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Introduction 11 

This supplement contains a detailed description of the methods employed in this study, as well 12 

as additional tables and figures referenced directly from the main text. 13 

Methods 14 

Study glaciers 15 

Details of the 10 study glaciers are given in Table S1. These glaciers represent a subset of the 32 16 

glaciers documented by Seale et al (2011), chosen to span a range of conditions along the east 17 

coast of Greenland. Within each region, the largest outlet glaciers (with respect to ice velocity and 18 

terminus width; Table S1) were selected. In the far northeast of Greenland, the major outlet 19 

glaciers drain into substantial floating ice tongues (e.g. Wilson et al., 2017). Charting the retreat 20 

of these glaciers (where changes in grounding line position rather than calving front position are 21 

likely of primary importance) is not possible with the methods employed here, and so no glaciers 22 

were selected in this region. 23 

Air temperature 24 

Mean summer air temperature (Figure 2a-b), TA, is based on the May-September mean of monthly 25 

temperatures from ERA-Interim global atmospheric reanalysis (Dee et al., 2011). For each glacier, 26 

temperatures are extracted from the reanalysis cell in which the terminus lies. To account for 27 

differing mean topography between cells, these values are adjusted to give sea level temperature 28 

assuming an atmospheric lapse rate of 0.0065 °C / m. 29 

 30 

 31 



 32 

Table S1. Details of the ten study glaciers in east Greenland. Velocities are averaged along the 33 
lowermost 5 km of each glacier, and are taken from the MEaSUREs Greenland ice sheet velocity map 34 
(Joughin et al., 2010a, Joughin et al., 2010b) for the year 2000-2001 in all cases except BG and WG, 35 
which due to restricted coverage are from the equivalent map for the year 2005-2006. 36 

 37 

Runoff 38 

Annual mean catchment runoff, Q, for each of the 10 glaciers (Figure 2c-d) is obtained from a 1 39 

km surface melting, retention and runoff model forced with ERA-Interim reanalysis (Wilton et al., 40 

2017). Runoff due to basal melting is expected to be limited and is therefore not considered. 41 

Meltwater is routed through glacial catchments using the hydraulic potential gradient (Shreve, 42 

1972) based on the ice surface and bed topography (Bamber et al., 2013). Q is predicted to be 43 

greatest at KG due to its large catchment area and more melt-favourable hypsometry relative to 44 

HG and DJ, which have comparable catchment areas (Figures 1 and 2c-d). 45 

Ocean temperature 46 

We seek to compare changes in glacier terminus position to a measure of ocean water 47 

temperature, TO, in the fjords adjacent to the glaciers. Because there are few in situ hydrographic 48 

measurements from fjords, and the fjords are not well resolved in ocean circulation models, we 49 

define TO = TR + c, where TR is ocean temperature based on reanalysis values for the continental 50 

shelf and c is a correction to account for temperature differences between the shelf and fjords. 51 

TR is obtained from the GLORYS2V3 1/4° ocean reanalysis product (Ferry et al., 2012). A decision 52 

must be made as to where to sample these data for each glacier. Because cross-shelf troughs are  53 

Abbrevi-
ation 

Glacier Latitude, 
Longitude 

Terminus 
width (km) 

Ice velocity 
(m yr-1) 

Southern glaciers    
M3 Mogens 3 62.52, -43.04 1.7 2140 
T1 Tingmjarmiut 1 62.76, -43.21 3.1 3980 
AB AP Bernstorffs Glacier 63.82, -41.69 4.7 2450 
HG Helheim Glacier 66.35, -38.18 7.3 6500 
KG Kangerdlugssuaq 

Glacier 
68.59, -32.86 
 

6.6 5130 

Northern glaciers    
BG Borggraven 68.60, -28.05 4.7 920 
VG Vestfjord Glacier 70.38, -29.09 3.5 2060 
DJ Daugaard-Jensen 

Glacier 
71.90, -28.59 4.0 3330 

WG Waltershausen Glacier 73.83, -24.30 11.9 100 
HK Heinkel Glacier 75.16, -22.46 

 
3.0 70 



 54 

Figure S1. Comparison of ocean temperature T from reanalysis (as for Figure 2c-d) and in situ 55 
observations at (a) HG (Straneo et al., 2016) (b) KG (Azetsu-Scott and Syvitski, 1999, Dowdeswell, 56 
2004, Straneo et al., 2012, Inall et al., 2014a) (c) T1 (Murray et al., 2010) and (d) 57 
Nioghalvfjerdsbræ (NG) (Wilson and Straneo, 2015). For in situ data, continuous lines and circles 58 
show data from moorings and CTD surveys respectively. (a), (b) and (d) show depth-average 59 
temperatures from 200-400 m. For (c), the in situ record switches from 90-120 m (pink) to ~220 60 
m (red) depth in summer 2004, and so both depths are plotted for the corresponding reanalysis 61 
data (light blue and dark blue respectively). Otherwise, colours for reanalysis data are as for 62 
Figures 1 and 2, with in situ observations overlaid in red. The plotted reanalysis time series have 63 
been adjusted to fit in situ observations by subtracting constant values of (a) 2.9 °C, (b) 3.1 °C, (c) 64 
1.5 °C and (d) 0.3 °C. 65 

