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Abstract:

 The Arctic is among the regions with the most rapid changes in climate and has the expected highest increase in temperature. Changes in the timing of phenological phases, such as onset of the growing season observed from remote sensing, are among the most sensitive bio-indicators of climate change. The study area here is the High Arctic archipelago of Svalbard, located between 76°30′ and 80°50′N. The goal of this study was to use MODIS Terra data (the MOD09Q1 and MOD09A1 surface reflectance products, both with 8-day temporal composites) to map the onset of the growing season on Svalbard for the 2000–2013 period interpreted from field observations. Due to a short and intense period with greening-up and frequent cloud cover, all the cloud free data is needed, which requires reliable cloud masks. We used a combination of three cloud removing methods (State QA values, own algorithms, and manual removal). This worked well, but is time-consuming as it requires manual interpretation of cloud cover. The onset of the growing season was then mapped by a NDVI threshold method, which showed high correlation (r2 = 0.60, n = 25, p < 0.001) with field observations of flowering of Salix polaris (polar willow). However, large bias was found between NDVI-based mapped onset and field observations in bryophyte-dominated areas, which indicates that the results in these parts must be interpreted with care. On average for the 14-year period, the onset of the growing season occurs after July 1st in 68.4% of the vegetated areas of Svalbard. The mapping revealed large variability between years. The years 2000 and 2008 were extreme in terms of late onset of the growing season, and 2002 and 2013 had early onset. Overall, no clear trend in onset of the growing season for the 2000–2013 period was found.




Keywords:


onset of the growing season; Salix polaris; Svalbard; high arctic; MODIS-NDVI; trends; variability








1. Introduction

The Arctic is among the regions with the most rapid changes in climate and has the expected highest increase in temperature [1]. On the western parts of the Arctic archipelago Svalbard, the projected average annual temperature at the end of this century is projected to increase by 3–4 °C as compared with the present climate, and by 4–8 °C in the northeastern parts [2]. Changes in the growing season are among the best bio-indicators of changes in climate, both at species and at aggregated levels [3–5]. The timing of the onset of the growing season influences the growth, seed production, and competition between plants, and could be among the first indication of changes in the vegetation cover [6]. Changes in the length of the season also influences the feedback to the climate system, by changes in seasonal albedo and CO2 catchment [7,8] and it might lead to implications for trophic interactions with insect pollinators [9]. Hence, the importance of phenological research for understanding the consequences of global environmental change on vegetation is indisputable [10].

A phenological observation site in Zackenberg, northeast Greenland, shows an increase of about 10 days in flowering during the 1995–2011 period [11,12]. However, only a few observation sites with long time series of the growing season exist in the Arctic. Hence, not much is known about the spatial patterns or long-term trends in the terrestrial growing season on Svalbard or elsewhere in the Arctic. On Svalbard, only a few phenological studies have been carried out [13,14] and from these point observations it is difficult to detect long-term trends and spatial variability in the archipelago. Carrying out field phenological observations is tedious and expensive, and full coverage of all regions can never be obtained. Satellite image aided analysis of phenology provides a spatially complete coverage that can be used to interpolate traditional ground-based phenological observations. Several remote sensing based studies indicate earlier onset of the growing season in the Northern Hemisphere during the last decades [15–22], but none of these studies used phenological field data from the High Arctic for validation. Hence, the spatial pattern and trends needs to be validated. Remote sensing-based mapping of the growing season in the Arctic zone is a challenging task. This is due to the huge local differences created by local topography, snow cover and hydrology, which could lead to onset of flowering on a ridge several weeks earlier than in a snow-bed a few meters away. Most of the satellite sensors with high revisit rate that are available today have insufficient spatial resolution to detect this variability, hence this has to be considered when establishing field validation sites. Frequent cloud cover, short season, and weak response in NDVI from the often scattered vegetation cover further increase the challenges.

The aim of this study was to develop methods for using MODIS satellite data to map the onset of the growing season on Svalbard for the 2000–2013 period, interpreted in the light of field observations. In 2009 we established field observation sites, with observation on a spatial and temporal scale, which could be compared with MODIS data. For the satellite imagery we used a semi-automatic method for detecting the cloud clover and interpolated for cloudy pixels. We mapped the onset of the growing season by a NDVI threshold method, and finally, we analyzed the trends, and the temporal and spatial variability in the mapped onset of the growing season.



