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METHODS

Image processing
[bookmark: _1fob9te]The MODIS Reprojection Tool was used to convert data from HDF to Geotiff format, and to transform the data into a Polar Stereographic projection with the WGS-84 datum. The MODIS Reprojection Tool uses a modified version of the Generalized Cartographic Transformation Package (Dwyer and Schmidt 2006). Because the MOD13Q1 data are a 250 m product, both the MOD10A1 500 m and MOD11A1 1 km data were resampled to 250 m using nearest neighbor interpolation. The Geospatial Data Abstraction Library was then used to transform the data from Polar Stereographic projection to the WGS 84 / NSIDC Sea Ice Polar Stereographic North for Greenland (EPSG:3413). This projection has been used for satellite mapping of Greenland and for the MODIS mosaic of Greenland (Haran and others, 2013).
The MODIS data used in this analysis were stored in MODIS Integerized Sinusoidal projection, which is an equal area grid. In this projection, the area represented by Greenland is accurately represented relative to globally land area. Transformation to the WGS 84 / NSIDC Sea Ice Polar Stereographic North for Greenland likely induced some distortions in the data particularly at the higher latitudes. These could have produced artifacts, particularly on the edges of land surface fields and features. However, given the down sampling of both the MOD10A1 500 m and MOD11A1 1 km data to 250 m resolution using nearest neighbor approximation, the effect of any artifacts and edge effects should have been minimized. Because the WGS 84 / NSIDC Sea Ice Polar Stereographic North for Greenland projection is a conformal projection and does not accurately represent area, trends in the data were assessed in terms of changing numbers of pixels and did not represent an assessment of areal change through time.
Due to the influence of polar night, there were fewer MODIS tiles available in the shoulder seasons. Because the MOD10A1 and MOD13Q1 observations are derived using observations in the visible part of the EM spectrum, they require incident sunlight for observations to occur and were impacted by recession and onset of polar night. The availability of observations and tiles thus is directly proportional to latitude, with more tiles available both earlier and later in the shoulder seasons at lower latitudes.

Identifying areas of likely vegetation
In order to have confidence that any trends in vegetation productivity were in vegetated areas, it was necessary to identify areas on the ice-free periphery of Greenland that corresponded with denser vegetation. To identify vegetated areas the MOG and the GIMP coastline data were used in conjunction with the land cover classifications from MOD44W. From these data pixels corresponding with Greenlandic land, non-Greenlandic land, ocean, inland water (fjords) and the Greenland Ice Sheet (Fig. 1) were identified. 

A false color stretch corresponding with red = MODIS band 2 (0.841–0.876 μm), green = MODIS band 1 (0.620–0.670 μm) and blue = MODIS band 3 (0.459 –0. 479 μm) from Julian day 193 in 2000 was used to identify representative areas corresponding with vegetation, rock and lakes on Greenlandic land. These areas were manually identified by visual inspection using the false-color image, and a number of representative pixels (regions of interest – ROI; Table S1) were identified. In the false color stretch employed in this study vegetation generally appears as dark red, water as black, and rock appears as grey. Pixels corresponding with each land cover type were randomly selected from around the whole of Greenland with the further aim of having a geographically representative sample as well (Fig. S1).

 NDVI values were extracted from the MOD13Q1 data for these representative areas and the average and standard deviation of NDVI for each of the three land surface types was determined, and these descriptive statistics were used to identify the individual land cover types throughout the time-series. At 250 m MODIS resolution, pixels were likely comprised of heterogeneous land cover types. As such, the individual NDVI time-series for all ROI pixels in Table S1 were averaged for each date to determine a representative time-series for all ROI pixels (Fig. 2). These average time-series were used to determine the annual NDVI range exhibited by each of the three land cover types. Pixels with an annual NDVI range ≥ 0.5 were assumed to correspond with more densely vegetated pixels in terrestrial Greenland. The areas used to calculate this threshold were randomly selected from around the whole of Greenland (Fig. S1), with the intention of having a representative spatial distribution.
Though the average NDVI for lakes was generally higher than the NDVI associated with deep water, there were several factors that could account for this phenomenon. Many ponds and lakes in the Arctic tend to be shallow. Where lakes support aquatic vegetation, this would serve to increase NDVI values relative to water. Off-NADIR view angles could also account for some of the spread in NDVI values for lakes. With MODIS, large off-NADIR pixels cover an area that can be as much a four times larger than their on-NADIR counterparts (Dozier and others 2008). At more extreme view-angles ‘lake’ pixels could effectively represent a mix of both water and surrounding vegetation. 
[bookmark: _3znysh7]

Table S1. The number of pixels in each land cover class ROI used to derive the range of NDVI values corresponding with more densely vegetated pixels in Greenland. 
	Land cover type 
	Number of pixels

	Vegetation
	6154

	Lake
	2171

	Rock
	35759
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[bookmark: _2et92p0]Figure S1. a) The average NDVI time-series (black line) for pixels identified as lakes, b) as rocks, and 3) vegetation. Dotted grey lines indicate ± 1 σ. Data for 2000–14, Julian days 81 – 305.

