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ABSTRACT
The authors attribute significantly increased Greenland summer warmth and Greenland Ice Sheet melt
and runoff since 1990 to global warming. Southern Greenland coastal and Northern Hemisphere summer
temperatures were uncorrelated between the 1960s and early 1990s but were significantly positively correlated thereafter. This relationship appears to have been modulated by the North Atlantic Oscillation, whose
summer index was significantly (negatively) correlated with southern Greenland summer temperatures until
the early 1990s but not thereafter. Significant warming in southern Greenland since ⬃1990, as also evidenced from Swiss Camp on the west flank of the ice sheet, therefore reflects general Northern Hemisphere
and global warming. Summer 2003 was the warmest since at least 1958 in coastal southern Greenland. The
second warmest coastal summer 2005 had the most extensive anomalously warm conditions over the
ablation zone of the ice sheet, which caused a record melt extent. The year 2006 was the third warmest in
coastal southern Greenland and had the third-highest modeled runoff in the last 49 yr from the ice sheet;
five of the nine highest runoff years occurred since 2001 inclusive. Significantly rising runoff since 1958 was
largely compensated by increased precipitation and snow accumulation. Also, as observed since 1987 in a
single composite record at Summit, summer temperatures near the top of the ice sheet have declined slightly
but not significantly, suggesting the overall ice sheet is experiencing a dichotomous response to the recent
general warming: possible reasons include the ice sheet’s high thermal inertia, higher atmospheric cooling,
or changes in regional wind, cloud, and/or radiation patterns.

1. Introduction
The Greenland Ice Sheet (GrIS) contains ⬃7.4-m
global sea level equivalent and is vulnerable to ongoing
anthropogenic climate change (Gregory et al. 2004).
Therefore, it is essential to establish its current state of
mass balance and climatic sensitivity, and detect any
warning signs that might be a guide to its future response. Observationally based studies have provided
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intriguing insights into recent mass balance changes of
the GrIS. Airborne and satellite laser-altimetry data
analyses were used to derive an overall volume loss of
60 km3 yr⫺1 in 1993/4–1998/9; that increased to 80 km3
yr⫺1 in 1997–2003 (Krabill et al. 2000, 2004; Thomas et
al. 2006). Various recent analyses of Gravity Recovery
and Climate Experiment (GRACE) satellite data suggest much greater mass (volume) losses of the order of
101–226 Gt yr⫺1 (111–248 km3 yr⫺1) within the last few
years (2002–2006; Chen et al. 2006; Luthcke et al. 2006;
Ramillien et al. 2006; Velicogna and Wahr 2006), but
there is considerable scatter and uncertainty in and between these pioneering estimates.
Satellite radar interferometry (InSAR) was used to
observe acceleration of several Greenland outlet glaciers, which appear to have been progressing northward
since 1996, with an accompanying apparent doubling of
the ice sheet’s volume deficit from 90 to 220 km3 yr⫺1
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(Rignot and Kanagaratnam 2006). Recent dramatic
changes in some Greenland margin glaciers are a likely
response to recent climatic warming through either a
meltwater percolation dynamic feedback mechanism
(Zwally et al. 2002; Parizek and Alley 2004) or oceanic
erosion of calving fronts (Howat et al. 2005; Thomas
2004). On the other hand, altimetry data (Johannessen
et al. 2005; Thomas et al. 2005; Zwally et al. 2005) suggest that there appears to have been significant (⬃2–5
cm yr⫺1) growth of the GrIS interior above 2000-m
elevation from 1992 to 2003/4, which may be attributed
to increased atmospheric moisture and precipitation
and/or shifting storm tracks (Hanna et al. 2006). However, because of short data spans (around one decade),
such studies have yet to provide a more convincing multidecadal perspective on how the GrIS might be responding to long-term climatic change, most notably the
evident global warming since the 1970s (Alley et al. 2007).
Here we analyze updated summer temperature
records from various Greenland stations and meteorological reanalyses, and conduct a comparative analysis
of Greenland summer temperatures with Northern
Hemisphere temperatures and the North Atlantic Oscillation. This is to provide a multidecadal climatic context for—and therefore help assess the significance of—
recent changes in GrIS precipitation, runoff, and surface mass balance, as we also update and reanalyze
records for the latter in this paper. Through our synthesis of various key Greenland meteorological and glaciological datasets and model output, we statistically
assess the significance of recent (last few years’) warm
and/or high snowmelt and/or meltwater runoff summers and relate them to general Greenland and hemispheric climatic trends.

