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Holocene thinning of the Greenland ice sheet

B. M. Vinther', S. L. Buchardt', H. B. Clausen', D. Dahl-Jensen', S. J. Johnsen', D. A. Fisher?, R. M. Koerner},
D. Raynaud?®, V. Lipenkov*, K. K. Andersen’, T. Blunier!, S. O. Rasmussen’, J. P. Steffensen' & A. M. Svensson'

On entering an era of global warming, the stability of the
Greenland ice sheet (GIS) is an important concern', especially in
the light of new evidence of rapidly changing flow and melt con-
ditions at the GIS margins®. Studying the response of the GIS to
past climatic change may help to advance our understanding of
GIS dynamics. The previous interpretation of evidence from stable
isotopes (8'®0) in water from GIS ice cores was that Holocene
climate variability on the GIS differed spatially’ and that a con-
sistent Holocene climate optimum—the unusually warm period
from about 9,000 to 6,000 years ago found in many northern-
latitude palaeoclimate records*—did not exist. Here we extract
both the Greenland Holocene temperature history and the evolu-
tion of GIS surface elevation at four GIS locations. We achieve this
by comparing 8'®0 from GIS ice cores®® with 8'®0 from ice cores
from small marginal icecaps. Contrary to the earlier interpretation
of 3'%0 evidence from ice cores>’, our new temperature history
reveals a pronounced Holocene climatic optimum in Greenland
coinciding with maximum thinning near the GIS margins. Our
3'80-based results are corroborated by the air content of ice cores,
a proxy for surface elevation’. State-of-the-art ice sheet models are
generally found to be underestimating the extent and changes in
GIS elevation and area; our findings may help to improve the ability
of models to reproduce the GIS response to Holocene climate.

Ice cores from six locations™® have now been synchronized to the
Greenland Ice Core Chronology 2005 (GICC05) throughout the

Holocene epoch (Fig. 1a). The GICCO05 annual layer counting was
performed simultaneously on the DYE-3, GRIP and NGRIP ice cores
for the entire Holocene®'’. For the Agassiz'', Renland' and Camp
Century ice cores the timescale was transferred by using volcanic
markers identifiable in electrical conductivity measurements'* (Sup-
plementary Information). The six synchronized Holocene §'°0
records show large differences in millennial scale trends (Fig. 1b).
All 880 records were obtained in the same laboratory (the
Copenhagen Isotope Laboratory), ensuring maximum confidence
in the homogeneity of the data sets. The differences are therefore real
features that need to be understood and explained before firm con-
clusions about the evolution of Greenland climate during the
Holocene can be supported by the data.

Changes in regional temperatures, moisture source regions,
moisture transport and precipitation seasonality affect the 5'*0 of
precipitation®. However, all these parameters are expected to produce
regional patterns of change, implying that trends in nearby §'°0
records should always be similar, except where the records are heavily
influenced by a combination of ice flow and post-deposition pheno-
mena, such as wind-scouring. Ice cores from Agassiz and Renland are
retrieved from icecap domes and are therefore not influenced by ice
flow. The Camp Century site is only slightly affected by a steady ice
flow, yet the trends in the neighbouring Agassiz and Camp Century
cores are dissimilar; in fact, the 5'%0 signal at Agassiz is much more
similar to the signal recorded at Renland on the other side of the GIS.
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Figure 1| Holocene 3'®0 records. a, Drill site locations for the ice cores that
have been cross-dated to the GICCO5 timescale. Site elevations are given in
parenthesis. b, 20-year averages and millennial scale trends of 3'*0 during
the Holocene as observed in ice core records from six locations in Greenland
and Canada. All §'®0 values are expressed with respect to Vienna standard
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mean ocean water (V-SMOW). ¢, Uplift-corrected Renland and Agassiz
Holocene 3'%0 values: 20-year averages and millennial scale trends in the
Agassiz and Renland Holocene 5'®0 records. Annual average insolation at
75°N is shown in orange. d, Agassiz and Renland post-glacial bedrock uplift
histories and corresponding 5'®0 correction values.
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Given the dissimilarity of some neighbouring 5'®0 records, a more
likely cause of the differences in §'®0O trends is past changes in the
elevation of the GIS. Elevation change influences trends in the §'%0
records (Supplementary Information), and the differences in the
long-term 3'%0 trends seem to be related to changing GIS elevation:
the pairs of records from the centre of the ice sheet (GRIP and
NGRIP), those closer to the margin of the ice sheet (DYE-3 and
Camp Century) and those from the small icecaps close to the GIS
(Agassiz and Renland) are all similar.

