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Delta progradation in Greenland driven by 
increasing glacial mass loss
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Climate changes are pronounced in Arctic regions and increase the 
vulnerability of the Arctic coastal zone1. For example, increases in 
melting of the Greenland Ice Sheet and reductions in sea ice and 
permafrost distribution are likely to alter coastal morphodynamics. 
The deltas of Greenland are largely unaffected by human activity, but 
increased freshwater runoff and sediment fluxes may increase the 
size of the deltas, whereas increased wave activity in ice-free periods 
could reduce their size, with the net impact being unclear until now. 
Here we show that southwestern Greenland deltas were largely stable 
from the 1940s to 1980s, but prograded (that is, sediment deposition 
extended the delta into the sea) in a warming Arctic from the 1980s 
to 2010s. Our results are based on the areal changes of 121 deltas 
since the 1940s, assessed using newly discovered aerial photographs 
and remotely sensed imagery. We find that delta progradation was 
driven by high freshwater runoff from the Greenland Ice Sheet 
coinciding with periods of open water. Progradation was controlled 
by the local initial environmental conditions (that is, accumulated 
air temperatures above 0 °C per year, freshwater runoff and sea 
ice in the 1980s) rather than by local changes in these conditions 
from the 1980s to 2010s at each delta. This is in contrast to a 
dominantly eroding trend of Arctic sedimentary coasts along the 
coastal plains of Alaska2, Siberia3 and western Canada4, and to the 
spatially variable patterns of erosion and accretion along the large 
deltas of the main rivers in the Arctic5–7. Our results improve the 
understanding of Arctic coastal evolution in a changing climate, and 
reveal the impacts on coastal areas of increasing ice mass loss and the 
associated freshwater runoff and lengthening of open-water periods.

With rising global temperatures, Arctic sea-ice extent diminishes8, 
and the duration of open water increases, causing severe pressure on the 
Arctic coastlines9 through increased wave action10–12. Simultaneously, 
the erodibility of the coast is greatly enhanced by thawing permafrost5. 
Warming also results in increased runoff from the Greenland Ice Sheet 
and the thousands of peripheral glaciers and ice caps in the Arctic13,14. 
These changes alter the transport of sediment and nutrients from land 
to the coastal zone15,16 and can change the morphodynamics of the 
coastal zone by increasing the fluxes of sediments17.

Here we undertake a comprehensive investigation of Arctic deltas by 
mapping the coastal morphodynamic change in 121 Greenlandic deltas 
from 1940s to 2010s, thereby covering a large spatio-temporal climate 
gradient in Greenland. These deltas are located between the Greenland 
Ice Sheet and the ocean, and they act as an effective sedimentary sink 
before transport to the glacially carved fjords. The fjords, as receiving 
basins18, are known as important traps of carbon en route from land 
to the ocean19. Hence, changes in the morphology of the coast alter the 
amount of material reaching the deep fjords. Many deltas in Greenland 

provide essential ecosystem services and support the indigenous  
society20; a changing deltaic environment could ultimately alter not 
only their livelihoods9 but also the archaeological evidence of the past21. 
How Greenland’s coast responds to the changing climate remains 
unknown, and a general understanding of the processes causing delta 
changes in this vulnerable region has been largely absent. Arctic  climate, 
including the climate in the Greenlandic region, has undergone  striking 
changes in the past decades, much larger than observed elsewhere 
 globally22. In some regions, the mean annual temperature has increased 
by more than 4° since 1979 (ref. 23), and the sea ice is breaking  
up earlier in the season8 and refreezing later. This rapid warming 
results in more pronounced mass loss from the Greenland Ice Sheet and 
increasing freshwater runoff14. However, the effect of climate change in 
the Arctic coastal zone remains poorly documented and understood9.