2. Recent significant Greenland warming and
record high temperatures
Monthly air temperature records from eight Danish
Meteorological Institute (DMI) synoptic stations around
the coast of Greenland (located mainly in the southwest
but including Tasiilaq in the southeast) show pronounced warming since the early 1990s (Figs. 1 and 2).
The warming follows an overall regional cooling trend
between 1958 and 1992, concentrated in winter in the
1960s to 1980s (Hanna and Cappelen 2003). Hereafter
in this paper, we present results of significance testing
of temperature (and other) time series, highlighting p,
the probability of the observed temperature (or other)
trend over time occurring by chance rather than indicating a significant relationship: if p is less than a constant threshold (␣ ⫽ 0.05), the trend relationship is
deemed significant; n is number of years in the sample.
Trend-line changes greater than the standard deviation,

VOLUME 21

FIG. 1. Location map showing the Greenland climate stations
used in study.

, in the sample are also likely to be significant, so we
make this comparison too. Summer trends of the 7-station DMI average (i.e., excluding Kangerlussuaq because of its relatively short record) indicate significant
warming for 1991–2006 of 1.7°C ( ⫽ 0.8°C, p ⫽ 0.025,
n ⫽ 16) compared with insignificant cooling for 1961–90
of ⫺0.5°C ( ⫽ 0.7°C, p ⫽ 0.28, n ⫽ 30) and significant
annual warming for 1961–2006 of 0.9°C ( ⫽ 0.8°C, p ⫽
0.023, n ⫽ 46). The DMI data are the most comprehensive meteorological records available for Greenland’s
coastal region and have been homogenized—most notably the original observations have been checked and
the data compared with time series of related climatic
elements for the same stations—with the specific purpose of studying long-term climatological trends (Cappelen et al. 2001). Fortunately for our purposes, the
DMI data also reflect changing meteorological conditions on the adjacent low-lying marginal ablation zone
of the ice sheet, where much of the seasonal melt and
subsequent runoff occurs.
For the DMI station average, 2003 was the warmest
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FIG. 2. (a) JJA mean temperature 1958–2006 at Greenland climate stations (their locations
are shown on Fig. 1). (b) Greenland summer mean temperature from mean of 7 DMI stations
(Fig. 1, except Kangerlussuaq) compared with Northern Hemisphere summer mean temperature, with 5-yr running means of both series. Note some early years in Greenland/Northern
Hemisphere antiphase (e.g., 1965, 1971, 1983), as highlighted by the disparate running means,
but the post-Pinatubo (1992 onward) period shows much better agreement in terms of interannual variability, correlation, and strong upward trends.

summer [June–August (JJA)] on record, with a mean
temperature of 8.1°C at 3.3 above the most recent
climatological “normal” period (1971–2000) mean
(Table 1, Fig. 2). The second warmest summer was 2005
(7.6°C) at 2.5 above the 1971–2000 mean. 2005 was
more than half a degree warmer than the third warmest
summer 2006 (7.07°C), which was closely followed by
2001 (7.02°C), 1965 (7.00°C), and 2004 (6.97°C). The
four warmest summers on record were within the last
six years. Since about half the annual runoff from the
GrIS occurs in July, we separately examined the DMI
July temperature series (not shown). This analysis also
revealed 2003 and 2005 as the joint warmest years at
8.7°, and both were 2.3 above the long-term (1971–
2000) mean.

TABLE 1. The 10 warmest summers (JJA) of the 7-station DMI
average representing coastal southern Greenland during 1958–
2006 (see Fig. 1 for station locations).