 66 

poorly mapped and not well resolved in the reanalysis, cells close to fjord mouths tend to be 67 

unrealistically shallow (e.g. Fenty et al., 2016) and so the warmer, deeper waters (crucial to the 68 

fjord heat budget) are not captured. Conversely, if the nearest cell of depth equal to that of the 69 

grounding line is chosen, this can be hundreds of kilometres away from the fjord mouth on the 70 

shelf break, and it is not clear that a pathway of such depth will exist between that cell and the 71 

glacier. As a compromise, we opt for the nearest cell of depth > 400 m, which is deep enough to 72 

sample the warmer Atlantic waters (AW) existing at depths greater than ~ 200 m whilst in many 73 

cases being located on the shelf rather than beyond the shelf break (Figure 1). For simplicity and 74 

consistency between glaciers, we take TR as the annual mean temperature between 200-400 m 75 

(Figure 2e-f). This falls within the likely depth range of up-fjord currents (e.g. Cowton et al., 2016), 76 

and allows key inter-annual trends in AW temperature to be captured whilst reducing noise due  77 



 78 

Figure S2. (a-b) Landsat 7 images of KG acquired on (a) 21 August 2004 and (b) 15 August 2005, 79 
documenting the rapid retreat of the terminus over this time. A bedrock high (c, black circle), 80 
marking the position of the 2005 pinning point, is visible in a Landsat 8 image acquired on 18 July 81 
2016. 82 

 83 

to large seasonal variations in shelf surface water temperatures which likely have limited 84 

influence on the glaciers (Straneo and Heimbach, 2013).   85 

To obtain values for the correction term c, we test these time series of TR against available in situ 86 

observations from moorings and CTD surveys in the vicinity of T1 (Holfort et al., 2008, Murray et 87 

al., 2010), HG (Straneo et al., 2016), KG (Azetsu-Scott and Syvitski, 1999, Dowdeswell, 2004, 88 

Straneo et al., 2012, Inall et al., 2014b) and, in the absence of data from the northern study 89 

glaciers, Nioghalvfjerdsbræ (NG) in the far north east of Greenland (Wilson and Straneo, 2015) 90 

(Figures 1 and S1). Fitting of TR to the observations indicates that the reanalysis data overestimate 91 

in situ temperatures in these locations by approximately 1.5 °C (T1), 2.9 °C (HG), 3.1 °C (KG) and 92 

0.3 °C (NG). While this may in part reflect errors in the reanalysis product (which is poorly 93 

constrained by observations on the shelf), significant cooling of AW is expected as it crosses the 94 

continental shelf from the core of the warm currents at the shelf break to the fjords (Straneo et 95 

al., 2012). To better represent the temperature of subsurface waters entering the fjords, we use 96 

these observations to adjust the values of TR derived from the reanalysis data to give TO. For the 97 

cluster of glaciers in southeast Greenland (M3, T1 and AB) we set c = 1.5 °C, while at HG and KG 98 

we set c = 2.9 °C and 3.1 °C respectively. For the glaciers in northeast Greenland (BG, VG, DJ, WG, 99 

HK), influenced by the same cooler recirculated AW as NG (Straneo et al., 2012), we set c = 0.3 °C. 100 

These offsets are then used to calculate the values of TO used throughout the paper. While this 101 

adjustment is necessarily approximate given the scarcity of in situ observations, its application 102 

enables better representation of the temporal and spatial variability in the temperature of ocean 103 

water entering Greenland’s fjords. 104 

 105 
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Terminus position 107 

For the period 2000-2009, width-averaged changes in glacier terminus position P (expressed as 108 

distance from an arbitrary up-glacier location) are taken from Seale et al (2011) and based on the 109 

automated classification of all available MODIS imagery. We extend this time series by manual 110 

termini delineation (using the linear box method (Lea et al., 2014)) in Landsat scenes (e.g. Figure 111 

S2) at approximately monthly intervals over the period 2009-2015, and where available over the 112 

period 1990-1999. No Landsat scenes are available during the years 1991, 1993 and 1995. At KG, 113 

HG and DJ we supplement these data with terminus positions delimited using Envisat imagery by 114 