Fig. S2 represents the areas used to identify representative land cover types for the thresholds used in this study. These included likely vegetation, rock, and lakes. These were the pixels used to identify the relevant NDVI thresholds across depicted in Fig. 2. The areas were chosen randomly but with the aim of having a reasonable distribution of across the whole of Greenland.

[image: ]
Figure S2. Map showing the spatial locations of the pixels corresponding with the three important land cover types (likely vegetation, lakes and rock) used in this study to derive the NDVI threshold for areas considered likely to be vegetated. 

Evaluating the influence of seasonal snow cover thresholds
The influence that different FSC thresholds exerted on the descriptors for the snow free period dates was assessed (Fig. S3). Fig. S3 indicated that for FSC thresholds ranging from 0 – 20% did not substantially influence the LSP descriptor dates. In most cases, the choice of FSC thresholds only changed the SCMD and SCOD descriptors dates by 2 – 3 days. This resulted in an SFP duration that was 4-6 days longer/shorter, depending on the threshold employed. Here, a threshold of 0% FSC was used to derive both the SCMD and SCOD boundaries that identified the SFP. 
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[bookmark: _tyjcwt]Figure S3. Influence of different fractional snow cover thresholds on the definition of a) the start of the snow free period SFP; b) the end of the SFP; and c) on the duration of the SFP from 2000–14.

Assessing the influence of cloud cover
Although snow/cloud confusion remains one of the largest uncertainties in snow detection with the MOD10A1 Snow Products (Hall and Riggs, 2007), it is difficult to assess the influence that snow/cloud confusion exerts on the snow seasonality descriptors. In their study characterizing cloud characteristics across the Arctic, Chan and Comiso (2013) noted that the accuracy of the MODIS cloud-mask was highly dependent on the season. As such, the seasonal influences on accuracy likely influence the derivation of both SCMD and SCOD in ways that were hard to quantify, given the lack of coincident snow and cloud cover observations along the periphery of Greenland. In this study, we assumed that seasonal biases in the cloud detection algorithm were likely to be constant from year to year, which resulted in a systematic bias that did not influence the trend analysis.

Changes in the number of cloudy days per year could also be expected to influence trend analyses. Because each of the MODIS products required cloud-free views of the land surface, changes in the number of cloudy days would likely influence the trend analyses of each of the descriptors used in this study in ways that were also be difficult to quantify. The MOD10A1 data indicated when the MODIS cloud-mask (MOD35) identified a pixel as being cloud-covered. Per pixel estimates of the number of cloudy days were derived from these data. Trends in number of cloudy days were determined (Fig. S4) using per-pixel slopes estimated using Theil-Sen non-parametric regression. Fig. 5 highlighted the fact that most of the areas in western Greenland did not experience increased numbers of cloudy days across the study period. Although the maximum rate of increase was 4 cloud-days per year (Fig. S4) much of south-western Greenland did not exhibit a trend towards increased cloudless, and thus we did not expect that cloud-cover impacted upon the results for western Greenland. For this reason, we limited our analysis of individual basins in Greenland to the drainage basins along the western edge of the island.
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[bookmark: _3dy6vkm]Figure S4. The areas in Greenland that experienced changes in the number of cloudy days from 2000–14. 