Rank

Year

Temperature
(°C)

Anomaly ( with respect
to 1961–2006 mean)

1
2
3
4
5
6
7
8
9
10

2003
2005
2006
2001
1965
2004
1991
1997
1987
2000

8.14
7.60
7.07
7.02
7.00
6.97
6.89
6.86
6.85
6.78

2.61
1.89
1.20
1.13
1.11
1.07
0.96
0.92
0.91
0.82
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The Greenland Climate Network (GC-Net) automatic weather station (AWS) Swiss Camp (1169 m
masl) record (Steffen and Box 2001) was used to gauge
observed temperature changes on the western flank of
the GrIS, where extensive seasonal melt and relatively
high runoff from this relatively low-elevation zone contribute a large proportion of the total GrIS runoff (Box
et al. 2006; Hanna et al. 2005). This record, by far the
longest GC-Net series, spans 15 yr (1991–2005), and its
interannual variability is significantly correlated with
that of the mean of the 7 DMI coastal stations (detrended series r ⫽ 0.65, p ⬍ 0.01; Fig. 2a). Similar to the
positive (7-station mean) DMI temperature trend, Swiss
Camp summer mean temperatures increased significantly
by 2.2°C ( ⫽ 1.2, p ⫽ 0.017, n ⫽ 15; corrected for 25-mvertically down-glacier movement of the station) since
1991. The recent three summers 2003–05 were almost
equally record warm years (mean temperatures 0.3°,
0.3°, and 0.35°C) at Swiss Camp, alongside 1995
(0.5°C). The latter season has been previously noted for
its relatively high modeled runoff compared with most
other years 1958–2003 (Hanna et al. 2005).
A reprocessed and updated 1987–2005 near-surface
(⬃1–1.5-m) air temperature series for Summit (3205-m
elevation; Shuman et al. 2001) shows slight but insignificant overall ⫺0.3°C ( ⫽ 1.4°C, p ⫽ 0.81, n ⫽ 19)
cooling in summer, in contrast to all the other Greenland temperature records (all from much lower elevations and generally around the margins; Fig. 2a). This
new Summit series is a reanalyzed composite primarily
of University of Wisconsin and ongoing GC-Net AWS
data supported by Special Sensor Microwave/Imager
(SSM/I) brightness temperature data (Shuman et al.
1995, 1996, 2001). We apply a ⫺0.8°C temperature correction to the pre-1996 Summit summer series to compensate for inferred greater summer solar warming of
the older-style University of Wisconsin AWS (Shuman
et al. 2001). There is a highly significant correlation
between individual years’ fluctuations in the detrended
DMI and Summit series (detrended r ⫽ 0.78, p ⬍ 0.01;
Fig. 2a). Three hypothesized possible causes for the
disparate trends are 1) continued relative suppression
of more regional climatic change by thermal inertia of
the huge central Greenland ice mass as noted for Arctic
Ocean sea ice (Serreze and Francis 2006); 2) a differential response of the high-elevation zones of the GrIS
in accordance with the well-known lower-tropospheric
warming/higher atmospheric cooling response to increased greenhouse gases (Stott et al. 2006), which has
been demonstrated specifically for Greenland in a recent analysis of radiosonde data spanning 1964–2006
(Box and Cohen 2006); and/or 3) regional changes in
wind, cloud cover, or radiation patterns over the GrIS.
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Notably, this observed pattern (coastal/marginal warming combined with little change or slight cooling in the
high interior) is opposite to the output of simulations
from atmosphere–ocean general circulation models
(AOGCMs): in all high-resolution temperature
changes studied for the present century, Huybrechts et
al. (2004) and Gregory and Huybrechts (2006) found
that modeled summer warming is actually largest over
the Greenland interior and smallest along the coast.
The reason for this discrepancy is as yet unclear but
further analysis of the Summit composite temperature
time series is anticipated.
High-resolution (5 km ⫻ 5 km) surface air temperature (SAT) data were bilinearly interpolated from the
0.5°-resolution 40-yr European Centre for MediumRange Weather Forecasts (ECMWF) Re-Analysis
(ERA-40) and corrected for ECMWF terrain errors using empirically derived ice sheet surface lapse rates, as
explained in Hanna et al. (2005). These SAT data provide corroborating evidence for anomalously (3°–5°C)
high summer temperatures around the Greenland margins during recent noted warm/high melt summers,
which occurred most widely within the ice sheet’s
southern and western marginal ablation zones—therefore potentially affecting the largest swath of the
GrIS—in July 2005 (Fig. 3). However, the accumulation
zone of the GrIS (⬎2000-m elevation) had apparently
cold summer anomalies in 2003 and 2006, in contrast to
warm anomalies in more outer lying areas, in line with
the Summit temperature results discussed above.
Comparison of Greenland summer temperatures with
combined Hadley Centre and Climatic Research Unit
temperature data (HadCRUT3v) Northern Hemisphere
summer temperatures (Brohan et al. 2006; Jones et al.
1999; Rayner et al. 2003, 2006) reveals a nonsignificant
correlation (e.g., detrended r ⫽ 0.25 for 1961–81 and
detrended r ⫽ ⫺0.12 for 1971–91; p k 0.05) for much of
the record, followed by a significant positive correlation
since the early 1990s (e.g., detrended r ⫽ 0.72, p ⬍ 0.01
for 1992–2006; Fig. 2b and Fig. 4). All correlation values
are based on detrended data. Thus 1995, 1998, 2003,
and 2005 were unusually warm both in Greenland and
hemispherically, whereas 1996 and 1999 were relatively
cool years. Both Greenland and Northern Hemisphere
summer temperatures exhibit common strongly rising
trends since the early 1990s, although the earliest part
of this period (1992/3) marks the general temperature
recovery following cooling after the 1991 Mount Pinatubo volcanic eruption (Robock and Mao 1995).
We also report a significant inverse correlation for
much of the period (e.g., r ⫽ ⫺0.52, p ⬍ 0.05 for 1961–
81 and r ⫽ ⫺0.69, p ⬍ 0.01 for 1971–91) between
Greenland summer temperatures and a summer (JJA),
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FIG. 3. July near-surface (2-m) air temperature anomalies, with respect to mean July 1971–2000 temperature, for noted recent warm
summers (1995, 1998, 2002, 2003, 2005, and 2006) in Greenland from downscaled, orography-corrected ECMWF analyses.
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FIG. 4. Statistical relationship (15- and 21-yr correlations of detrended series) of JJA
Greenland coastal temperatures with JJA Northern Hemisphere temperatures and JJA NAO
index.

