Rapid response of Helheim Glacier, Greenland, to climate variability over the last century
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During the early 2000s the Greenland Ice Sheet experienced the largest ice mass loss observed
on the instrumental record1, largely as a result of the acceleration, thinning and retreat of
major outlet glaciers in West and Southeast Greenland2-5. The quasi-simultaneous change in
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the glaciers suggests a common climate forcing and increasing air6 and ocean7-8 temperatures
have been indicated as potential triggers. Here, we present a new record of calving activity of
Helheim Glacier, East Greenland, extending back to c. 1890 AD. This record was obtained by
analysing sedimentary deposits from Sermilik Fjord, where Helheim Glacier terminates, and
uses the annual deposition of sand grains as a proxy for iceberg discharge. The 120 year long
record reveals large fluctuations in calving rates, but that the present high rate was
reproduced only in the 1930s. A comparison with climate indices indicates that high calving
activity coincides with increased Atlantic Water and decreased Polar Water influence on the
shelf, warm summers and a negative phase of the North Atlantic Oscillation. Our analysis
provides evidence that Helheim Glacier responds to short-term (3-10 years) large-scale
oceanic and atmospheric fluctuations.
The forcings behind the early 2000s rapid increase in mass loss from the Greenland
Ice Sheet1 are still debated. It is unclear if the mass loss will continue in the near future and, if so, at
what rate. These uncertainties are a consequence of our limited understanding of mechanisms
regulating ice sheet variability and the response of fast flowing outlet glaciers to climate variability.
In southeast Greenland, Helheim Glacier, one of the regions largest glaciers thinned, accelerated
and retreated during the period 2003-20054 and while it has since slowed down and re-advanced9, it
has still not returned to its pre-acceleration flow rates.
It has been suggested that warming8,10 and/or inflow variability11-12 of the nearby
subsurface ocean currents triggered the acceleration, but to establish a causal relation between
glacier and climate variability, long-term records are needed. Here we present three high-resolution
(1-3 years pr sample) sedimentary records from Sermilik Fjord (Fig. 1 and

Supplementary

Information) that capture the 2001-2005 episode of mass loss, and use them to reconstruct the
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calving variability of Helheim Glacier over the past 120 years. Next this record is compared with
records of climate indices.
Helheim Glacier discharges in the deep (600-900 m) Sermilik Fjord, which is
connected with two deep troughs (500-700 m) that transect the shallow shelf (100-200 m) allowing
exchange with shelf waters. The fjord is characterized by an upper 100-150 m thick layer of Polar
Water (PW) from the East Greenland Current (EGC) and a deeper layer (500 m thick) of warm (3.54°C) and saline Atlantic Water (AW) from the North Atlantic Current11 with the latter primarily
driving submarine melting12. At the northern end the fjord branches into three smaller fjords, each
containing calving glaciers. Of these, Helheim Glacier, is one of the most prolific iceberg-exporters
in Greenland1 whereas the two northern glaciers, Midgaard and Fenris Glaciers, are smaller and far
less discharging13. The fjord is mostly sea-ice covered from January to June and a large ice-mélange
extends year-round in front of Helheim Glacier.
Three sediment cores were collected (Fig. 1) and age models for the last 120 years
were established on the basis of

210

Pb geochronology (Supplementary Fig. S2). The massive

diamicton facies in the cores is produced by delivery of heterogeneous debris from drifting
icebergs, commonly referred to as ice rafted debris, IRD (clay, silt, sand and pebbles) and to the
down-fjord diminishing input of fine mud (clay and silt) suspended in the turbid melt water plume
extending from the base of Helheim Glacier. This lithofacies interpretation is in accordance with the
findings from other East Greenland fjords with marine-terminating glaciers14-15.
To reconstruct a record of calving activity of Helheim Glacier it is assumed that
changes in IRD deposition rate are directly related to changes in calving activity through iceberg
rafting. This is supported by a study from the nearby Kangerdlugssuaq Fjord showing that the mean
annual calving rate dominates the IRD deposition rates, whereas the influence of temperature on
melting of icebergs is far less important16. The sand fraction is used as a proxy for IRD since sand
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grains are too large (63-1000 μm) to be carried in suspension by the melt water plume and thus
allow differentiation between the plume and icebergs. Accordingly, we propose that increased sand
deposition reflects increased iceberg calving from Helheim Glacier and to a far less extent also from
Midgaard and Fenris Glacier (Supplementary Information).

