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Changes in the Velocity Structure
of the Greenland Ice Sheet
Eric Rignot1* and Pannir Kanagaratnam2*

Using satellite radar interferometry observations of Greenland, we detected widespread glacier
acceleration below 66- north between 1996 and 2000, which rapidly expanded to 70- north in
2005. Accelerated ice discharge in the west and particularly in the east doubled the ice sheet mass
deficit in the last decade from 90 to 220 cubic kilometers per year. As more glaciers accelerate
farther north, the contribution of Greenland to sea-level rise will continue to increase.

T
he contribution of the Greenland Ice

Sheet to sea level is a problem of con-

siderable societal and scientific impor-

tance. Repeat-pass airborne laser altimetry

measurements (1) showed that the ice sheet is

nearly in balance in the interior but its pe-

riphery is thinning, with deterioration concen-

trated along the channels occupied by outlet

glaciers (2). The most recent surveys revealed

that the mass loss from the periphery is in-

creasing with time, with approximately half of

the increase caused by enhanced runoff and

half by enhanced glacier flow (3).

Although these airborne surveys crisscrossed

a large fraction ofGreenland, they left major gaps

in glacier coverage, particularly in the southeast

and northwest. The mass loss from nonsurveyed

glaciers was estimated using an ice melt model,

thereby assuming no temporal changes in ice

flow. If glacier dynamics is an important factor,

the contribution to sea level from Greenland is

underestimated using this approach. To address

this issue and understand the exact partitioning

between surface mass balance and ice dynamics,

it is essential to estimate glacier discharge and its

variability over time.

Here, we measure glacier velocities using

satellite radar interferometry data collected by

Radarsat-1 in fall 2000 (4, 5) along the entire

coast of Greenland except the southwest (Fig.

1) and repeatedly in spring and summer 2005

along selected tracks covering major glaciers.

We also use European Remote Sensing satel-

lites ERS-1 and ERS-2 data from winter 1996

in the north, east, northwest, and central west,

and Envisat Advanced Synthetic Aperture

Radar (ASAR) data from summer 2004 in the

southwest. Ice velocity is measured with a

precision of 10 to 30 m/year depending on

satellite, data quality, and processing and is

combined with ice thickness to calculate ice

discharge.

Ice thickness is estimated with a precision

of 10 m from airborne radio echo sounding

data collected in 1997 to 2005 (6). Although

grounding-line thicknesses of glaciers extend-

ing into floating ice tongues in the north are

well known, ice thickness is difficult to mea-

sure at the fronts of calving glaciers in other

parts of Greenland where no floating ice

tongues develop. Ice thickness is only known

several km upstream of the ice fronts. Ice fluxes

are thus calculated at these upstream flux gates

with a precision of 4%. Ice-front discharge is

deduced from the upstream flux by subtracting

a zero-anomaly surface mass balance (7)

between the flux gate and the ice front. The

correction is small (Table 1). Ice-front dis-

charge is initially calculated for 1996 if data are

available; otherwise, it is calculated for 2000.

Ice-front discharge in subsequent years is

obtained by multiplying the reference discharge

by the percentage velocity increase averaged at

the ice front, with a precision reduced to 10%

because ice thickness is assumed to be steady.

This approach alleviates the lack of frontal

thickness data, accounts for higher dynamic

losses nearer to the ice fronts, but omits dy-

namic losses below flux gates in the reference-

year calculation. Mass loss for each glacier

system is deduced from the ice-front discharge

in excess of the zero-anomaly surface mass

balance calculated for the entire drainage, with

a precision of 14% (Table 1).

We examined the seasonal variability in flow

speed of major glaciers in fall 2000. We found

no velocity change fromSeptember to January at

the 1% level over the 24-day averaging period of

Radarsat-1. On the Petermann Glacier (1 in Fig.

