressing by the floating tongue. Since this
paper was first submitted for publication, in March 2002, a
moderate-resolution imaging spectrometer (MODIS) image
from  July 2002 (http://modis.gsfc.nasa.gov/gallery
DB_DATE=2002-07-20) showed that the ice front had
retreated about 3 km from its position in Figure 5.
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