Iceberg residence time in the mélange is less than a year (K. Scharrer, personal
communication, 2011) implying that variations in IRD entrainment over time does not significantly
affect the variability in sand deposition rates down-fjord over the investigated time span
(Supplementary Information).
Sand deposition rates in the three cores vary both in magnitude and variability (Fig 2ac). The mean rate decreases down-fjord, consistent with the notion that icebergs become
progressively IRD depleted as they transit down-fjord15,17. Generally the multi-decadal variability is
similar, but ER13, the closest to Helheim, shows higher-frequency variability than ER07 and ER11.
This is attributed to the initial high particle fluxes in the melt water plume from Helheim Glacier
decaying abruptly south of ER1312. This favours deposition of larger amounts of suspended mud at
ER13 thus diluting the IRD sand fraction and allowing higher time resolution compared with ER07
and ER11 (Fig. S4). Differences in the timing of the high-frequency variability are attributed to
factors such as wind, fjord circulation and sea-ice cover, which affect iceberg routing16 and hence
the local iceberg rafting. Thus, to obtain a mean sand deposition rate time series for Sermilik Fjord,
we created a composite record by averaging the sand deposition rates of the three cores (Fig. 2d)
under the assumption that the average of the three cores is indicative of the mean deposition rate
within most of the fjord. The validity of the composite sand deposition record as a proxy for the
calving history of Helheim Glacier is supported by its agreement with changes in its front position
according to satellite data and historical aerial photographs (Fig 2d).
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The reconstructed 120 year long calving record from Helheim Glacier shows calving
maxima and minima lasting 2-5 years and often bundled into longer episodes of 5-10 years. Two
pronounced calving maxima are observed: one during the last 10 years, the other in the late
1930s/early1940s. The long term calving increase is likely due to a shift from the Little Ice Age
conditions, which were characterised by low air temperatures and strong PW influence in the
Denmark Strait region and ended after 1900 AD here18.
Most of the climate-related mechanisms proposed to explain glacier acceleration and
increased calving invoke increased local air and/or ocean temperatures. Warming summer air
temperatures will increase surface melt which, in turn, can affect the glacier by increasing sliding19
(though this process is small for Helheim Glacier20), by destabilizing the glacier’s tongue by
feeding its crevasses21, or enhance submarine melting if released at depth in the fjord22. Increased
ocean temperatures will also enhance submarine melt rates and, by changing the characteristics at
the terminus, influence glacier stability7,23. Both ocean and air warming can reduce sea-ice
formation in the fjord and within the ice mélange in front of the glacier, potentially increasing the
calving rate by destabilizing the glacier tongue17.
Helheim Glacier’s calving record is compared with local oceanic and atmospheric
variability to determine if a statistically significant correlation exists between them (Fig 3). Ocean
variability is influenced by both the surface PW and the subsurface AW. Since there are no longterm ocean measurements from Sermilik Fjord or the nearby shelf, we rely on the upstream/nearsource variability of the two watermasses (Supplementary Information) and the finding that they are
continuously renewed via exchange with the shelf11. For AW we use direct measurements of sea
surface temperature from a region south of Iceland where AW extends to the surface (Fig. 3b). For
PW variability, we use changes in the northernmost multiyear sea-ice extent off Southwest
Greenland (Storis Index24) assuming that it is correlated with PW variability (Fig. 3c).
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Hydrographic variability on the shelf mostly reflects changes in the relative volume of AW and PW,