We analyse the depositional and erosional history of 121 Greenlandic 
deltas by mapping the majority (around 95%) of deltas along more than 
3,000 km of Arctic coastline stretching from 70° N in West Greenland 
to 60° N in East Greenland (Supplementary Table 1). We use  historical 
aerial imagery from the 1940s, aerial orthophotographs (that is, 
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Figure 1 | Progradation in two types of deltas. a, b, ‘Restricted delta’ in 
1985 (a, black and white orthophotograph) and 2010 (b, GEO1 satellite 
image, 20 August 2010). c, d, ‘Open fan-shaped delta’ in 1985 (c, black  
and white orthophotograph) and 2013 (d, WorldView-2 satellite image,  
19 June 2013). The dashed lines in b (white) and d (grey) indicate the  
1985 positions of the delta mouths. Both satellite images are provided by 
Google Earth.
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geometrically corrected photographs, such that the scale is uniform) 
from the 1980s, and modern satellite imagery (2003–2016) available 
through Google Earth to analyse the spatial and temporal evolution of 
Greenlandic delta evolution (Methods; Supplementary Table 2). All the 
deltas can be classified as pristine systems; human interference (such 
as dykes and reservoir dams in the catchments, and coastal protection 
along the fringes) is non-existent. The areal extent of the selected deltas 
was measured at each observation time, and changes were determined 
as a change in square metres per year for two periods, 1940s–1980s and 
1980s–2010s, with a persistent landward baseline used as a reference 
(Methods). The high-tide level marked the outer boundary of the delta 
(the delta front), and the tide level was estimated by using local tidal 
prediction tables (Methods). The presence of snow on the delta plain 
and of icebergs in the intertidal zone, together with the location of 
subaerial bars, aided the identification of delta areal extent (Methods; 
Extended Data Fig. 1). We introduce two different delta types, 
 differentiated by their exposure to waves (Methods): a ‘restricted delta’  
(Fig. 1a and b) is often located in the head of a fjord with waves  coming 
from limited directions, in contrast to an ‘open fan-shaped delta’  
(Fig. 1c and d), which experiences a potentially wide range of wave 
directions. The evolution of deltas is determined by competition 
between the influence of the terrestrial drainage basin and that of the 
marine receiving basin24. We hypothesize that the main  terrestrial 
driver is spatial and temporal variation in freshwater runoff which 
 controls sediment influx to the delta front, whereas the main marine 
driver is hypothesized to be the length of the open-water season 

and associated wave impact, which controls sediment erosion and 
 reworking away from the delta front. To investigate the processes 
responsible for delta evolution, we analyse the direct and indirect 
effects of these terrestrial and marine drivers using structural equation 
modelling (SEM) (Methods; Extended Data Table 1). SEM consists 
of a meta-model (Extended Data Fig. 2) built on prior expected rela-
tionships between the runoff component of the glacial surface mass 
balance and runoff from land25, local air temperatures25, elastic and 
visco-elastic bedrock uplift26, sea-ice coverage8 and changes in delta 
areal extent (calculation of each driver is described in the Methods and 
Supplementary Information). The meta-model quantifies the proposed 
relationships and explores the potential missing linkages (Methods; 
Extended Data Tables 2 and 3).

Of the 121 deltas, observations of 75 cover the entire observational 
period (1940s, 1980s, and 2010s). Significant changes in average delta 
size have taken place for these deltas between the 1940s and 2010s  
(likelihood ratio test =  27.23, degrees of freedom (d.f.) =  2, P <  0.001; 
Fig. 2). Although there were no significant changes in average delta 
size in the early period, 1940s–1980s (t-value, t =  –0.78, d.f. =  148, 
P =  0.72), there was an increase in delta size in the most recent 
period, 1980s–2010s (t =  –4.26, d.f. =  148, P <  0.001). For the period 
1980s–2010s, when delta progradation occurred, the changes in delta 
areal extent were positively correlated with increasing runoff when this 
coincided with open-water periods. High background freshwater runoff 
has developed large deltas, and the largest progradation rates are found 
in these deltas. Higher air temperatures affect the delta progradation 
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Figure 2 | Delta changes in the period between 1940s–1980s and 
1980s–2010s. a, Blue dots or blue squares represent prograding deltas; red 
dots or red squares, eroding deltas. b, Density distributions (violin plots) 
of the delta sizes for each point in time (open deltas, n =  35; restricted 
deltas, n =  40). The central horizontal black line represents the mean, and 