Bevan et al (2012).  115 

Because the glaciers typically undergo an annual cycle of advance and retreat, error will be 116 

introduced into the mean annual position for glaciers and years where there are significant gaps 117 

in the available coverage. We therefore adjust glacier lengths according to 118 

𝑃 = 𝑃𝑚𝑒𝑎𝑛 + (
1

2
𝜇𝑎𝑟), 119 

(S1) 120 

where P is the adjusted mean annual terminus position, as based on Pmean, which is the mean of 121 

the available data for each year. r is the typical annual range in terminus positions for each glacier, 122 

based on the period 2010-2013 when continuous Landsat availability gives accurate near year-123 

round coverage (Table S2). Each data point is given a weighting μ based on the month within 124 

which it falls, ranging linearly from 1 (October, when the termini are typically most retreated), to 125 

-1 (April, when the termini are typically most advanced). The mean weighting for each year, μa, 126 

thus provides an indication of the extent by which the available data points likely over or under 127 

estimate the true mean annual terminus position. For example, the only two data points for 1995 128 

at DJ fall in August and September (when the glacier length will be close to its annual minimum). 129 

This gives μa = 0.5, and P is thus increased by 0.25 x r (= 0.3 km) with respect to Pmean to better 130 

approximate the true annual average terminus position. The difference between Pmean and P is 131 

shown in Figure 3 (being too small to plot in Figure 2g-h) and is in most cases negligible. 132 

Statistics 133 

Statistical comparison of TA, Q, TO, M1 and M2 with P is undertaken at the level of mean annual 134 

values. In Figure 5 (and Table S4) we consider data grouped from across the study glaciers, while 135 

in Figures 3 and 4 (and Table S3) we relate individual glacier-specific time series of anomalies in 136 

TA, Q, TO, M1 and M2 to those in P. Because these individual time series are in general non-137 

stationary, classical linear regression may indicate a statistically significant correlation between  138 



Glacier r (km) 
M3 0.42 
T1 0.67 
AB 0.57 
HG 2.01 
KG 2.93 
BG 0.52 
BG 0.42 
DJ 1.17 
WG 1.00 
HK 0.09 

 139 

Table S2. Mean annual range, r, in terminus position for each of the sample glaciers over the 140 
period 2010-2013. 141 

 142 

variables in instances where in fact no relationship exists (Granger and Newbold, 1974). To 143 

reduce the risk of incorrectly interpreting such spurious relationships, we test for cointegration 144 

of the time series (Engle and Granger, 1987), a technique that has proven valuable in examining 145 

the relationships between non-stationary climate variables (e.g. Kaufmann and Stern, 2002, Mills, 146 

2009, Beenstock et al., 2012). Cointegration occurs when a relationship between two or more 147 

non-stationary time series produces residuals that are themselves stationary, indicating a 148 

functional relationship that remains constant in time. A more thorough description of this 149 

approach, and its application in climate science, is provided by Kaufman and Stern (2002). We 150 

perform an Engle-Granger test for cointegration on each of the combinations of forcing and 151 

response time series using the egcitest function in Matlab R2016a (www.mathworks.com). Where 152 

linear regression indicates a significant correlation but cointegration is not established (at p < 153 

0.05), we recognise the increased risk that this correlation may be spurious. All R2 values given 154 

throughout the paper are significant at p < 0.05, with the specific p value given in each case, and 155 

all statistical values provided in Tables S3-4. 156 
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Glacier  TA’ Q’ TO’ 

n a 
[km /  
°C] 

R2 p  
(correlation) 

p 
(cointegration) 

a 
[km /  
(m3 s-1)] 

R2 p  
(correlation) 

p 
(cointegration) 

a 
[km / °C] 

R2 p 
(correlation) 

p 
(cointegration) 

M3 17 -2.138 0.46 <0.01 0.04 -0.209 0.60 <0.01 0.01 -4.679 0.61 <0.01 0.04 
T1 17 -0.716 (0.39) <0.01 0.10 -0.090 0.59 <0.01 0.03 -2.164 (0.36) <0.01 0.15 
AB 16 -1.641 0.51 <0.01 0.05 -0.139 0.63 <0.01 0.05 -4.127 0.73 <0.01 0.03 
HG 20 -1.745 0.43 <0.01 0.03 -0.112 0.75 <0.01 <0.01 -4.977 0.74 <0.01 <0.01 
KG 20 -1.388 (0.24) 0.03 0.11 -0.052 0.58 <0.01 <0.01 -2.249 (0.47) <0.01 0.31 
BG 17 - - <0.01 0.50 -0.111 (0.45) <0.01 0.10 - - 0.47 0.81 
VG 17 - - 0.16 0.03 - - 0.09 0.02 - - 0.68 <0.01 
DJ 20 -0.124 0.36 <0.01 <0.01 -0.007 0.37 <0.01 <0.01 -0.338 0.39 <0.01 <0.01 
WG 17 - - 0.08 0.01 - - 0.06 0.05 - - 0.14 0.24 
HK 17 -0.237 (0.38) <0.01 0.37 -0.090 (0.34) 0.01 0.45 -0.740 (0.55) <0.01 0.07 