thus the AW and PW indices were combined into a Shelf Index (Fig. 3d & Supplementary Fig. S6)
- a positive Shelf Index indicates a thicker and warmer AW (at the expense of PW) and vice versa.
The Shelf Index is validated via independent data sources in the Supplementary Information. Air
temperature variability is taken from the observed summer temperatures near Tasiilaq25 (Fig. 3F).
Finally, we examine the correlation between calving activity and the winter time North Atlantic
Oscillation (NAO) Index26, representative of the dominant mode of atmospheric climatic variability
in the North Atlantic region (Fig. 3e).
Although non-climatic factors intrinsic to Helheim Glacier (e.g. glacier bed
topography; internal glacier dynamics) are expected to influence calving activity27, our analysis
indicates that a significant fraction of the calving variability of Helheim Glacier since 1890 AD is
consistent with increased AW (temperature and/or volume), decreased PW, a positive Shelf Index,
increased summer air temperatures and a negative NAO Index as implied by significant correlations
on the bulk data sets (Table 1 & Supplementary Information).
To investigate the timescales involved, we first consider the correlation between the
25 year low-pass filtered calving and climate records (Supplementary Fig. S7). This shows that on
multi-decadal timescales, calving is mostly linked with synchronous changes in the source AW and
the local summer air temperature, which, in turn, track the Atlantic Multi-decadal Oscillation
(AMO28). Given the regional oceanic and atmospheric covariance on these timescales, it is not
possible to separate their relative contribution to glacier variability.
On shorter term timescales (3-10 years) we find that the correlation of the residual
calving variability and the residual climate variability is significant only for the NAO Index and the
Shelf Index (Table 1). The high correlation with the NAO Index is expected since local winds and
air temperatures as well as variability in both the PW and AW source regions often co-vary with the
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NAO29 on these timescales. A negative NAO phase, in particular, is associated with a warm
subpolar gyre and increased penetration of AW on the shelf8. However, this analysis also indicates
that episodes of increased PW inflow, e.g. the Great Salinity Anomalies (GSAs) between 1965 and
1972 and during the early 1980s and early 1990s30 (Fig. 3c), were associated with diminished
calving activity, likely due to stabilization of the glacier terminus and mélange and/or reduced AW
penetration on the shelf.
The climate characteristics found for a composite of the ten highest short-term calving
episodes (HC1-HC10 in Fig. 3a & Supplementary Table 1) support the conclusion that the Shelf
Index and the phase of the NAO are significant players in modulating short-term calving variability.
Our analysis indicates that the recent increase in calving activity observed at Helheim
Glacier is not unique but that a similarly large event occurred in the late 1930s/early 1940s (HC6
Fig. 3a). These two episodes occurred at times when the temperature of the AW source was high
(positive/warm AMO phase) and the PW export was record low (even if fluctuating). The NAO
Index was also frequently negative, though not markedly more than during many of the other
calving episodes. Interestingly, both episodes are characterised by record high summer temperatures
since 1895 (1939, 1941 and 2003). These conditions likely resulted in increased surface and
submarine melt which may have contributed to the marked mass loss from Helheim Glacier.
Our study provides evidence that Helheim Glacier responds to changes in atmosphereocean variability on time-scales as short as a few years. Therefore the prediction of future ice sheet
mass balance changes associated with dynamic adjustments from outlet glaciers needs to
incorporate atmosphere-ocean climate models that are capable of reproducing the regional
variability on these same timescales.