1), a continuous set of observations in 2004

reveals an 8% increase in the summer months

compared to winter (Fig. 2A). A similar sea-

sonality is detected on Nioghalvfjerdsbrae and

all southeast Greenland glaciers and has been

observed on Jakobshavn Isbrae (8) and Colum-

bia Glacier, Alaska (9). Winter velocities are

therefore only 2% lower than the annual means,

and flow changes must exceed 8% to be sig-

nificant. No seasonal correction is applied to

our data to compensate for the fact that surface

velocities may represent 97 to 99% of vertically

integrated velocities at the flux gates.

A nearly comprehensive estimate of ice

discharge around Greenland is obtained for year

2000, and partial coverage for 1996 and 2005.

The results are used to detect changes in ice

discharge around the periphery caused by ice

dynamics alone and determine their impact on

ice sheet mass balance, independent of temporal

changes in surface mass balance, i.e., accumu-

lation and melt.

Many changes in velocity are observed in the

north, but they are of little consequence to total

mass balance. Harald Moltke Glacier was

surging in 2005 after a quiescent phase. Nearby

Tracy and Heilprin glaciers accelerated 40% and

18% in 2000 to 2005 (Fig. 2L), but the corre-

sponding mass loss is small. Petermann Glacier

has been stable since 1996, and its mass balance

remains slightly negative. Academy Glacier

tripled its speed in 2005 (Fig. 2C), which is

typical for northern Greenland surge-type gla-

ciers; its mass balance averages zero over the

last decade. Farther east, the mass losses from

decelerating Nioghalvfjerdsbrae and accelerat-
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ing Zachariae IsstrLm compensate for the mass

gain of decelerating StorstrLmmen, a surge-type

glacier in a quiescent mode (Fig. 2D). Overall,

the northern sector exhibits a small mass loss

(Table 1).

In central east Greenland, no flow change is

detected on Daugaard-Jensen (Fig. 2E) and

Vestfjord glaciers (area 9) in 1996 to 2005.

The 3.7-km/year frontal speed of Daugaard-

Jensen is identical to that measured in 1969

(10), and the glacier is in balance. Immedi-

ately south, Kangerdlugssuaq Glacier has been

stable in speed since 1962, but was thinning

and losing mass in 1996 (11). The glacier

accelerated 210% in 2000 to 2005 (Fig. 2F)

to flow 13 to 14 km/year at the calving front,

which is the largest speed in Greenland. The

ice front retreated about 10 km. The 8-km/year

additional frontal speed over the last 30 km

must have longitudinally stretched the 1-km-

thick ice to thin it by 250 m. The acceleration

increased the mass loss from 5 km3 ice/year

in 1996 (12) to 36 km3 ice/year in 2005

(Table 1), which is 6% of Greenland_s total

accumulation.

Farther south, Helheim Glacier exhibited a

positive mass budget in 1996 to 2004 (12) but

was thinning at low elevation in the 1990s (2).

In 2000 to 2005, the glacier accelerated 60%

and retreated 5 km (Fig. 2G). The 6-km/year

increment in speed over 40 km must have

thinned the glacier by 75 m. Its mass balance

decreased from positive in 1996 to j12 km3

ice/year in 2005, which is half the glacier

annual accumulation.

Even more pronounced changes are taking

place in the southeast, where most glaciers have

no names (names in Fig. 2I are mostly associated

with fjords) and are rarely visited. Snow accu-

mulation is the highest in Greenland, causing

high rates of ice discharge per unit area. This

region was rapidly thinning up to the ice divide in

the 1990s (1) and losing 17 km3 ice/year over

38,000 km2 in 1996 (12). Here, we estimate a

29-km3/year ice loss over a more compre-

hensive area of 73,700 km2 in 1996 (Table 1).

The largest 21 glaciers accelerated 28.5% on

average between 1996 and 2000 and 57% in

1996 to 2005 (Fig. 2I). Flow acceleration varies

substantially among glaciers but remains wide-

spread and systematic. Most glacier fronts

retreated several km since 1996. Total loss in-

creased from 48 km3/year in 2000 to 67 km3/year

in 2005, which is twice the 1996 value.