the shaded boxes indicate the 95% highest density intervals of the mean. 
Individual deltas are marked by connecting lines between each plot.  
The average delta size is unchanged between the 1940s and 1980s on a  
log scale (t =  –0.78, d.f. =  148, P =  0.72), whereas it significantly increases 
between the 1980s and 2010s (t =  –4.26, d.f. =  148, P <  0.001).
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rate indirectly, both through increased runoff and associated increase 
in sedimentary flux, and by increasing the number of sea-ice-free days 
(Fig. 3a and c). The effect of increased meltwater  dominates the delta 
response as compared with the effect of expanding sea-ice-free periods 
(Extended Data Fig. 3). The net effect of delta changes is governed by 
the initial environmental conditions at each delta in the 1980s rather 
than by relative changes in these conditions in the period between the 
1980s and 2010s (Fig. 3b). This means that there is a clear trend in 
the spatial variation in delta changes (Fig. 2a): south and southwest 
Greenland show the most pronounced progradation in delta size, and 
deltas in central western Greenland have also prograded. In eastern 
Greenland, however, only a few deltas show minor progradation. The 
highest progradation rates are found in areas where both the 1980s  
runoff and the change in runoff over 1980s–2010s are high (Extended 
Data Fig. 4). The stable nature of deltas in East Greenland can be 
 attributed to a combination of the generally lower temperatures, 
lower runoff, and the presence of sea-ice flux from the East Greenland 
Current (Extended Data Figs 4 and 5), which counteracts a local signal 
caused by sea-ice melting (Fig. 3c).

The regime of the deltas is governed by the freshwater runoff and 
associated sediment load from the catchment, and by the waves and 
tide from the receiving basin27. Here we show that delta progradation 
from 1980s to 2010s occurred after four decades of near-stability. The 
SEM analysis quantitatively attributes the recent progradation of deltas 
to an increasing freshwater runoff13 and an increase in the open-water 
period during approximately the past 30 years (ref. 8). Our results show 
that sediment export dominates wave erosion, possibly because many  
deltas are located in protected environments and exposed to only limited 

wave energy: when these conditions are combined with the  increasing 
sediment flux caused by higher freshwater runoff, the deltas  prograde. 
We find a robust relation between progradation and increasing  
runoff which indicates uniform accommodation space (the space 
available for potential sediment accumulation) such that an increased 
sediment volume results in a proportionally increased progradation.

Arctic deltas are influenced by unique characteristics such as 
 permafrost and changing seasonal water and ice conditions. They 
can  generally be divided into two distinct types: large deltas (such as 
the Lena and Mackenzie River deltas) with large drainage basins, low 
 gradients, strong seasonality in discharge, and strong variability of 
 erosion and accretion patterns; and smaller deltas (Greenlandic deltas), 
with minor partly ice-covered drainage basins and steeper gradients, for 
which snow and ice melt control the runoff28. We studied the latter type 
and have shown that over the 1980s–2010s the pristine Greenlandic 
deltas prograded because of a warming climate which increases the 
freshwater runoff from the ice sheet and subsequent deposition at  
the nearby coast. Temperature, precipitation, and the area and mass 
balance of glacial ice within the delta catchment control the freshwater 
runoff potential (Fig. 3c and Extended Data Fig. 6) which causes the 
response signal in the deltas. The catchment size and the associated 
ice bodies vary for each delta investigated, and it is usually possible 
to distinguish whether an ice body is part of the Greenland Ice Sheet, 
peripheral glaciers or ice caps. The Greenland Ice Sheet already has the 
potential to deliver an ever-increasing supply of sediment and fresh-
water runoff, whereas peripheral glaciers and ice caps have a  relatively 
limited ability to deliver sediment. Future changes in runoff and, by 
extension, the delta size are governed by the fate of the ice in the delta 
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Figure 3 | Structural equation model representing connections between 
delta changes in a progradation period and factors influencing coastal 
evolution. a, Main terrestrial and marine drivers influencing delta changes 
incorporated in the SEM. The numbers refer to different sections in the 
SEM (see Methods). b, Total effect sizes on delta changes, from absolute 
values and changes in values of runoff, open-water period and thawing 
degree-days (TDD). Values represent the sum of potential pathways from 

