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Glaciers and ice caps peripheral to the main Greenland Ice 
Sheet contribute markedly to sea-level rise1–3. Their changes 
and variability, however, have been difficult to quantify on 
multi-decadal timescales due to an absence of long-term 
data4. Here, using historical aerial surveys, expedition pho-
tographs, spy satellite imagery and new remote-sensing 
products, we map glacier length fluctuations of approxi-
mately 350 peripheral glaciers and ice caps in East and West 
Greenland since 1890. Peripheral glaciers are found to have 
recently undergone a widespread and significant retreat at 
rates of 12.2�m per year and 16.6�m per year in East and West 
Greenland, respectively; these changes are exceeded in sever-
ity only by the early twentieth century post-Little-Ice-Age 
retreat. Regional changes in ice volume, as reflected by glacier 
length, are further shown to be related to changes in precipi-
tation associated with the North Atlantic Oscillation (NAO), 
with a distinct east–west asymmetry; positive phases of the 
NAO increase accumulation, and thereby glacier growth, in 
the eastern periphery, whereas opposite effects are observed 
in the western periphery. Thus, with projected trends towards 
positive NAO in the future5,6, eastern peripheral glaciers may 
remain relatively stable, while western peripheral glaciers will 
continue to diminish.

Despite comprising less than 5% of the area of the Greenland Ice 
Sheet (GrIS), peripheral glaciers and ice caps (PGICs) are important 
contributors to recent sea-level rise, accounting disproportionally 
for up to 20% of early twenty-first century (2003–2008) Greenland 
ice loss and sea-level rise1–3 (see  Supplementary Information). As 
PGICs are predominately land terminating and thus insensitive to 
marine processes, they provide a more direct measure of glacier 
sensitivity to atmospheric climate variability. Furthermore, their 
relatively short glacier reservoir times7,8, meaning faster mass turn-
over via enhanced snow and melt fluxes, makes the PGICs react 
more rapidly to climate variability. We explore the length fluctua-
tions of nearly 350 Greenlandic glaciers that occurred between the 
ending of the Little Ice Age (LIA) (1890–1910) and 2015 in East and 
West Greenland (Figs. 1 and 2). The GrIS has behaved differently 
in those areas, as the western region has lost considerable mass in 
recent decades, whereas the eastern region has remained stable or 
even slightly grown since 20009,10 (Fig. 1). The sparse glacier extent 

records available generally document glacier retreat related to ris-
ing temperatures4,11. However, these records are generally limited to 
southern and southwestern Greenland. We target two understud-
ied regions with appreciable ice masses peripheral to the ice sheet; 
the eastern region between 70.5 and 75.0 °N and the western region 
between 71.0–72.5 °N (see Supplementary Information). By target-
ing the peripheral glaciers in these two regions, we are able to map 
the regional glacial response to changes in atmospheric influence 
during periods with variation in external forcing and intense Arctic 
climate change.

We use historical photographs from the 1930s, collected by 
Danish and Norwegian aerial surveys, and in East Greenland 
also by land-based expeditions by American explorer L. A. Boyd 
(see Supplementary Information). The historical photos are com-
bined with modern and historical aerial- and satellite imagery 
that extend the history of the glaciers to the present (Methods and 
Supplementary Information). Although there are no large-scale 
photographic datasets available from the onset of the LIA deglacia-
tion, we map the glacial extent from that time based on geomor-
phological evidence12 to further expand our glacial observations 
(see Methods and Supplementary Information). Precise constraints 
on the regional timing of the LIA deglaciation are, however, sparse. 
We assign ad 1910 to the onset of the regional LIA deglaciation in 
East Greenland, and 1890 in West Greenland (see Supplementary 
Information). The use of high-resolution aerial imagery allows us 
to produce a detailed LIA-deglaciation map for both regions and 
thus provide a large-scale, systematic assessment of early glacier 
change. Detailed evidence of LIA positions, preserved in the land-
scape as moraines and trimlines12, makes the study sites well-suited 
for photogrammetric mapping. The early twentieth century images 
from the East Greenland expeditions capture the regional response 
to the end of the LIA; however, no such early regional aerial imag-
ery is available for West Greenland. As a result, a long initial period 
from the end of the LIA to the first observations in the 1950s slightly 
smooths the actual magnitude of maximum post-LIA retreat in the 
West Greenland study area. The large differences in glacier geom-
etry in the studied regions also results in different response times to 
past climatic changes13 and frontal change rate responses to climatic 
changes are thus temporally delayed and smoothed. We avoid surg-
ing glaciers in the study by excluding all glaciers that exhibit one 
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or more surge features (Methods). Within the East and West study 
areas, more than 1,000 glaciers could be identified, of which 195 
(representing 22% of the region’s total glaciated area) were success-
fully mapped in multiple epochs in East Greenland, and 139 in West 
Greenland (representing 35 % of the peripheral ice area). This com-
pilation more than quadruples the number of Greenlandic glaciers 
with a twentieth century length record14 from 77 to 411 (Methods 
and Supplementary Information).