2. Materials and Methods


2.1. Study Area

The High Arctic archipelago of Svalbard is located between 76°30′–80°50′N and 10°30′–34°45′E (Figure 1). The total area is about 62,000 km2. The main island is Spitsbergen, with four neighboring large islands (Prins Karls Forland, Edgeøya, Barentsøya, Nordaustlandet) and several small islands in addition. The western part is influenced by a mild ocean current from the south, and the eastern side by a cold current from the north. Glaciers dominate on most of the islands and cover more than 60% of the land area. The largest ice-free areas are found on the André Land and Nordenskiöld Land peninsulas in central parts of Spitsbergen. These are also the areas with the highest summer temperatures, although climatic data are only available from the latter. The meteorological station Svalbard Lufthavn, close to the administration center Longyearbyen (Figure 1), shows a mean July air temperature of 7.0 °C during 2000–2013 [23]. Annual mean air temperature in the same period was −3.7 °C, and annual mean precipitation was 192 mm.

Figure 1. Study area of Svalbard showing cloud-corrected MODIS-NDVI values for the period 4 July to 3 August (“summer NDVI”), mean for the 2000–2013 period. The location of the area with field observations of the growing season is shown by a rectangle southeast of Longeyarbyen.
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About 170 vascular plant, 373 bryophyte [24] and 923 lichen species, including lichenicolous fungi [25,26] are known from the archipelago. Approximately half of the ice-free area is without vegetation, and the largest areas with dense vegetation cover are also found in the central parts [27]. Vegetation is diverse [28] and includes closed tundra, fens, mires and even high-arctic steppes in the warmest parts, vegetation with intermediate cover along the western coast and mostly polar desert vegetation in the coldest areas [29]. In the cold eastern islands Edgeøya and Barentsøya, long-term reindeer grazing probably explains why polar desert vegetation has developed with bryophyte dominance over large areas [29,30].



2.2. Phenological In-Situ Data

Phenological field observation sites close to the administration center Longyearbyen were established in 2009. The observation sites are designed to detect the phenological variation in the Adventdalen valley and on a nearby mountain plateau. First we located large areas with a dominating vegetation type, by using a Landsat TM based vegetation map [27], and drew polygons surrounding these areas. Then we used MODIS-NDVI data to adjust these polygons, by avoiding pixels with to deviating NDVI values. Seven polygons were selected, five in the valley floor and two on a mountain plateau (400–500 m a.s.l.) (Figure 2). The polygons in the valley floor represent the main land cover types, both in areas with early (ridges) and late (snowbeds) onset of the growing season. By field survey, both in spring and summer, we selected a representative observation site within each polygon. On the mountain plateau, mixed snowbed/ridge areas include observations on both the ridge and the snowbed, and where the mean dates of these observations are used (site 2ab on Figure 2). The mountain plateau also includes an observation site with scattered vegetation cover (Luzula confusa tundra).

Figure 2. Phenological observation sites in the Adventdalen valley. The Svalbard administration center Longyearbyen is situated in the northwestern corner of the map. The polygons surrounding the observation sites represent the dominating vegetation type, and the MODIS data are calculated for the polygons to compare with the field data. Contour interval is 50 m, with supplementary interval on 25 m, and where 250 m, 500 m and 750 m are shown in bold.
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The first flowering and general flowering of 13 vascular plant species are recorded. The recordings are estimated averages within 0.8 × 0.8 m2 plots at all sites, except the Luzula confuza tundra desert site where 5 × 5 m2 is used due to scattered vegetation cover. Only a few of the 13 species were found at each site, and only Salix polaris (polar willow) is found at all sites. Hence, to compare with MODIS data we used the observations of general flowering of catkins of Salix polaris (Figure 3), and the recording of the other species only as references. Trained personnel at the Norwegian Polar Institute in Longyearbyen do the registration weekly from about 10 June to 5 September every year. From the year 2012, the observations were supplemented with photos, which were interpreted after the end of the season.

Figure 3. Photo of general flowering of catkins of Salix polaris.
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In this study we defined the onset of the growing season as general flowering of catkins of Salix polaris (Figure 3). This species is among the most common vascular species on Svalbard, occurs in most habitats, and the flowering is easily recorded and occurs only a few days after the leaves are unfolded. Hence, from a distance this is often seen as a greening of the vegetation, where this species is common.