each parameter to delta changes in the SEM. c, Solid arrows represent 
significant linear paths supported by the model; dashed lines are omitted 
paths. Model fit and path estimates are built on an SEM incorporating  
the random effect of delta types (restricted and open deltas). Fisher  
C statistic 28.3, with 30 model degrees of freedom and P =  0.57 (indicating 
close fit between model and data).
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catchment and the length of the open-water period. This prograding 
trend is likely to continue in the near future29 and therefore be impor-
tant for local society and stakeholders in the planning of infrastructure 
stability, not least because most of the Greenlandic population lives 
in or near the coast. The East Greenland deltas that are now stable 
may well overcome the threshold of sediment transport and start to 
become active prograding systems under a continuing warming trend. 
While the world’s temperate deltas are drowning30, Greenland’s deltas 
are, in contrast, advancing because of the increased mass loss from 
Greenland’s land-based ice. These Arctic deltas are a reminder of 
the influence of the sediment flux from land to sea; thus, the results  
presented here advance our understanding of processes controlling 
Arctic coastal evolution and their role in a future warmer climate.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOdS
Aerial and satellite imagery. Selection of coastal zone region in this study is 
 dictated by the availability of 1940s aerial photographs from a rediscovered archive 
of imagery31. The images were taken during a photo campaign in the Second World 
War. Over the 1940s, many oblique aerial images were recorded along the coasts 
of Greenland, with a scale of 1:40.000. The precise dates and camera details of 
the ‘1943 flights’ are no longer available, and it is unclear when the flights took 
place. The best estimate is that these photographs were recorded in the second 
half of the war. The film rolls were handed over to the Danish National Survey and 
Cadastre after the war, and here the registration cards at the archive associated with 
these flight lines have the year “1943” and “1943?” noted on them. Therefore, we 
assume that the imagery dates from 1943. Some images were taken during flight 
campaigns in 1949. All 1940s vertical photographs were scanned from the  contact 
print at 600 dpi, resulting in a ground resolution of about 2 m. Delta changes 
between 1940s, 1980s and 2010s are derived from direct observations of spatial 
delta extent. About 80% of the deltas investigated are covered by the images from 
1940s. Additionally, vertical aerial photographs from 1981 and 1985, covering the 
entire coastal zone, have been used in the analysis. For these photographs, all flights 
were conducted in summer, from late June to early August, from an  altitude of 
13.000 m at a scale of 1:150,000. The photographs were later scanned to a  resolution 
of approximately 15 μ m (corresponding to a ground resolution of about 2 m), using 
a photogrammetric scanner with a geometric error of 1–3 μ m. The  photographs are 
part of a larger collection of images covering the entire ice-free areas of Greenland 
from 1978 to 1987, processed at the Palaeoclimate-Quaternary Group of the 
Centre for Geogenetics, Natural History Museum of Denmark. The 1:150,000-
scale  photographs from 1981 and 1985 have been aero-triangulated to the GR96 
reference system. The resulting ortho-mosaics have a ground resolution of 4 m. 
They constitute the 1981/1985 data used in this study and serve as the horizontal 
reference for rectification of all other imagery in this study. All satellite imagery 
was provided by DigitalGlobe, obtained through the freely  available Google Earth, 
and exported as JPEG files at the highest possible resolution (4,800 ×  3,252). The 
precise date for each image varies from delta to delta, but spans from 2003 to 2016 
(Supplementary Table 2 lists the image acquisition date for each delta, along with 
information on satellite type, incidence angle, and specific scene ID). Where several 
satellite images were available, the newest imagery was chosen in order to  analyse 
the longest possible time span within the most recent period of  investigation. 
Exceptions were made if snowcover hindered the georectification of the image. 
For historical images, we accepted the acquisition time, as there was only a single 
image available for each period.
Ground control of the imagery and digitizing process. All imagery used in 
this study has been co-registered to the digital ortho-mosaics of 1981/1985 aerial 
photographs. Individual image rectifications were made for each individual delta 
before digitizing the delta front. The strategy used in the rectifying phase is to 
minimize horizontal error. Distortion of the images is minimized by rectifying the 
images on an individual delta basis with tie-point registration to the 1981/1985 
ortho-mosaics. For this study, the strategy for rectifying the oblique images is to 
place a high number of tie points close to the delta front, encircling the area to 
be digitized. Rectification is done using a second- or a third-order polynomial 
transformation32 for which at least 10 tie points are placed. This transformation, 
where many tie points are available, forces the tie points in the oblique image to 
the ground-truth tie points of the 1981/1985 ortho-mosaic and interpolates values 
between tie points using a polynomial transformation32. Residual root mean square 
(r.m.s.) value is no indication of an accurate rectification, but serves as an indicator 
of how much the image is distorted into its new position. The original resolution 
for the 1940s imagery was about 1.7 m resulting in a residual r.m.s. of maximum 
10 m, while the modern satellite-derived imagery has original resolutions ranging 
from 0.3 to 0.8 m giving a residual r.m.s. of maximum 5 m. Once the images have 
been rectified to the 1981/1985 orthorectified mosaic, the delta area extent (A) is 
digitized manually, and the high-water line serves as boundary for the delta front.  
A reference line is drawn inland and constitutes the baseline for that delta through-
out all investigated years. The result is a polygon representing the delta area extent 
for a specific time (Ai). When the delta area extent has been digitized for several 
years (ti), each polygon is used to calculate change in delta area extent (in m2):