We divide the observational period from the LIA deglaciation 
to present into periods and calculate a rate of glacier length change 
(m yr−1) for each period (Fig. 2 and Supplementary Information). 
As these two regions have seen a different climatic development 
in the past century, we further assess the influence of precipita-
tion variability15 on the glaciers and investigate an apparent con-
nection to large-scale atmospheric circulation patterns associated 
with the winter mode of the North Atlantic Oscillation (NAO)16. We 
establish a link between glacier geometry and the NAO-forced pre-
cipitation variability in East and West Greenland and subsequently 
investigate the spatial fingerprint of the NAO on the mass balance 
of the entire GrIS.

When East Greenland entered the LIA deglaciation, most of its 
PGICs retreated at an average rate of 22.1 ±  6.4 m yr−1 from 1910 to 
1932 (Figs. 1 and 2a), almost twice the retreat rate of the 2000–2013 
period (12.2 ±  1.8 m yr−1) (Fig.  2). The rapid retreat during and 
after the warming of the 1920s in East Greenland can be partly 
explained by the glacier fronts being situated in lower elevations 
than at present4, and with an initial LIA retreat occurring on flat 
terrain (see Supplementary Information). However, the near dou-
bling of retreat rates compared with the present is surprising, given 
that local temperatures at the nearest long-term meteorological sta-
tion in southeast Greenland were in the 2010s approximately 1 °C  

warmer than during the peak early twentieth century warming 
(Fig. 2). This suggests that the extent of the PGICs was more out of 
balance with the climate that followed the LIA than at present. A sim-
ilar rapid early twentieth century retreat had also been documented 
in Sourtheast4 and Southwest Greenland11. Because of missing early 
twentieth century images from the western region, it cannot be 
excluded that a similar change took place there. Interestingly, many 
of the eastern glaciers in the record presented here also shift from 
retreat to advance in the mid-1960s, when East Greenland tempera-
tures were dropping about 1  °C in a decade (Fig. 2). From 1966–
1973, nearly half of the eastern glaciers were advancing, yielding an 
average retreat rate for the region of − 3.9 ±  4.8 m yr−1. This suggests 
that the glaciers are indeed responding rapidly to changes in atmo-
spheric climate forcing at a decadal timescale17, and with a decline 
in precipitation, this widespread advance was governed by the 
regional cooling. The brief 1966–1973 advance in East Greenland, 
however, was followed by a period of widespread retreat (on average 
7.7 ±  2.2 m yr−1) during 1973–1987, as temperatures rose again by 
around 1.5 °C. Although average temperatures were around 1.5 °C 
warmer in the 1980s and 1990s compared with the previous decades, 
the retreat rates remained constant (6.7 ±  1.3 m yr−1) from 1987 
to 2000. Available records of melt-day anomalies (Supplementary 
Information), which suggest a clear increase in the number of melt 
days from 1979 to 2012, show no correlation with glacier length 
records. We suggest that this steady rate during warming was partly 
a result of changes in snow accumulation rates, which, in contrast 
to the west coast, peaked for this region during the 1990s (Fig. 2).  
In contrast to the east coast, the western peripheral glaciers pre-
sented here are undergoing a constant and marked retreat during 
the same period, culminating with a substantial increase in retreat 
rate (+ 85%) during the most recent observational period.

While a conventional explanation for accumulation variability 
is sea-ice-modulated moisture availability18, we find no direct link 
between available precipitation records and existing sea-ice con-
centration datasets (Supplementary Information). Likewise, the 
sharp accumulation increase does not coincide with big changes in 
sea-ice transport through the Fram Straight19. There is, however, a 
clear link between the accumulation record and periods with strong 
modes of atmospheric circulation20–23, which are represented in this 
study by the winter mode of the NAO (Fig. 2 and Supplementary 
Information). The connection between East Greenland precipita-
tion and NAO is positive, meaning that there is more precipita-
tion during NAO+ . Both spatial and temporal differences between 
Greenland precipitation variability and large-scale atmospheric 
circulation are represented by the NAO and other indexes23,24. We 
explore the apparent spatial partitioning of Greenland precipita-
tion changes, which is divided north to south along the central ice 
sheet. This division is reflected by increased precipitation in West 
Greenland and decreased precipitation in East Greenland during 
NAO−  and vice versa during NAO+ .