Methods summary
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Core chronologies were established by measuring the

210

Pb and

137

Cs activity and mass

accumulation rates were estimated. Grain size distribution was analysed by a Malvern Mastersizer
2000 laser particle sizer. The cumulative volume percentage was determined for the clay and silt
fraction (<63 μm) and the sand fraction (63-1000 μm). X-ray radiography (Supplementary Fig. S1)
and grain size analysis (Supplementary Fig. S3) of the cores reveals diamicton facies in all three
cores with a mean content of sand of 9%, 22% and 18 %, in cores ER13, ER07 and ER11
respectively, reflecting a more condensed stratigraphy of the two latter cores. Sand deposition rates
(iceberg rafting) were estimated as the flux of sand grains (g m-2 yr-1) and the composite was
produced as an average of the three cores. For documentation of past glacier margin positions,
images from satellite and aerial photographs were geo-referenced using ortho-rectified aerial
photographs from 1981 with a 2-meter spatial resolution. Time series of annual mean SST for an
area south of Iceland (20−30°W, 60−63°N) were constructed using mainly the ICES database
(www.ices.dk) and are used as a proxy for AW temperatures. A time series of maximal multiyear
sea-ice extent along southwest Greenland in May, June and July was used as a proxy for the volume
of PW. The Shelf Index was produced by normalizing these proxy records and further subtracting
the resultant PW Index from the AW Index. The Pearson correlation coefficients between the
calving record and climate indices were calculated by filtering the data with a 3 point running mean
(except the calving record). All data were linearly detrended and a 25 year low pass Fourier filter
was applied to differentiate between longer- and shorter-term variability. The residuals were
estimated by subtracting the low-passed filtered data from the 3-year filtered and linearly detrended
dataset. A detailed description of methods is given in the Supplementary Information.
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Figure captions

Fig. 1. Sermilik Fjord and Helheim Glacier with position of cores ER13 (660 m water depth), ER07
(525 m water depth) and ER11 (600 m water depth). The length of the fjord is c. 90 km and the
width 5-12 km. The bathymetry is a compilation of data obtained during cruises conducted in recent
years by Geological Survey of Denmark and Greenland, Woods Hole Oceanographic Institution,
Swansea University and Nansen Environmental Remote Sensing Center (Supplementary
Information). Background image is an oblique Landsat scene (L5231014_01419860911) draped
over a digital elevation model.

Fig. 2. Sand (63-1000 µm) deposition rates (g m-2 yr-1) in cores (1 sigma error bars a function of 1
sigma error of mass accumulation rates and sand content). a. ER11. b. ER07. c. ER13. d.
Reconstructed calving record of Helheim Glacier (average of sand deposition rate in the three cores,
Supplementary Information). ER13 chronology of composite record is adjusted towards a timescale
two years older (within 1 sigma error bar) during the interval 1980-2000 to improve fit with glacier
images (Fig. S3). Glacier margin positions (red) relative to 1993 position according to aerial and
satellite images (Fig. S5 and Supplementary Information).
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Fig. 3. Comparison between calving record and climate indices. a. Reconstructed calving record of
Helheim Glacier. Grey line is unfiltered data. Increased calving events (HC1-HC10) are highlighted
in red (intensity of calving indicated by different shading) and correspond to the residual variability.
b. Annual mean SST for an area south of Iceland (20−30°W, 60−63°N) (Supplementary
information). c. Storis Index25. d. Shelf Index (normalised AW temperature and Storis Index
weighted 1:1). e. North Atlantic Oscillation (NAO) winter time Index27. f. Tair Summer (April-Sep)
in Tasiilaq26. For b-f: black lines are 3 year running mean data and grey line is unfiltered data.

Table 1. Pearson correlation coefficient between calving and climate indices. Climate data were
applied with a 3 yr running mean and all data were linearly detrended before computing r-values
(bulk data). Multi-decadal variability highlighted by 25 year low-pass Fourier filtering and intradecadal variability obtained as a residual after subtracting the low-pass filtered time series from the
bulk data. For bulk data and residuals r-values >0.29 are statistically significant and for the low
pass-filtered data r-values >0.74 are statistically significant at the 95% level. See also
Supplementary Information.
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Tair Summer

NAO Index

Storis Index

Atl. Water
Tannual*

Shelf Index*

Bulk data (r≥0.29)
Multi-decadal variability
(r≥0.74/0.75*)

0.45

-0.45

-0.36

0.38

0.41

0.73

-0.53

-0.61

0.72

0.69

Intra-decadal variability (r≥0.29)

0.24

-0.42

-0.18

0.27

0.29

r-value with calving

Table 1