= −A A Ad (1)i j

The period of change (in years) is given as:

= −t t td (2)i j

and the delta area extent change rate (P) is given as:

=P A
t

d
d

(3)

We narrow down the uncertainty of the horizontal accuracy to one pixel size (ρ), 
related to the 1981/1985 imagery and corresponding to 2 m. The uncertainty in 
the change rate of the delta area extent is given as:

ρ2 (4)2

The resulting uncertainty is 2.83 m.
Specific delta characteristics. The areal extent of each delta is identified at each 
time step. The high-water line on the delta plain was used as the delta shoreline. 
Identification of the high-water line was not always trivial, and we used  additional 
measures. Icebergs and slush ice on the delta plain always indicated intertidal areas; 
snow and densely vegetated areas were only present on the subaerial delta plain 
above the high-water line. Subaerial bars on the delta plain were also incorpo-
rated in the areal extent of the delta. Delineation of the extent of the delta  carries 
some subjectivity. To minimize this effect, the defined delta boundaries were  
verified by two or three people. Deltas were used only if two coastal morphologists 
could identify the same delta shoreline independent of each other. To address the  
uncertainties associated with categorizing the documented delta changes  
(prograding, eroding or stable), we divided the difference in delta area extent dA (in m2)  
between the two periods by the total length of the delta front for both periods (in m).  
Absolute values greater than the estimated uncertainty of 2.83 m suggest an 
observed dA greater than could be produced by measurement errors alone.

For each delta, the maximum and minimum fetch length (the length of exposed 
water over which wind has blown) and direction were measured along with the 
open-angle width referred to as ‘delta exposure’ in the SEM analysis. The open- 
angle width is defined as the total angle (in degrees) for which the fetch exceeds 
3 km. The ‘central orientation’ is given as the cross-shore normal angle minus the 
central total open-angle width (Supplementary Table 1). Both variables refer to a 
delta’s exposure to wave energy.