We compare the spatial precipitation patterns for the two most 
pronounced phases of strong winter NAO recorded during the 
twentieth century (Table  1 and Fig.  3). These periods of strong 
winter NAO−  (1962–1971) and NAO+   (1988–1995) indicate that 
the connection between NAO and regional precipitation is stron-
gest in East Greenland and is opposite during strong NAO+  and 
NAO−  phases (Fig. 2), whereas NAO influence on precipitation is 
not apparent during relatively neutral NAO periods. During NAO−  
(Fig.  3a), the weakening of its two atmospheric centres of action 
(Azores High and Icelandic Low) results in decreased westerlies 
and storm track activity over the North Atlantic. NAO−  is associ-
ated with warmer temperatures over Greenland, especially in the 
west. By contrast, NAO+  is associated with reinforced westerlies, 
storm track activity and colder temperatures over Greenland. The 
accumulation rate anomalies for strong NAO−  and NAO+  phases 
(Fig. 3) are considerable when integrated over all East Greenland 
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regions of the ice sheet (Fig. 3b and Table 1, see also Supplementary 
Information). During the NAO−  period of 1962–1971, this was 
equivalent to a 9.0 ±  0.7 Gt yr−1 (− 17.4%) deficit in annual accumu-
lation in the region (percentages refer to twentieth century mean 
accumulation; see Methods). Conversely, during the NAO+  period 
of 1988–1995, the region received an extra 5.3 ±  0.4 Gt yr−1 (7.6%) 
of annual accumulation. NAO-related accumulation variability in 
West Greenland is opposite to, and more subdued than, the accu-
mulation variability in East Greenland. West Greenland received + 
4.3% and − 3.0% in annual accumulation during NAO−  and NAO+ ,  
respectively. These differences indicate that the accumulation rates 
of PGICs in East Greenland are up to four times more sensitive to 
NAO changes than those in West Greenland. Integrated over the 
entire ice sheet, east–west compensation slightly masks the NAO 
precipitation effect, resulting in anomalies of − 7.9% during the 
NAO−  period and + 1.3% during the NAO+  period. As accumu-
lation variability does not oscillate at the ice divide but oscillates 

closer to the western ice margin, western ice sheet regions receive 
a mixed signal (Fig. 3), which is also reflected in the lower anoma-
lies (Table 1). As with existing studies20,23,24, we find that the NAO 
signal is important at the regional scale, but spatially compensat-
ing variability minimizes its influence on the ice sheet as a whole. 
As NAO-driven accumulation changes increase towards the coasts, 
accumulation rate changes exceeding − 20% and + 25% have signifi-
cant consequences for the geometry of PGICs and regional ice sheet 
topography. Averaged over the entire region, including ice-free ter-
rain, the accumulation anomalies over peripheral glaciers are simi-
lar, but with slightly higher anomalies (Table 1), indicating a higher 
coastal–NAO correlation (Fig. 3).

We demonstrate an inter-decadal regional response of a large 
sample of peripheral glaciers in East and West Greenland to climate 
variability over more than a century. The precipitation in the eastern  
and western sections of Greenland are partly in an anti-phase with 
the variability driven by large-scale circulation patterns, which are 
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represented by the winter mode of the NAO. This precipitation 
anomaly can greatly affect the mass balance of Greenland’s PGICs 