All south* 90 n/a 0.52 <0.01 0.03 n/a 0.73 <0.01 <0.01 n/a 0.71 <0.01 0.03 
All north* 88 n/a (0.53) <0.01 0.08 n/a (0.59) <0.01 0.09 n/a (0.51) <0.01 0.06 
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Glacier  M1’ M2’ 

 n a 
[km /  
(m3 s-1 °C)] 

R2 p 
(correlation) 

p 
(cointegration) 

a 
[km / 
(m s-1/3 °C)] 

R2 p 
(correlation) 

p 
(cointegration) 

M3 17 -0.030 0.62 <0.01 0.01 -0.579 (0.43) <0.01 0.05 
T1 17 -0.012 0.59 <0.01 0.03 -0.288 (0.36) <0.01 0.11 
AB 16 -0.020 0.65 <0.01 0.04 -0.596 0.58 <0.01 0.03 
HG 20 -0.020 0.76 <0.01 <0.01 -0.828 0.70 <0.01 0.01 
KG 20 -0.012 0.59 <0.01 0.03 -0.697 (0.46) <0.01 0.20 
BG 17 -0.025 (0.29) 0.02 0.39 - - 0.10 0.68 
VG 17 - - 0.16 0.01 - - 0.21 0.01 
DJ 20 -0.002 0.44 <0.01 <0.01 -0.119 0.46 <0.01 <0.01 
WG 17 -0.001 0.32 0.02 0.03 -0.054 0.25 0.04 0.05 
HK 17 -0.029 (0.41) <0.01 0.46 -0.403 (0.44) <0.01 0.43 

All south* 90 n/a 0.75 <0.01 <0.01 n/a 0.63 <0.01 0.03 
All north* 88 n/a 0.63 <0.01 0.03 n/a (0.55) <0.01 0.05 
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Table S3. Coefficient a and R2 values for the relationship P’ = aF’, where P’ is glacier terminus position anomaly and F’ is forcing anomaly (i.e. TA’, Q’, TO’, 160 
M1’ or M2’), expressed relative to the 1993-2012 mean. Missing values are not significantly correlated at p < 0.05, while values in brackets indicate that 161 
time series are not significantly cointegrated at p < 0.05 (Methods). R2 values for the ‘All north’ and ‘All south’ subsets (*) are given for consistency 162 
with Figures 3 and 4 – note that because these are only applicable to the combined normalised data sets (𝑇̃A 𝑄̃, 𝑇̃O, 𝑀̃1 and 𝑀̃2) as shown in Figure 3f 163 
and l, values of a are not given. Also shown in each case is the sample size n. 164 

 165 



 
Dataset 

 
n 

TA Q TO M1 M2 

a  
[km / °C] 

R2 p  
 

a 
[km /  
(m3 s-1)] 

R2 p  
 

a 
[km / °C] 

R2 p a 
[km /  
m3 s-1 °C] 

R2 p a 
[km / 
m s-1/3 °C] 

R2 p 
 

All glaciers (P’) 178 -0.802±0.230 0.21 <0.01 -0.059±0.011 0.41 <0.01 -2.110±0.418 0.36 <0.01 -0.014±0.002 0.54 < 0.01 -0.541±0.0896 0.44 <0.01 
All glaciers (ΔP) 10 - - 0.47 - - 0.12 -2.906±1.25 0.41 0.01 -0.018±0.006 0.54  0.01 -0.628±0.221 0.57 0.01 
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Table S4. Coefficient a (including 95 % confidence intervals) and R2 values for the relationship between terminus position and the environmental 167 
forcings for the combined ‘All glaciers’ datasets. The upper row shows the relationship P’ = aF’, where P’ and F’ represent the anomalies (relative to 168 
the 20-year mean) in terminus position and the forcings (i.e. TA

’, Q’, TO’, M1’ and M2’) respectively (Figure 5a-e). The lower row shows the relationship 169 
ΔP = a ΔF, where ΔP and ΔF represent the overall change (2010-2012 mean minus the 1993-1995 mean) in terminus position and forcings (i.e. ΔTA, 170 
ΔQ, ΔTO, ΔM1 and ΔM2) respectively (Figure 5f-j). Also shown in each case is the sample size n and p value. Missing values are not significant at p < 0.05171 
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