For the GIS ice core records, the hypothesis that elevation change
affected 8'%0 in the past is difficult to evaluate, because little is known
of the elevation history of the GIS. Ice sheet modelling is of little help
because modelled elevation histories for GIS are highly dependent on
poorly known boundary conditions, such as the past positions of the
GIS margin"’. However, for the small Agassiz and Renland icecaps it
is possible to reconstruct past elevation histories with some confid-
ence. Neither of these icecaps is believed to have experienced signifi-
cant change in ice sheet thickness during most of the Holocene as a
result of topographical constraints and the limited thickness of the
icecaps®'* (Supplementary Information). Both the Renland and the
Agassiz bedrocks have experienced a significant post-glacial uplift.
For Renland the uplift resulted from the retreat of the GIS, whereas
the Agassiz uplift was caused by the disintegration of the Innuitian ice
sheet that covered most of the Queen Elizabeth Islands during the last
glaciation'. For both locations robust estimates of bedrock elevation
have been obtained through studies of past changes in sea level in
nearby fjords''®. The elevation history of the Renland bedrock is
based on such studies throughout the Holocene, whereas that of
the Agassiz bedrock is based on data sets back to 9.5kyr before
AD 2000. For the period from 9.5kyr ago back to 11.7kyrago
Agassiz bedrock elevation can be estimated by extrapolation, using
the observed exponential half-life for the bedrock elevation change in
the period 0-9.5 kyr before Ap 2000 (ref. 17). If we assume that
Agassiz and Renland §'®0 records have not been significantly
influenced by changes in ice thickness during the Holocene, it is
possible to correct the §'*0 records for past elevation changes, simply
by using their respective bedrock elevation histories and the observed
Greenland §'®0-height relationship (Fig. 1c, d, and Supplementary
Information).

The similarity between the uplift-corrected Agassiz and Renland
8'%0 records is astounding given that the two icecaps are separated by
about 1,500 km and by the entire GIS. The similarity suggests that
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Greenland climate during the Holocene was homogeneous, with the
same millennial-scale §'®0 evolution both east and northwest of the
ice sheet. The homogeneous climatic history for the Greenlandic
region is probably related to the regional change in solar insolation'®,
at least for the past 10 kyr.

Given the similarity of the Agassiz and Renland elevation-
corrected §'*0 records, we assume that their common millennial-
scale 8'®0 trends would have been present in the ice cores from the
GIS if the GIS had not changed surface elevation. The elevation
histories for the four drill sites on the GIS (Fig. 2a) can then be
estimated from the changes in difference between 8'®0 records from
the GIS sites and uplift-corrected 8'®0 records from the two adjacent
icecaps. The changes in elevation seen in Fig. 2a are corrected for
upstream effects due to ice flow at the drill sites'* (Supplementary
Information), thus showing changes in GIS elevation at the locations
of the four drill sites. The derivation of the uncertainty bands for the
changes in GIS elevation shown in Fig. 2a is discussed in the Sup-
plementary Information.

From Fig. 2a it is seen that the initial response of the GIS to
Holocene climatic conditions was a slight increase in elevation at
all locations right after the onset of the Holocene (most probably
in response to increased precipitation and bedrock uplift). Next the
GIS responded to the effects of increased melt at the margins and ice
break-off because of rising sea level. The melt and ice break-off
induced rapid thinning at the Camp Century and DYE-3 sites, which
are located relatively close to the margin. Then the thinning process
propagated slowly towards the centre of the GIS, reaching GRIP at
the present summit about 4,000 years after the onset of the Holocene.

The total gas content of air bubbles trapped in the ice is the only
other known parameter in ice cores that is significantly and directly
influenced by elevation change. A comparison between the elevation
histories for GRIP and Camp Century and their total gas content
records”?" (Fig. 2b) shows an excellent qualitative agreement between
past elevation change and change in total gas content. A detailed
quantitative study of the differences between Camp Century and
GRIP elevation and total gas content histories also yields strong
support for the isotope-based elevation histories (Supplementary
Information).