and therefore also the glacier lengths. As the PGICs of Greenland 
are already contributing significantly to global sea-level rise, and 
will probably contribute between 20 ±  8 mm (under future cli-
mate scenario  RCP4.5) and 30 ±  8 mm (under future climate sce-
nario  RCP8.5) between 2006 and 210025,26, their future remains 
extremely important despite their relatively small size (RCP; repre-
sentative concentration pathway). Our results show that the PGICs 
of Greenland have gone into widespread and rapid retreat, only 
exceeded in severity by the LIA deglaciation when baseline condi-
tions were substantially different from the present. Furthermore, our 
findings suggest that the east–west accumulation asymmetry of a 
prolonged NAO phase would have a substantial influence on glacier 
and ice sheet geometry, with the east coast region being up to four 
times more sensitive to these changes. For the ice sheet as a whole, if 
the NAO is to remain in a predominantly positive phase (similar to 
the 1985–1995 anomaly) throughout the twenty-first century as has 
been suggested5,6, the consequence may well be a continuous stable 
east coast and a diminishing west coast, resulting in a positive sur-
face mass balance (SMB) anomaly of around 10 Gt yr−1. This is a sub-
stantial amount equaling around 16% of the annual mass loss of the 
ice sheet from 1900 to 201012. Our results therefore stress the need 
to specifically account for future NAO variability in Greenland SMB 
models, both for short- and long-term modelling of the cryosphere in 
the North Atlantic realm, as well as for evaluating the regional signal 
in past SMB reference periods27,28. Moreover, it also seems essential 
to address the large-scale atmospheric variability when interpreting 
regional changes in the ice volume of both the GrIS and PGICs.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41558-017-0029-1.
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Methods
All historical images were scanned at high resolution (> 600 dpi) and subsequently 
georeferenced to a 1985–1987 ortho-photograph in 2 m resolution. Rectification 
and selection of acceptable images was done following ref. 4. Newer images include 
Corona (1965, 1966 and 1967), Landsat (1973, 2000 and 2013) satellite imagery 
and ortho-rectified aerial photographs used for geo-rectification (1985–1987)29. 
Glacier lengths recorded in 1985 images have been normalized to 1987. All retreat 
rates from the early 1930s are normalized to 1932. We map the maximum position 
of the LIA glacial extent by digitizing end moraines and trimlines in the 1980s 2 m 
ortho-rectified aerial image29, which also serves as a basis for all rectifications of 
other imagery.

Glacier length measurements follow the procedures described previously4. 
Because some glacier tongues are very narrow, a single point has been placed at 
the outer margin instead of measuring length changes over the entire width of the 
frontal lobe. In these instances, this resulted in a more precise length measurement, 
as the narrow glacier tongues tend to retreat with a uniform geometry. In these 
cases, length changes have been calculated at the outermost point along the centre 
flow line. A number of glaciers have been discarded from the dataset because 
the glaciers were surge-type glaciers or located within known surge clusters. 
We performed a vigorous surge identification, excluding glaciers with looped 
moraines, glaciers with crevasse squeeze ridges in the fore field, glaciers advancing 
more than 50 m yr−1 and glaciers with a collapsed accumulation zone.

Digitizing accuracies are calculated as the combination of pixel size and the 
error from the ortho-photo used for geo-rectification following the procedure 
described previously4. Retreat rate uncertainties are calculated as the root of 
the sum of squares of the digitizing and rectification uncertainty of the two 
observations used for each period (see also Supplementary Information).  
An additional uncertainty has been added to the 1910–1932 retreat rates for 
East Greenland to account for uncertainty in the timing of the LIA deglaciation, 
specifically ± 5 years, which results in additional uncertainty for the 1910–1932 rate 
of ± 3.6 m yr−1. This is included in the overall uncertainty for the 1910–1932 period 
of ± 6.4 m yr−1. Similarly, we have included ± 5 years to the LIA deglaciation timing 
in West Greenland, which increases the uncertainty of the first observational 
period by 18%.

The normal period for calculation of NAO anomalies was set to 1900–1999, 
as this period encompasses the most recent phases of distinct NAO+  and 
NAO−  phases. Precipitation records15 were calibrated to increase agreement to 
RACMO2.1/GR12,30 for the period 1960–1999, whereas, owing to a sharp decrease 
in accumulation records from ice cores, precipitation fields from RACMO2.1/GR 
for 2000–2012 were incorporated, ultimately yielding an uncertainty of 8.0%12. For 
accumulation anomalies, results with alternative normal periods were also tested 
(Supplementary Table 3 and Supplementary Information). Temperature changes in 
Fig. 2 are derived from coastal meteorological stations (ref. 32) and locations shown 
in Fig. 1.

The Greenland Ice Sheet is subdivided regionally12. Average accumulation 
values for the entire PGIC region studied were used, to account for the coarse 
model resolution, which does not justify studies on individual glacier level. As a 
result of the coarse resolution of the SMB model, we are only providing absolute 
accumulation anomalies for the Greenland Ice Sheet and not for the PGICs.

Climate reanalysis (NCEP–NCAR)31 is used to assess atmospheric circulation, or 
transient eddy, anomalies in 850 hPa wind, sea-level pressure, and 2 m temperature, 
relative to 1948–2016 climatology. Only anomalies that are significant at the 95% 
confidence level are shown for the transient eddy activity and the 850 hPa wind. 
The transient eddy activity in storm track is derived from the monthly standard 
deviation of the 2–6-day band pass-filtered daily Z500 (here expressed in m).

Data availability. The data that support the findings of this study are available 
in the Supplementary Information accompanying this paper and from the 
corresponding author upon request.
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