principal-component-based North Atlantic Oscillation
(NAO) index (the leading empirical orthogonal function of sea level pressure anomalies over 20°–80°N latitude, 90°W–40°E longitude; Hurrell 1995). However,
the Greenland summer temperature–summer NAO (inverse) relationship breaks down after the early 1990s.
We infer from our statistical analysis that the reason
for the recent strong Greenland–Northern Hemisphere
relation is the changes in atmospheric circulation depicted by the NAO, which became positive between the
1960s and 1980s before switching to a less positive or
more neutral state from the mid-1990s (Hanna and
Cappelen 2003; Overland and Wang 2005). We hypothesize that a less positive NAO may have reduced the
insularity of Greenland by encouraging advection of
warmer air masses over the ice sheet.

3. Significantly increased Greenland Ice Sheet
runoff and record 2005 melt extent
Here we link the updated results of modeled annual
runoff and observed surface melt time series including
summer 2006 (Fig. 5) to observed Greenland and global
temperature changes. Hanna et al. (2005) published the
first multidecadal GrIS runoff and surface mass balance
(SMB ⫽ net snow accumulation minus meltwater runoff) record, 1958–2003, and an independently derived
but shorter (1988–2004) GrIS SMB series is presented
in Box et al. (2006), with good agreement of the respective annual runoff values for overlapping years (detrended r ⫽ 0.86, p ⬍ 0.01). Hanna et al. (2005) modeled runoff using a positive degree-day model and re-