Few large glaciers drain the south and

southwestern tips of Greenland because its

ablation area is much broader and less steep

than that in the southeast, so glacier ice discharge

at the coast is low. Ice was thickening inland and

thinning at low elevation in the 1990s (1). We

have no thickness data and few velocity data

for the largest glaciers. Nordbogletscher (area

14), Sermilik (area 15), and Kangiata nunata/

Narssap sermia (area 17) have, respectively,

balance fluxes of only 1, 6.5, and 6 km3 ice/year,

so potential mass losses from ice dynamics

are small. Kangiata nunata sermia sped up by

6% in 1996 to 2000 and 27% in 2000 to 2005,

whereas Narssap sermia sped up by 68% and

150% (Fig. 2K). In areas 18 and 19, where ice

flows only a few hundred meters per year, we

detected a 25% acceleration in 2000 to 2005

(Fig. 2J). This region is unlikely to experience a

positive mass balance at present.

Jakobshavn Isbrae underwent a 95% increase

in frontal speed in 1996 to 2005 during the

progressive breakup of its floating ice tongue

(13, 14) (Fig. 2H). In retreat since before the

beginning of the century, the glacier was

thickening in 1993 to 1998 (2) and then

thinning (15). Its ice flux, deduced from radio

echo sounding and seismic data (16), was 27

km3 ice/year in 1996. Ice discharge increased

from 24 km3 ice/year in 1996 to 46 km3 ice/year

in 2005 (Table 1).

Farther north, Kangilerngata and Eqip sermia

accelerated by 30% in 2000 to 2005, but the ad-

jacent larger Sermeq avangnardleq and kujatdleq

slowed down by 11% (Fig. 2M), so overall losses

did not change. Rinks Isbrae (area 23) did not

accelerate in 2000 to 2005 (Fig. 2N) but ex-

hibits a negative mass balance. Similarly,

Upernavik IsstrLm is 30% out of balance and

Fig. 1. Ice-velocity mo-
saic of the Greenland Ice
Sheet assembled from
year 2000 Radarsat-1 ra-
dar data, color coded on
a logarithmic scale from
1 m/year (brown) to 3
km/year (purple), over-
laid on a map of radar
brightness from ERS-1/
Radarsat-1/Envisat. Drain-
age boundaries for flux
gates in Table 1 are in
red. Drainage boundaries
with no flux estimates but
discussed in the text are
in blue. Numbers refer to
drainage basins inTable 1.
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continues a retreat started early in this century

(17). Mass balance is strongly negative as well

for Igdlugdlip and Nunatakavsaup sermia,

Steenstrup, Kong Oscar, Peary, DLcker Smith,

and Gades glaciers, and probably all glaciers

flowing from the high-accumulation northwest-

ern belt. The fastest glacier, Kong Oscar,

accelerated by 12% in 1996 to 2000 and none

in 2000 to 2005 (Fig. 2O). Overall, flow ac-

celeration north of 70-N is subdued or absent

compared to that in the south. The largely

negative mass balance of the northwest sec-

tor, however, which is consistent with its ob-

served dynamic thinning (1, 2), suggests that the

glaciers were already flowing above balance

conditions in 1996. Comparison of the 2000

ice-front velocities with those measured in

1957/58 to 1964 in areas 20 to 23 (18) shows

no detectable change in speed at the 10% level.

If ice dynamics is the cause of thinning, glacier

acceleration took place before 1957, and the

year 2000 glacier losses have prevailed for

many decades.