RESULTS
Basin-wide trends in trends in the snow seasonality, growing period, and vegetation phenology descriptors
Results for the analysis of the four individual basins in western Greenland are presented in Figures S5 –S7. Recall that the MODIS record indicated that trends towards increased numbers of cloudy days for much of the rest of Greenland. With the exception of basin 7.2, the percentage of pixels exhibiting signs of a longer than average SFP increased, while the number of pixels showing signs of a shorter than average SFP decreased across the study period (Fig. S5). None of these results are statistically significant. Fig. S6 indicates that areas experience a greater than average number of AGDD increased universally across the study period, and the results for basin 5 (Fig. S6 a & b) are statistically significant. With the exception of basin 7.2, the remaining three basins displayed a slight decrease in the number of pixels experiencing less than average TI-NDVI, though these results are not statistically significant. Fig. S7 presents the results the time-integrated NDVI results for the 4 basins in western Greenland examined in this study. Overall, the results for these four basins indicate that there was neither a substantial increase or decrease in the time-integrated NDVI across the study period. 
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[bookmark: _2s8eyo1]Figure S5. a) The percentage of vegetated pixels in each basin experiencing a longer than average duration of the snow free period (SFP) from 2000–14; b) the percentage of vegetated pixels in each basin experiencing a shorter than average duration of the snow free period (SFP) from 2000–14. Solid lines represent the linear trends in the data; dashed lines represent the uncertainty associated with the modeled trends.
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[bookmark: _17dp8vu]Figure S6. a) Changes in the numbers of vegetated pixels in each basin experiencing an increase in the number of accumulated growing degree days (AGDD) from 2000–14; b) changes in the number of vegetated pixels in each basin experiencing that experienced decreasing numbers of accumulated growing degree days (AGDD) from 2000–14. Solid lines represent the linear trends in the data; dashed lines represent the uncertainty associated with the modeled trends.
Significance codes: ‘*’ p ≤ 0.05
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[bookmark: _3rdcrjn]Figure S7. a) The percentage of vegetated pixels in each basin exhibiting above average time-integrated NDVI (TI-NDVI) from 2000–14; b) the percentage of vegetated pixels in each basin exhibiting lower than average time-integrated NDVI (TI-NDVI) from 2000–14.
The results of the combined analysis for the individual basins are presented in Figures S8 –S10. In response to a longer than average SFP, some areas in southern Greenland (basins 5 – 6, Fig. S8a) exhibited an above average TI-NDVI, while other areas displayed reduced TI-NDVI (basins 5 – 6; Fig. S8b). The results for basin 5 (Fig. S8a – b) were statistically significant. As also noted above, throughout the study period most basins experienced both above average SFP and an above average number of AGDDs. The results for basin 5 (Fig. S9a – b) are statistically significant. Fig. S10a indicates that most basins, except for the northern most basin (8) experienced an increase in the proportion of pixels experiencing both an increase in the number of AGDDs and also exhibiting above average TI-NDVI. Fig. S10b indicates that all of the basins experienced an increase in the number of pixels that experienced an above average number of AGDDs while also experiencing a below average TI-NDVI.  Solid lines represent the linear trends in the data; dashed lines represent the uncertainty associated with the modeled trends
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[bookmark: _26in1rg]Figure S8. a) Percentage of vegetation pixels in each basin above average duration of the snow free period (SFP) and exhibiting above average time-integrated NDVI (TI-NDVI); b) percentage of vegetation pixels in each basin above average duration of the SFP and exhibiting below average TI-NDVI. Solid lines represent the linear trends in the data; dashed lines represent the uncertainty associated with the modeled trends
Significance codes: ‘*’ p ≤ 0.05
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[bookmark: _lnxbz9]Figure S9. a) Percentage of vegetation pixels in each basin experiencing both above average SFP and above average accumulated growing degree days (AGDD); b) percentage of vegetation pixels in each basin experiencing both above average SFP and below average AGDD. Solid lines represent the linear trends in the data; dashed lines represent the uncertainty associated with the modeled trends
Significance codes: ‘*’ p ≤ 0.05
[image: ]
[bookmark: _35nkun2]Figure S10. a) Percentage of vegetation pixels in each basin experiencing above average AGDD and exhibiting above average TI-NDVI; b) percentage of vegetation pixels in each basin experiencing above average AGDD and exhibiting below average TI-NDVI. Solid lines represent the linear trends in the data; dashed lines represent the uncertainty associated with the modeled trends
Significance codes: ‘**’ p ≤ 0.01; ‘*’ p ≤ 0.05



[image: ]
Figure S11. The enlarged version of Figure 6 from the manuscript. Mapped results for the combined analysis representing the: a) descriptors for time-integrated NDVI (TI-NDVI) and duration of the snow-free period (SFP); b) accumulated growing degree-days (AGDD) and duration of the snow-free period (SFP); and c) accumulated growing degree-days (AGDD) and time-integrated NDVI (TI-NDVI). Patterns were representative of a cool (2000), an average (2004) and a warm year (2010) within the time-series. A larger version of this map is included in the Supplementary Materials
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