tention scheme to allow for seasonal meltwater
refrozen into the snowpack (Janssens and Huybrechts
2000), in conjunction with downscaled ECMWF meteorological (re)analysis data and empirically derived ice
sheet surface lapse rates. Hanna et al. (2005) showed
substantial variability of snow accumulation and surface meltwater runoff (respective standard deviations
12% and 25% of mean annual values), as well as a
statistically significant increasing trend in runoff since
the early 1990s. In the 46-yr record, the four highest
runoff years—1998, 2003, 2002, and 1995—were within
the last decade.
In our present 49-yr series (1958–2006), updated and
recalibrated from Hanna et al. (2005), 1998, 2003, and
2006 were respectively the first-, second-, and thirdhighest runoff years (Table 2; Fig. 5). The underlying
trend-line increase in runoff from 1958 to 2006 is 113.0
km3 (40.0% of mean 1958–2006 runoff), compared with
a standard deviation of the annual runoff values of 68.7
km 3 (24.3%), and is a significant increase ( p ⫽
0.000 351, n ⫽ 49). The five highest runoff years have
all occurred since and including 1995, and five of the
nine highest runoff years since 2001 inclusive (Table 2),
supporting the significantly rising trend found from regression analysis. The GrIS annual runoff and Greenland coastal JJA temperature series are significantly
correlated (detrended r ⫽ 0.51, p ⬍ 0.01). A high degree of correlation would be expected from our use of
a degree-day model, but it importantly confirms a close
correspondence between Greenland coastal temperatures and modeled conditions on the GrIS on a monthly
basis.
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FIG. 5. Greenland Ice Sheet precipitation, runoff, and surface mass balance (SMB ⫽ solid
precipitation minus evaporation minus runoff) series for 1958–2006, recalibrated and updated.
Note significantly rising trends in precipitation and runoff but negligible change in SMB.

Annual GrIS runoff is highly significantly correlated
(detrended r ⫽ 0.69, p ⬍ 0.01) with annual GrIS snowmelt area derived from passive microwave satellite data
(Abdalati and Steffen 1997; Fig. 6). The annual mean
daily snowmelt area shows a peak value for 2005
slightly, but not significantly, greater than the previous
maximum melt years of 1998 and 2002 (Fig. 6). Note
TABLE 2. Rank-ordered Greenland Ice Sheet runoff, precipitation, and SMB data for 1958–2006; all units are km3 yr⫺1 water
equivalent. Values greater than two standard deviations from the
mean annual value of that parameter are in bold.
Rank
1
2
3
4
5
6
7
8
9
10
40
41
42
43
44
45
46
47
48
49

Runoff
1998
2003
2006
1995
2002
1968
1985
2005
2001
1987
1973
1986
1961
1996
1970
1963
1972
1983
1964
1992

(452.7)
(407.2)
(403.1)
(390.9)
(390.6)
(388.2)
(363.2)
(351.7)
(349.8)
(346.8)
(229.9)
(226.1)
(213.1)
(208.4)
(200.3)
(195.9)
(177.2)
(168.0)
(156.9)
(141.1)

Precipitation
1972
1996
1976
2003
1983
1975
1964
1984
1997
2005
1974
1965
1962
1969
2006
1968
1982
1961
1971
1966

(767.2)
(755.5)
(752.3)
(707.1)
(701.8)
(689.0)
(684.6)
(684.1)
(680.8)
(678.3)
(541.1)
(540.4)
(538.7)
(535.9)
(535.6)
(528.5)
(524.1)
(519.9)
(499.4)
(456.8)