In all analytical steps, we handled differences in delta dynamics caused by the 
differences between the two identified delta types, open and restricted deltas, as 
two randomly chosen instances interesting only as representatives of a common 
mean. This was done by including delta type as a random effect in the linear 
 regression and structural equation model. Delta changes between the three  studied 
time slices were described using a linear mixed effect model. For 75 deltas from 
which data on delta sizes in the 1940s, 1980s and 2010s could be retrieved, an 
initial linear model was created that included delta size as the response variable, 
period as the explanatory class variable, and delta ID and delta type as random 
effect variables. To meet the assumption of variance homogeneity in the model, 
delta size was log-transformed before any model reduction step. The reported 
P-value  corresponds to a likelihood ratio-test. Within the random effect model, 
pairwise comparisons between the study periods (1940s versus 1980s, and 1980s 
versus 2010s) were based on differences in mean values. For each year, we used 
Satterthwaite approximations33 to define the effective number of degrees of 
 freedom used to estimate the 95% confidence limits around the mean. Based on 
these uncertainties, differences in mean values were tested via a two-tailed t-test. 
All P-values were evaluated at a 5% significance level.
Modelling delta changes. Our goal was to provide a framework that had the 
 potential to clarify the impact of climate change on deltas in Greenland. Based on 
our knowledge from literature on dynamics influencing Arctic coastal  evolution, 
we constructed a hypothetical meta-model that guided the further analysis 
(Extended Data Fig. 2). In this model, we specifically want to address three issues 
that arise when discussing the impact of climate change on coastal evolution5:

(1) The direct effect of runoff from the Greenland Ice Sheet and open-water 
days on delta evolution;

(2) The effect of local temperatures on delta evolution;
(3) The impact of the initial environmental conditions for each delta versus the 

changes in conditions affecting the delta evolution.
We postulate that sea ice protects a coast from erosion induced by waves and 