2.3. Processing MODIS Data—Cloud Removal and Interpolation

Two MODIS Terra products, both with 8-day temporal composites, were used. The MOD09A1 product with surface reflectance values for bands 1–7 at 500 m resolution, were used to extract information about the cloud cover, and the MOD09Q1 product with surface values for bands 1 and 2 at 250 m resolution, were used to calculate NDVI values. Both datasets were processed for the 2000–2013 period, and reprojected to the UTM Zone 33N projection. Both these datasets have data only south of 80°N, hence the northernmost area of the archipelago is not covered.

Frequent fog and clouds, snow and ice, short growing season, and often weak response from the vegetation characterize Svalbard, and makes cloud detection on the archipelago a challenging task.

Product quality assessment (QA) and validation are integral parts of the MODIS Land product generation process. The QA flags in the MOD09A1 product give information about different types of atmospheric noise. For each 8-day period we made a visual quality control in ArcGIS, of which of the different State QA values detected the cloud cover in each 8-day period. In most cases, one of the State QA values or a combination of the State QA values, detect the clouds in the data covering Svalbard. However, this was not always the case, as it depends on the cloud type, time of the season, and type of land cover. In particular, detection of cloud shadows and clouds over sparsely vegetated areas sometimes fails. Therefore we also applied our own cloud detection algorithms, as for instance the algorithm: The value of band 2 (NIR) for a given pixel is compared to its median value for that pixel in the 2000–2013 period, and values less than 30% of the median indicate cloud shadows covering vegetated areas. In a few cases, none of the State QA values or our own cloud algorithms were able to detect the noise in the data. In these cases, we manually masked out the noisy parts by drawing polygons around them. Altogether we have 15 different combinations of using State QA values/own algorithms/manual masking in the cloud detection. For each of these combinations we developed a python script to remove the clouds. Hence, after visually evaluating each 8-day composite, we chose one of the 15 python scripts, which then automatically removed the noisy part of the composite. This is time-consuming work, but it is only done once and ensures that most of the noise in the datasets is removed and that most of the noise-free data is retained.

After removing the clouds from the dataset, the next step was to replace the cloudy pixels with values as realistic as possible. First we resampled the cloud mask to 250 m to fit the MOD09Q1 resolution. Then we calculated NDVI from the MOD09Q1 dataset, and removed the clouds with the cloud mask. From this clear-sky time-series of NDVI data we calculated a 14-year median NDVI value for each 8-day period for the 2000–2013 period. We then used temporal information by considering cloud information in 8-day periods forwards and backwards. If the cloudy pixel had cloud free pixel in both the period before and after, we replaced the cloudy pixel with the mean values from before and after. If the period before was cloudy we used the 14-year median values from that period and the value for the period after, and calculated the mean values as the replacement for the cloudy pixel. If it was cloudy in the actual period, and both the period before and after, we replaced the cloudy pixel with the 14-year median value. This resulted in a preliminary cloud-corrected version of the NDVI dataset with interpolated values. However, this version of the dataset had many interpolated values, which we wanted to reduce the importance of, in particular if information from previous years was used. Hence, on the dataset with interpolated values we applied the Savitzky-Golay filter with down-weighting of the interpolated values, using the TIMESAT software [31,32]. If mean values from periods before and after were used, we down-weighted to 0.9, if some/all information from previous years were used we down-weighted to 0.7 and 0.4, respectively. This curve-fitting ensures less importance of the interpolated values, and avoids too high values for interpolated values.



2.4. Mapping the Growing Season

To map the onset of the growing season we used the time-series of the cloud-corrected, interpolated and filtered NDVI values. The mean NDVI values were calculated for a polygon (representing a dominating land cover types) on each of the phenological observations sites (Figure 2). To link surface phenology with NDVI data in order to measure the onset of the growing season, we computed for every pixel in the study area the 14-year (2000–2013) mean NDVI value for the 4 July to 3 August period. The use of only NDVI values between 4 July and 3 August reduced the “noise” from snow-covered ground. The onset of the growing season at each pixel was then defined by the time when the NDVI value each year exceeded 70% of the 4 July to 3 August 14-year mean NDVI value. This NDVI threshold level was reached after several iterations, and is the level that gives the highest correlation with general flowering of Salix polaris. Variants of this method have earlier been applied in Fennoscandia [33–36]. Areas with 14-year mean NDVI values below 0.1 for the 4 July to 3 August period have too weak response in vegetation cover to be mapped, and are masked out as “non-vegetated” (Figure 1).