Glacier losses caused by ice dynamics alone

are summarized in Table 1 for north, east, and

west Greenland. The largest contributions are

from southeast and northwest Greenland in

1996 to 2000, with the addition of central east

and west in 2000 to 2005 because of the accel-

eration of only three large glaciers. These esti-

mates do not include glaciers draining from local

ice caps, southwest Greenland glaciers, and

small eastern glaciers south of StorstrLmmen

with low levels of ice discharge.

To obtain the total ice sheet loss, we need to

combine the calculated losses from ice dynamics

in Table 1 with deviations in surface mass

balance from the long-term average calculated

elsewhere. Climate warming in the last decade

has enhanced surface melt and slightly increased

snow precipitation to reduce the surface mass

balance compared to the 1960 to 1990 average

by an estimated 35 km3 ice/year in 1996 and 46

km3 ice/year in 2000 (19), which we linearly

extrapolate to 57 km3 ice/year in 2005. Total ice

sheet loss, combining dynamic losses and devia-

tions from a zero-anomaly surface mass balance,

is then 91 T 31 km3 ice/year in 1996, 138 T 31

km3 ice/year in 2000, and 224 T 41 km3 ice/year

in 2005.

Greenland_s mass loss therefore doubled in

the last decade, well beyond error bounds. Its

contribution to sea-level rise increased from

0.23 T 0.08 mm/year in 1996 to 0.57 T 0.1

mm/year in 2005. Two-thirds of the loss is

caused by ice dynamics; the rest is due to en-

hanced runoff minus accumulation. Ice dynamics

therefore dominates the contribution to sea-level

rise from the Greenland Ice Sheet.

Glacier acceleration in the east probably

resulted from climate warming. Temperature

records at Angmassalik (65.6-N, 37.6-E) show a

þ3-C increase in yearly air temperature from

Table 1. Mass loss of the Greenland Ice Sheet. A, area of drainage basin;
F, ice flux upstream of ice front in 1996 (2000 if 6th column is blank); D,
discharge (D 0 F j surface mass balance between gate and ice front);
SMB, surface mass balance over entire drainage; MB, mass balance (MB 0
SMB j D). Missing values in 6th and 8th columns are replaced by 7th

column in totals. Loss of nonsurveyed west glaciers is extrapolated from
average loss per unit area for areas 21 to 31. Area 19 is for flux gate
only. Total ice sheet mass balance, Total þ SMB anomalies 0 Total (ice
dynamics for North þ East þ West) þ deviations in SMB from 1960 to
1990 average (19).

Glacier A (km2) F (km3/year) D (km3/year) SMB (km3/year) MB 1996 (km3/year) MB 2000 (km3/year) MB 2005 (km3/year)

Tracy/Heilprin (32) 10,439 2.4 1.9 1.7 j0.2 j0.2 j1.0
Humboldt (33) 47,370 5.6 3.7 2.4 j1.3 j1.3
Petermann (1) 73,927 12.2 11.8 11.1 j0.7 j0.7 j0.7
Ryder (2) 29,832 4.3 3.6 4.2 þ0.6 þ1.0 þ0.5
Ostenfeld (3) 11,166 2.2 1.9 1.5 j0.4 j0.4
Academy/Hagen (4) 32,386 3.7 3.5 3.4 j0.1 þ1.1 j0.7
Nioghalvfjerdsbrae (5) 103,314 14.3 13.5 11.5 j2.0 j1.0 j0.1
Zachariae I. (6) 91,780 11.7 9.9 9.4 j0.5 j0.5 j1.7
Storstrømmen (7) 64,662 6.8 0.1 2.4 þ2.2 þ2.3 þ3.3

North 464,876 62.8 50.0 47.6 j2.4 j0.7 j2.3

Daugaard-Jensen (8) 50,150 10.5 10.0 10.0 þ0.0 þ0.0 þ0.0
Kangerdlugssuaq (10) 51,027 27.9 27.8 22.6 j5.2 j5.2 j35.8
Helheim (11) 48,140 26.2 26.3 30.1 þ3.8 þ3.8 j12.0
Ikertivaq (12) 10,327 10.3 10.1 9.2 j0.9 j3.0
Southeast (13) 63,413 67.4 66.8 37.5 j29.3 j48.3 j67.4