storm surge, meaning that a prolongation of the sea-ice-free period ought to lead to 
increasing erosion of the deltas10. We expect runoff to affect the sizes of the deltas, 
meaning that large runoff will deliver large amounts of bedload and suspended 
material enabling the deltas to prograde17. Local temperatures are thought to affect 
deltas indirectly in two opposing ways: (1) by warmer temperatures providing 
transport capacity to supply more material into the coastal zone through larger 
runoff from the GIS, and (2) by warmer temperatures decreasing the sea-ice extent, 
allowing a longer open-water period in which waves can affect the coast.
Sea-ice distribution. Satellite-derived estimates of the number of open-water 
days were calculated using the method of8,34 using sea-ice concentration provided 
through the National Snow and Ice Data Center35. The data set covers the time 
period of late 1978 to the present at daily resolution and has a nominal horizontal 
resolution of 25 km. We restrict our analysis to the period from 1981/1985 to align 
with remotely sensed imagery intervals. For each grid cell and for each year, we 
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calculate the total number of open-water days, meaning the number of days when 
sea-ice concentration is less than 15%. The analysis period starts and ends at the 
70th day of the year, to align the analysis year with the seasonal sea-ice maximum. 
The analysis is restricted to grid cells in which sea-ice concentration over a single 
day exceeded 80% at least once during the observational period.
Defining yearly isostatic uplift rates since the 1980s. For each location, we  
estimate uplift owing to a combination of the Earth's instantaneous elastic response 
to contemporary present-day changes in ice mass and delayed viscoelastic response 
to ice changes since the Last Glacial Maximum (approximately 21 thousand years 
ago) as described by ref. 26. To predict the elastic displacements, we convolve 
mass-loss estimates inferred from satellite and airborne altimetry data during 
1995–2016 (from the ERS 1and 2 satellites, ICESat, the ATM and LVIS altimeters, 
and CryoSat-2) with the Green’s function for vertical displacements derived36 for 
the preliminary reference Earth model37. For dates before 1995, we convolve the 
mass loss inferred from surface mass balance (obtained using the regional climate 
model RACMO2)38 with the Green’s function for vertical displacements.
Delta catchment definition. Delta catchments were found by using a watershed 
analysis in Esri’s ArcGIS software. A Greenland Mapping Project (GIMP) digital 
elevation model39, with sinks filled, was used to create a flow direction and flow 
accumulation rasters. Points are placed for each delta, near the delta where major 
flow accumulation merges. For deltas where several flowlines exist, multiple points 
are placed. The catchments have been divided into ice-free land and glacier-covered 
land using the GIMP ice sheet mask39 and the Randolph Glacier Inventory for local 
glaciers and ice caps40.
Regional Climate Model MAR v.3.5.2 model. Runoff and air temperature data are 
acquired from the regional climate model MAR (Modèle Atmosphérique Régional) 
version 3.5.2 (ref. 41) from 1981/1985 to the present. The model is fully coupled with 
the CROCUS snow model, allowing for snow redistribution41, and validated against 
the surface mass balance of the Greenland ice sheet, and parameterized as described 
in ref. 25. Here, we use the results from a model run from 1979 to 2014. The model 
data are forced with ERA-Interim reanalysis data, and topographically downscaled 
to a 5 km grid, based on ref. 42, in time steps of monthly means. Grid cells inter-
cepting with the delta catchments were extracted, and weighted according to the 
 coverage of each grid cell, relative to the total catchment area. Intercepting areas were 
derived using ArcMap 10.3 (Esri)32. Grid cells with a sea-mask sign were discarded. 
Thawing degree-days (TDD), which are a measure of both duration and magnitude 
of above-thawing temperatures during a specified period, were computed using 
the Climate Data Operators software (CDO, Max Planck Institute), as cumulative 
air temperatures above 0 °C per year. Runoff was computed as cumulative water 
equivalents per year (runoff (mm yr–1) ×  area (km2)). The maximum TDD and 
cumulative runoff were subsequently computed per catchment. Maximum TDD 
represents the single highest grid-cell value within each catchment. Trends (slopes) 
in all data variables are computed in CDO. They are based on linear ordinary least-
square regressions of yearly averages to remove autocorrelation effects.
Structural equation modelling. To evaluate the effects of the selected environ-
mental factors on delta change from the 1980s to 2010s, we used SEM. In SEM, 
causal links between variables of interest are defined and evaluated in the form 
of interconnected equations43,44. We created a hypothetical path diagram based 
on our expected connections between parameters (Extended Data Fig. 1). This 
meta-model was evaluated by a semi-explorative approach in which we included 
missing links and assessed the support of existing links using the data available45. 
Given the nature of each exogenous variable, we established causal inclusion rules 
that had to be met in order to include pathways suggested by the data. Variables 
describing a change from the 1980s to the 2010s could not affect initial variables 
in the 1980s. Furthermore, we did not consider paths indicating causal links from 
surface (delta sizes, sea ice and runoff) to the climate variables in the SEM. In 
the SEM, all  endogenous variables were modelled using linear Gaussian mixed- 
effect models, containing delta type as a random intercept and the explanatory 
 variables as fixed effects (Extended Data Table 1). Each local model was screened 
for residual distributional properties. Several variables were transformed as a 
result of evaluations in order to meet the assumptions of variable homogeneity 
in the local models (Extended Data Table 2). Model fit and model evaluation 
were based on local estimations, in which each path is solved independently from 
the  others46. We evaluated the full SEM and potential inclusion of missing paths 
using Fisher’s C statistic47. In contrast to global estimated models, local estima-
tors  permit  complex path specifications fitted by the entire covariance matrix 
and do not  transfer  misspecification errors across different parts of a SEM48. In 
each of the local models, the links supported by our data were identified based on  
corrected Akaike Information Criteria (AICc)49. Based on all potential parameter 
combinations, the simplest model within two units of the lowest AICc value was 
included in the SEM (Extended Data Table 4). If one single model could not be 
identified, the model combining candidate models was used, on the condition 
that this combination provided a lower AICc. This fitting procedure was repeated 