SMB
1972
1996
1983
1964
1976
1992
1975
1986
1984
1970
2002
1960
1969
1985
1995
1966
1971
1968
2006
1998

(590.0)
(547.1)
(533.9)
(527.7)
(496.1)
(490.1)
(421.1)
(410.5)
(399.5)
(397.9)
(253.2)
(248.0)
(229.3)
(200.5)
(198.6)
(197.2)
(175.1)
(140.3)
(132.5)
(114.5)

that satellite snowmelt data are only available since the
summer of 1979 as the Scanning Multichannel Microwave Radiometer (SMMR) sensor was launched in late
October 1978. The maximum melt extent over this period reached a new record of 43% of the total ice sheet
area in 2005, compared with a 1979–2005 mean maximum melt extent of 29% and a standard deviation of
6%. Similarly, an unequivocal new record melt area for
2005 was found from infrared satellite GrIS annual melt
data 1982–2005 (Comiso 2006). Rather than directly
implying increased runoff, this measure demonstrates
that warmer air masses reached higher elevations during summer 2005. Surprisingly, 2005 was only the
eighth-highest runoff year, despite being the record
high melt-area year (out of 1979–2006): this may be
attributed to relatively high GrIS precipitation/accumulation in 2005 (Table 2). The 2005 analysis highlights
the significance of variable accumulation and associated water retention and storage within the Greenland
snowpack.

4. Significantly enhanced Greenland Ice Sheet
precipitation/accumulation
Greenland Ice Sheet precipitation—downscaled
from ECMWF operational analyses and reanalyses
(Hanna et al. 2005)—follows a significantly increasing
trend of 90.9 km3 yr⫺1 (14.9%), compared with a standard deviation of 69.7 km3 yr⫺1 (11.4%), for 1958–2006
( p ⫽ 0.005 81, n ⫽ 49; Fig. 5). Additional precipitation,
mainly in the form of snow accumulation, therefore
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FIG. 6. Comparison of Greenland Ice Sheet annual runoff with satellite-derived snowmelt
area, 1979–2006.

largely (⬃80%) offsets rising Greenland runoff. There
is thus an insignificant negative trend in SMB of ⫺22.1
km3 over 1958–2006, compared with a standard deviation  of 104.8 km3 for the annual SMB values. The
insignificant SMB trend underlines the sensitive balance between increased snow accumulation in the interior of the ice sheet and increased meltwater runoff
around the edges. Additional mass loss from ice dynamics due to accelerated flow of outlet glaciers was
probably at least several times larger for the recent few
warmest years (Rignot and Kanagaratnam 2006).
Observations and models both indicate the occurrence of recent high snow accumulation events in winter 2004/05, concentrated in west Greenland (Nghiem
et al. 2007), and winter–spring 2002/03 in southeast
Greenland (Hanna et al. 2006; Krabill et al. 2004). Huybrechts et al. (2004) hypothesized that such events may
become more frequent in Greenland as storm tracks
intensify or shift position with climate change, for example, future greenhouse gas scenarios. On the other
hand, 2006 was the sixth-lowest precipitation year in
the 49-yr Greenland record, which, together with the
high 2006 runoff, resulted in the second-lowest annual
seasonal mass balance on record (Table 2).
Preconditioning of the snowpack and firn is very important for subsequent melt and runoff: in the GrIS
1958–2003 annual SMB series of Hanna et al. (2005),
high runoff years (except 2003) are generally synchronous with low precipitation/accumulation and vice
versa. More accumulation results in a higher albedo for
a longer time, which reduces absorbed energy available
for melt; the available surface energy needs to melt any
snow first before ice can melt in the ablation region; in
addition higher volumes of meltwater are retained in
the thicker snowpack, which tends to reduce net runoff.

These processes and related surface albedo changes are
implicitly taken into account in the different degree-day
factors for snow and ice used in our degree-day model,
and by the meltwater retention scheme. Low snow accumulation in 2006 (as well as high summer temperatures) may have contributed to the high 2006 runoff
(Fig. 5 and Table 2). However, the accumulation–
ablation relation is complex, modulated by other factors, including energy balance of the snowpack, and
timing, intensity and duration of precipitation and high
summer melt events.
Because of conflicting GrIS accumulation/ablation
(modeled) trends for the past half century, the GrIS
mass contributed by increased accumulation largely
(⬃75%–80%) offsets that lost from enhanced meltwater. Therefore, analysis of our modeled SMB series
does not clearly support climate-model predictions suggesting that increased Greenland accumulation may be
outweighed by rising runoff, yielding a net mass loss for
the ice sheet, in a warmer climate (Huybrechts et al.
2004). However, additional surface meltwater seeping
through to the bed of the ice sheet during warmer conditions may prompt increased flow speed of Greenland
outlet glaciers (Zwally et al. 2002), as seen in the InSAR results (Rignot and Kanagaratnam 2006).