Figure 2c shows a reconstruction of the evolution of Greenland
temperatures during the Holocene. This temperature reconstruction
is based on Agassiz and Renland average §'°O values, corrected for
uplift and changes in §'®0 content of the ocean®. The conversion
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Figure 2 | Holocene elevation change histories for Greenland ice sheet
locations. a, Changes in elevation at the drill sites, after correction for ice-
flow-related upstream effects. The shaded bands show the 1o uncertainties
on the elevation histories. b, Depositional elevation histories at the GRIP
and Camp Century drill sites compared with total gas measurements
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performed on the two ice cores. ¢, Average rate of elevation change of ice
sheets at the DYE-3 and Camp Century drill sites compared with
temperature change in Greenland derived from Agassiz and Renland 3'%0
records.
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from §'®0 to temperature has been obtained through a calibration
with borehole temperatures from the Camp Century, DYE-3, GRIP
and NGRIP drill sites®. The borehole temperature profiles are fully
consistent with the Agassiz and Renland average §'%0 record, sup-
porting our assertion that the climate in and around Greenland was
homogeneous during the Holocene (Supplementary Information).

The average rate of elevation change at the Camp Century and
DYE-3 drill sites is also shown in Fig. 2¢c. It can be inferred that
elevations at these two sites near the margin of the GIS respond
rapidly to Greenland temperature change. The most significant
periods of decrease in elevation coincided with the climatic optimum
7-10kyr before Ap2000. This suggests that the GIS responds signifi-
cantly to a temperature increase of a few degrees Celsius, even though
part of the GIS response in the early Holocene was also associated
with ice break-off resulting from rising sea level. The colder climate
prevailing during the past two millennia induced a slight increase in
elevation of the GIS at these sites.

The 600-m decrease in surface elevation observed at Camp
Century in the period from 11 to 6 kyr before AD2000 can be taken
as strong support for the finding that the Hall basin, the Kennedy
channel and the Kane basin were completely covered by sheet ice
during the earliest Holocene, thereby connecting Greenland to the
Innuitian ice sheet on Ellesmere Island'>**. The breakdown of this
interconnection and the retreat of the GIS from the continental shelf
edge in Melville Bay then led to a significant decrease in surface eleva-
tion at Camp Century. At DYE-3, GIS elevation was reduced by about
400 m as the width of the southern GIS probably decreased by one-third
during the transition from glacial to Holocene climatic conditions™.

The novel concept of using the combined evidence from
Greenland and Canadian ice cores to extract both a Holocene tem-
perature history (Fig. 2¢) and Holocene elevation histories (Fig. 2a)
for the GIS is essential for the validation of efforts to model the
evolution of the GIS. By comparing the results of two conceptual
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Figure 3 | Empirical and modelled Holocene elevation change histories for
the summit of the Greenland ice sheet. a, Elevation change at the GRIP drill
site (black line) compared with four different estimates from two different
simple models of ice sheets (red line, ref. 26; blue lines, ref. 13). The shaded
band shows the 1¢ uncertainty in the elevation history. The modelled
estimates are based on three different assumed maximum advances (AL) of
the margin of the Greenland ice sheet during the Last Glacial Maximum.
b, Change in elevation at the GRIP drill site (black line) compared with
elevation estimates from four different complex three-dimensional
thermomechanical models of ice sheets (orange, ref. 27; magenta, ref. 28;
green, ref. 29; turquoise, ref. 30). The shaded band shows the 16 uncertainty
in the elevation history.
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modelling efforts'**® with the new GRIP Holocene elevation curve it

is possible to give a semi-empirical estimate of the position of the GIS
margin during the last glaciation, because only a marginal position at
the continental shelf edge is consistent with the observed GRIP eleva-
tion history (Fig. 3a). A comparison of the GRIP elevation change
with more recent state-of-the-art three-dimensional thermomecha-
nical models of ice sheets” ™ strongly suggests that none of these
models captures the evolution in GRIP elevation during the
Holocene (Fig. 3b). The results of the conceptual modelling shown
in Fig. 3a indicate that the three-dimensional models fail to advance
the GIS sufficiently far onto the continental shelf during the last
glaciation, possibly because of an insufficient understanding of inter-
actions between ice sheets and oceans. The poor performance of the
three-dimensional models might also be a consequence of similarly
simplified climatic forcing series being applied in all model runs,
for example an underestimation of the amplitude of the Holocene
climatic optimum in Greenland.

The clear Greenland Holocene climatic optimum now unmasked
in 8'%0 records from GIS ice cores brings these records into line with
borehole temperature data. This rehabilitates 3'%0 as a reliable tem-
perature proxy, paving the way for temperature reconstructions
based on high-resolution §'*0 records from ice cores. The GIS tem-
perature and elevation histories presented here also suggest that the
GIS responds more vigorously to climatic change than indicated by
the three-dimensional models used for GIS projections. It is therefore
entirely possible that a future temperature increase of a few degrees
Celsius in Greenland will result in GIS mass loss and contribution to
sea level change larger than previously projected.
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