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            Abstract
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 Arctic5,6,7. 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.
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                    Figure 1: Progradation in two types of deltas.[image: ]


Figure 2: Delta changes in the period between 1940s–1980s and 1980s–2010s.[image: ]


Figure 3: Structural equation model representing connections between delta changes in a progradation period and factors influencing coastal evolution.[image: ]
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Extended data figures and tables

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.


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.


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.


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.


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.


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.


Extended Data Table 1 Model variablesFull size table


Extended Data Table 2 Standardized partial effect sizes (and standard errors) and proposed interpretationsFull size table


Extended Data Table 3 Individual paths not included in the final structural equationFull size table


Extended Data Table 4 AICc values of local submodels derived from the initial meta modelFull size table
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        Editorial Summary
Greenland's growing deltas
Climate change has the potential to erode coastlines, for example as a result of increased wave activity, but the net effect depends on the balance between creative and destructive forces. Mette Bendixen and colleagues show that deltas in southwestern Greenland have grown over the past few decades, following a period of stability in the mid-twentieth century. The delta expansions occurred during periods of reduced sea ice and increased melt from the Greenland Ice Sheet. Although many coastlines remain under threat, these findings reveal the intimate interactions that arise in a warming climate. A loss of ice seems to lead to increased sediment delivery, which has resulted in the expansion, rather than degradation, of Greenland's deltas.
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