Finally, maps that show the 14-year mean (2000–2013) date for onset of the growing season, trends and annual deviations were produced. To improve the cartographic presentation of the mean onset of the growing season and the trend, a 3 × 3 median filter was applied on the maps, and a 5 × 5 median filter on the deviation maps.




3. Results


3.1. Timing of the Onset of the Growing Season

Four years (2010–2013) of field observation in seven different vegetation types of general flowering of Salix polaris and 12 other vascular plants in Adventdalen areas (Figure 2), showed that the flowering of Salix polaris occurs on average six days before the mean flowering date of all the other recordings. The observations showed that the Cassiope-tundra, the Dryas-tundra, and the mixed Cassiope-Dryas-tundra located in the valley floor of Adventdalen (Figure 2) had earliest flowering, between day number 165 and 174 (12–23 June) all years.

The calculation of the MODIS-NDVI based onset of the growing season for each of the seven polygons, representing the different vegetation types (Figure 2), showed that the variation in date of onset within each polygon was low. Most of the pixels within each polygon had date of onset on the same 8-day period or the 8-day period just before or after, and the standard deviation value in date of onset for each polygon was in the range 3–8 days.

When we compared the average date of onset mapped by MODIS-NDVI data for the polygons with the field observations of flowering of Salix polaris we found high correlation (r2 = 0.60, n = 25, p < 0.001) (Figure 4). The bias between the NDVI-defined onset and the observed flowering of Salix polaris is six days or less for 17 of the 25 field observations. On average the bias is 1.1 day, and the onset is mapped earlier by NDVI data. Larger bias was found for the bryophyte dominated mire, with 4–14 days earlier onset measured by NDVI data than observation of flowering of Salix polaris.

Figure 4. Relationship between field observations of flowering of Salix polaris and onset of the growing season measured with MODIS-NDVI data, showing year of observation.



[image: Remotesensing 06 08088f4 1024]







3.2. Mean Onset of the Growing Season

The NDVI-based map of the mean onset of the growing season for the 2000–2013 period is shown in Figures 5 and 6. On average, onset before 20 June, is only found in 5.1% (430 km2) of the vegetated areas south of 80°N, and mainly in the valleys (Adventdalen, Reindalen, and Colesdalen) on Nordenskiöld Land (Figure 6).

Figure 5. Time of onset of the growing season, based on mean values from the MODIS-NDVI dataset for the period 2000–2013.
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Figure 6. Time of onset of the growing season of central parts of Svalbard, based on mean values from the MODIS-NDVI dataset for the period 2000–2013.
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In 26.5% (2247 km2) of the vegetated areas on Svalbard the onset of the growing season occurs between 20 and 31 June. In 68.4% (5790 km2) the onset of the growing season occurs after 1st July. This category covers most of the area on the northern and eastern parts of Svalbard, as well as high altitude parts of central-western Spitsbergen.



3.3. Annual and Spatial Variability

Figure 7 shows that the timing of onset of the growing season displays large regional variation both from year-to-year during the 2000–2013 period, as well as of different parts of Svalbard within a year. The year 2008 was generally the most extreme in terms of late NDVI-defined onset of the growing season: in this year 78% of the vegetated areas on Svalbard show more than one week later onset than the 2000–2013 average. It was late throughout the archipelago, except in the warmest valleys on Nordenskiöld Land, which had an average timing of onset that year. The onset in 2000 was late in 61% of the mapped area, but not on the western part of Spitsbergen. In 2009, 45% of the vegetated area had late onset, where most parts of eastern (the islands Barentsøya and Edgeøya) and northern Svalbard were classified as late that year. On the other hand, the year 2002 had more than one week earlier onset of the growing season in 57% of the vegetated areas, but not in some western parts, which had an average timing of onset. The year 2013 had early onset in 44% of the area, mainly in the east and north. The year 2006 was early only on the western coast, while the eastern parts were average or even late.

Figure 7. Regional variation in onset of the growing season from the 2000–2013 average.
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The years 2004, 2007, 2010, 2011 showed mostly average timing in onset, with more than 80% of the vegetated areas within ± one week from the 2000–2013 mean values.