until no further changes to the SEM could be made (Extended Data Table 3)45. In 
the final SEM, we controlled for error correlates between changes in  maximum 
TDD and total runoff in 1980s and the open-water period in the 1980s, as these 
were suggested to cause changes in maximum TDD. Attempts to determine 
some simple general explanation for these links were not successful, so we regard 
these as background control features conditioned by an unobserved causality.  
The level of  variance explained by each component model for all response varia-
bles was given as the conditional R2 (or pseudo R2) based on the variance of both 
the fixed and random effects50. To contrast the importance of the different model 
 components, the effect sizes and accumulated effects (total effects) across the SEM 
were derived from path coefficients scaled to a mean of 0 and standard  deviation of 1. 
All  analyses were conducted in R version 3.1.0 or later (www.R-project.org). We used 
the R software platform (v.3.1.0 or later) and the piecewiseSEM46, MuMin51, lme452, 
lsmeans53 and nlme packages54 for our SEM and mixed-effect model analyses.
Data availability. We use historical aerial imagery from the 1940s to map the 
delta extent manually. Raw imagery is made available for research purposes by 
the Danish Geodata Agency, a part of the Danish Ministry of Energy, Utilities and 
Climate. The 1980s orthophotographs used in this study are available upon request 
from the corresponding author. Data on sea-ice concentration were  provided 
by the National Snow and Ice Data Center (NSIDC) and are available through 
https://nsidc.org/data/nsidc-0051. The regional climate model MAR (Modèle 
Atmosphérique Régional) version 3.5.2 is available at ftp://ftp.climato.be/fettweis/
MARv3.5/Greenland. Source data for Figs 2 and 3 are provided with the paper.
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Extended Data Figure 1 | Examples of the identification of the delta extent. The land–water boundary is drawn where the high-water line (a) can be 
identified. Presence of snowcover (b) or icebergs (c) aids the identification process. Mouth bars (d) are included as part of the delta extent. All imagery 
provided by Google Earth.
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Extended Data Figure 2 | Meta-model showing hypothesized causal 
links from which a structural equation model was constructed. 
Justification and argumentation of each path is given in the main text and 
Methods section. Solid boxes indicate factors from which two options for 

each variable were constructed, one representing initial values in the 1980s 
and one representing changes from 1980s to the 2010s. Dashed boxes 
indicate variables that were expected to have a confounding effect on delta 
changes, potentially obscuring our target hypotheses.
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Extended Data Figure 3 | Total effect of TDD on delta changes derived from the SEM. The top-right insert indicates the direction of the pathways 
from TDD to delta changes in the structural equation model presented in Fig. 3. Green bars represent unique pathways via runoff; yellow bars represent 
unique pathways via sea-ice extent.
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Extended Data Figure 4 | Spatial distribution of runoff and thawing degree days (TDD). a, Mean runoff; b, yearly change in runoff 1981–2014;  
c, mean TDD; d, yearly change in TDD from 1981–2014.
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Extended Data Figure 5 | Spatial distribution of open-water days . a, Mean number of open-water days; b, yearly change in open-water days from 1981 
to 2014.
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Extended Data Figure 6 | Total runoff from the studied delta 
catchments as a function of the ice coverage in the catchments. The 
dotted line indicates mean trend from 0% to 100% ice coverage. There 

is a significant linear increase in the log total runoff in the 1980s when 
the percentage of ice bodies in the catchment increases: slope estimate 
β =  0.017 [0.006; 0.028], (mean [95% confidence limits]), P <  0.01.
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extended data table 1 | Model variables

* Data transformation given in brackets.
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extended data table 2 | Standardized partial effect sizes (and standard errors) and proposed interpretations
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extended data table 3 | Individual paths not included in the final structural equation

Endogenous variables are presented on the left side and the causal variable on the right side of the ~  mark. Conditional variables in each sub-model have been omitted from output table for clarity. 
Unstandardized parameter estimates are given along with their standard errors, degrees of freedom (df), t-values and associated probabilities.
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extended data table 4 | AICc values of local submodels derived from the initial meta model

Models within two AICc units of the sub-model with the lowest AICc value. Unstandardized parameter estimates are shown for each local model. Standardized parameter estimates derived from the 
unstandardized ones are presented in Fig. 3 and Extended Data Table 2. Each submodel is presented together with its degrees of freedom (df), log-likelihood estimate (LogLik), corrected Akaike  
Information Criteria value (AICc) and difference in AICc compared to the submodel with the lowest AICc (Δ AICc).
* Local models used in the final SEM.
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