East 223,057 142.3 141.0 109.4 j31.6 j50.6 j118.2

Nordenskiold (19) 62,647 10.7 10.7 14.1 þ3.4 j0.7
Jakobshavn I. (20) 92,080 27.0 23.6 30.0 þ6.4 j12.5 j16.0
Sermeq kujatdlEq. (21) 25,647 10.9 10.0 6.8 j3.2 j3.2
Kangerdlugssup (22) 7110 2.7 2.4 1.9 j0.5 j0.5
Rinks (23) 30,182 12.1 11.8 10.6 j1.2 j1.2
Upernavik (24) 22,471 8.6 8.1 6.0 j2.1 j2.1
Nunatakavsaup (25) 14,680 4.7 3.8 2.3 j1.5 j1.5
Igdlugdlip (26) 23,802 7.1 6.2 5.4 j0.8 j0.8
Hayes (27) 34,803 10.9 9.9 8.7 j1.2 j1.2
Steenstrup (28) 6,010 1.3 0.8 1.2 þ0.4 þ0.4
Kong Oscar (29) 21,134 8.5 8.3 6.8 j1.5 j1.5 j1.8
Peary/Docker (30) 12,717 8.5 7.8 4.2 j3.6 j3.6
Gades (31) 2,983 3.3 3.2 1.1 j2.1 j2.1
Nonsurveyed (30-31) 165,084 64.4 59.2 45.0 j14.2 j14.2 j14.4

West 521,350 180.7 165.8 144.1 j21.7 j40.6 j47.0
Total 1,209,280 386 357 301 j56 T 30 j92 T 30 j167 T 40
Total þ SMB anomalies j91 T 31 j138 T 31 j224 T 41
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Fig. 2. Ice velocity (in
meters per year) for 1996
(black), 2000 (blue), and
2005 (red) of Greenland
glaciers versus distance. In
(A) to (D) and (I) to (O),
the selected velocity pro-
files cross the glaciers
within a few km of the
ice front, and distance is
measured in a direction
perpendicular to the gla-
cier flow (west-east or
north-south). In (E) to
(H), the selected velocity
profiles are in the along-
flow direction, at the gla-
cier center line, starting
from above the flux gate
(left side of the axis,
negative distance) toward
the ice front (right side
of the axis, positive dis-
tance). (A) Petermann
(1); (B) Ryder (2); (C)
Academy/Hagenbrae (4);
(D) Nioghalvfjerdsbrae/
Zachariae Isstrøm (6, 7);
(E) Daugaard-Jensen (10);
(F) Kangerdlugssuaq (11);
(G) Helheim (12); (H)
Jakobshavn Isbrae (20);
(I) Southeast (12, 13);
(J) Southwest (19); (K)
Kangiata nunata/Narssap
(17); (L) Tracy, Heilprin
(32); (M) Sermeq
kujatdleq (21); (N) Rinks
Isbrae, Kangerdlugssup
(22, 23); (O) Kong Oscar,
Peary (29, 30). Arrows in
(E) to (H) indicate ice-
front positions on differ-
ent years.
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1981–1983 to 2003–2005. The processes that

control the timing and magnitude of glacier

changes are, however, not completely charac-

terized and understood at present. Glacier

accelerations have been related to enhanced

surface meltwater production penetrating to the

bed to lubricate its motion (20), and ice-shelf

removal (13), ice-front retreat, and glacier

ungrounding (21, 22) that reduce resistance to

flow. The magnitude of the glacier response to

changes in air temperature (surface melting)

and ocean temperature (submarine melting at

calving faces) also depends on the glacier-bed

properties, geometry, and depth below sea level

and the characteristics of the subglacial and

englacial water-storage systems (3, 20). Cur-

rent models used to project the contribution

to sea level from the Greenland Ice Sheet in a

changing climate do not include such physi-

cal processes and hence do not account for

the effect of glacier dynamics. As such, they

only provide lower limits to the potential

contribution of Greenland to sea-level rise. If

more glaciers accelerate farther north, espe-

cially along the west coast, the mass loss

from Greenland will continue to increase well

above predictions.
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Transitions to Asexuality Result in
Excess Amino Acid Substitutions
Susanne Paland and Michael Lynch