5. Discussion and concluding remarks
The significant increases in observed Greenland margin summer temperatures and modeled runoff, the new
2003 and 2005 observed temperature and snowmelt
records, and highly significant correlation of recent
Greenland with Northern Hemisphere temperatures
since the early 1990s, collectively suggest that an expected response of the GrIS to global warming may
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well be emerging. This signal can be set against a background of natural variability, including regional
changes in atmospheric circulation related to the NAO.
We therefore place the recent studies concerning current GrIS mass balance changes that are typically restricted to a few years or at most a decade or so of
observations, in a longer-term (multidecadal) climatic
perspective. For example, the thinning of the margins
and volume loss of the GrIS derived from laser altimetry (Krabill et al. 2004; Thomas et al. 2006) is based on
11 yr of data and may well at least partly reflect the
strong warming trend since the early 1990s, but similar
surveys made during the 1970s and 1980s would have
obtained quite different results and perhaps even a different sign and pattern of elevation/volume changes.
The new Greenland summer warmth and snowmelt
records are also consistent in timing with recent increased losses of summer Arctic sea ice (Comiso 2006;
Shein 2006). Indeed, reduced extent and duration of
winter sea ice should expose Greenland to more advection from a warmer surrounding ocean, extend its
snowmelt and runoff seasons, and possibly lead to enhanced snow accumulation. High sea surface temperature (SST) anomalies around 1°–2°C are evident in the
northern North Atlantic surrounding southern Greenland in both the summers (June–August) of 2005 and
2006 (more information is available online at http://
iridl.ldeo.columbia.edu/maproom/.Global/.Ocean_
Temp/Anomaly.html), although small pools of cool water (0° to ⫺1°C anomaly) interestingly lay immediately
adjacent to the southeast Greenland coast, especially in
2006: this could indicate additional injection of relatively cold Greenland meltwater into the East Greenland Coastal Current (Bacon et al. 2002) in these high
melt and runoff years.
Our finding (from our reanalysis-based model results) that enhanced GrIS runoff is largely balanced by
increased snow accumulation, is subject to uncertainties
in our SMB model that are very hard to quantify, primarily because of the lack of ablation measurements
for validating modeled runoff. However, modeled accumulation has previously been validated against the
main Greenland network of shallow ice cores, with generally good statistical agreement of observed and modeled net snow accumulation (Hanna et al. 2006), and we
highlight once again the good agreement of our annual
runoff values with an independent GrIS runoff series
(Box et al. 2006) for the period of overlap. Also, surface
mass balance (including accumulation and runoff)
trends are less sensitive than absolute values to remaining model biases. Comparison of new higher-resolution
(1 km ⫻ 1 km) runoff/SMB model results against
sparse and localized but available spot historic mea-

surements of ablation should enable reevaluation of
this model result.
Southern Greenland was at least as warm during the
1930s/1940s, according to another analysis of annual
and summer air temperature data from just two available stations, Nuuk and Tasiilaq (Chylek et al. 2006), so
we expect that parallel increases in GrIS melt and runoff then occurred that are comparable with the last decade or so (1995–2006) records. The 1930s/1940s warm
phase affected high northern latitudes only, in contrast
to the more general global warming since ⬃1990 (Johannessen et al. 2004). However, the presence of an
early twentieth-century warm phase illustrates the sensitivity of the GrIS mass balance to changes in atmospheric circulation that affect the relative dominance of
regional versus hemispheric climate. Our statistical
analysis suggests that southern Greenland climate is
currently responsive to general Northern Hemisphere
warming. As a consequence, the GrIS is likely to be
highly susceptible to ongoing global warming, in which
Greenland temperatures are predicted to increase ⬃1°–
8°C by 2100 with typical model simulations favoring a
4°–5°C increase (Gregory et al. 2004; Huybrechts et al.
2004).
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