Theory predicts that linkage between genetic loci reduces the efficiency of purifying selection.
Because of the permanent linkage of all heritable genetic material, asexual lineages may be
exceptionally prone to deleterious-mutation accumulation in both nuclear and organelle genes.
Here, we show that the ratio of the rate of amino acid to silent substitution (Ka/Ks) in mitochondrial
protein-coding genes is higher in obligately asexual lineages than in sexual lineages of the
microcrustacean Daphnia pulex. Using a phylogeny-based approach to quantify the frequency of
mutational-effect classes, we estimate that mitochondrial protein-coding genes in asexual lineages
accumulate deleterious amino acid substitutions at four times the rate in sexual lineages. These
results support the hypothesis that sexual reproduction plays a prominent role in reducing the
mutational burden in populations.

A
lthough sexual reproduction is costly

when compared with asexual repro-

duction (1–3), it may accelerate the

rate of adaptation and inhibit the accumulation

of mildly deleterious mutations, because mei-

otic segregation and recombination facilitate

the ability of natural selection to act indepen-

dently on different genetic loci (2–6). These

effects arise because the stochastic sampling

variance associated with the interference be-

tween selection on linked loci reduces the

genetic effective population size (N
e
), which

increases the power of random genetic drift

(7–9). As the frequency of recombination is

reduced, the fates of mutant alleles become in-

creasingly dependent on the backgrounds in

which they originate, and the buildup of

repulsion disequilibrium reduces the fitness

differential between chromosomes (the Hill-

Robertson effect) (7), thereby diminishing the

efficiency of selection. As a consequence, mildly

deleterious mutations may accumulate through

several population-genetic mechanisms (10–15),

leading to a long-term decline in fitness. De-

pending on the distribution of mutational effects,

epistatic interactions between consecutive muta-

tions can either slow or accelerate this process

(16). Although increased rates of nonadaptive

evolution have been documented for genomic

regions with low levels of recombination and for

nonrecombining chromosomes (17, 18), and it is

thought that few asexual taxa persist for long

periods of time (19), it remains to be determined

whether mildly deleterious mutations play a

critical role in their early demise (20).

To evaluate the degree to which sexual

reproduction promotes the purging of deleteri-

ous mutations, we compared patterns of nucle-

otide substitution in the 13 protein-coding genes

encoded by the mitochondrial genomes (sup-

porting online text) of cyclically parthenogenetic

(Bsexual[) Daphnia pulex with those in their

obligately parthenogenetic (Basexual[) deriva-

tives (table S1). The latter represent indepen-

dent lineages of recent origin resulting from a

dominant sex-limited meiosis suppressor trans-

mitted by male progeny of otherwise asexual

lineages (21, 22). We reconstructed a phylog-

eny by application of a Bayesian method (23).

Because this species is ancestrally sexual and

reversals of asexuality to sexuality are unlikely

(and unknown), asexual evolution is rep-

resented by sequence changes on branches

connecting current asexuals with their most

recent sexual ancestors. However, because

asexuality may have actually arisen part way

down a given asexual branch, the true differ-

ences between sexual and asexual sequence

evolution reported below will be underesti-

mated, making our test conservative.

The predicted molecular signature of

deleterious-mutation accumulation for genes

mostly subject to purifying selection (K
a
/K

s
G 1)

is an increased rate of evolution at the amino

acid level, whereas genes predominantly under
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