3.4. Trends

Figure 8 shows the 14-year linear trends in onset of the growing season within Svalbard for the 2000–2013 period. The average trend for the entire archipelago is only a 1.3 days (0.1 day per year) later onset of the growing season in 2013 compared to 2000 assuming a linear trend. Hence, overall it is rather stable, and 70.3% (5952 km2) of the vegetated area has a trend of ± one week. A trend towards earlier onset of the growing season of one week or more occurs in 9.2% (779 km2). This category is mainly found on the west coast of Spitsbergen, partly in the warm valleys on Nordenskiöld Land, and on some spots on Edgeøya with average earliest onset (Figure 5). A linear trend of one week or more in delay of onset is found in 20.5% (1734 km2) of the vegetated area. This category is found in central Spitsbergen at relatively high altitude, areas characterized by relatively late average onset (after 5th July), and in some northern parts

Figure 8. Number of days of the earlier start of growing season on Svalbard in 2013 compared to 2000 assuming a linear trend.
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4. Discussion


4.1. The Geographical Pattern of the Onset of the Growing Season

To our knowledge, this is the first time the growing season has been mapped over large areas by satellite data, validated through field observations, in the High Arctic environment. The mapping has revealed large spatial variability, both within years and between years, in the onset of the growing season at Svalbard. Within years, early or late onset on the eastern parts of the archipelago (the islands Barentsøya and Edgeøya) does not necessarily correspond with early/late onset in western-central Spitsbergen (Nordenskiöld Land) (Figure 7). This might be explained by sea-ice distribution patterns. western parts are influenced by warm ocean currents from the south and are ice-free even during winter time, while the eastern side is influenced by cold currents from the north. On the eastern parts, some years the sea-ice disappears early and in others very late (as observed from MODIS data during the cloud interpretation). A relationship between proximity to sea-ice and vegetation pattern is evident in the Arctic [37] and has also been shown to be linked to vegetation changes in the Arctic [38,39]. However, a possible correspondence between retreating sea-ice and onset of the growing season in eastern parts of Svalbard remains to be studied.

For the 14-year mapping period (2000–2013), the overall linear trend in onset of the growing season for the whole of the archipelago is only a weak trend of delayed onset (0.1 days per year, or 1.3 days for the entire period). During this period, data from the meteorological station Svalbard Lufthavn, close to Longeyarbyen, shows a total change according to the linear trend of the period, of 1.46 °C and 0.44 °C increase in June and July temperatures (met.no), respectively. This should indicate a trend of earlier onset. However, at the same time the precipitation during winter time (1 October to 30 April), which mainly falls as snow, shows a linear increase from 94–135 mm. Hence, the effects on the growth season onset due to higher spring temperatures may be counteracted by the effects of increased amounts of winter snow, which delay the timing of snowmelt. From Adventdalen valley, recent studies have shown that late snowmelt might delay plant development [14], but it depends on the species and phenophases [40,41]. However, the effect of delayed snowmelt on our MODIS-NDVI defined onset also remains to be studied.



4.2. Are the “Onset of the Growing Season” Maps Reliable?

To map the short and intense period with onset of the growing season on Svalbard we need to keep as much as possible of the cloud-free data, as well as removing all the clouds, which requires high-quality cloud-mask and reliable interpolation methods. Frequent fog and clouds, dominance of snow and ice, short growing season, and often scattered vegetation cover, are some of the factors that make cloud detection on Svalbard a challenging task. In addition, there is often weak response in NDVI from the thin and often scattered vegetation cover, which requires interpretation of a rather weak signal in mapping the growing season. There are several different MODIS products to choose between. The cloud detection in this study included visual interpretation, hence, using daily MODIS products (MOD09GA/MOD09GQ), would be too time-consuming, and also due to the extensive cloud cover on Svalbard we believe daily products would not significantly increase the quality. BRDF-adjusted reflectance product (MCD43A4) has 16-day time-resolution and 500 m spatial resolution, and due to the scarce vegetation and short growing season on Svalbard, we wanted a product with 250 m spatial resolution and better time-resolution. Therefore, we used two different MODIS Terra products, both with 8-day temporal composites. The MOD09Q1 product with surface values for bands 1 and 2 at 250 m resolution, was used to calculate NDVI values, and the MOD09A1 product with surface reflectance values for bands 1–7 at 500 m resolution, was used to extract information about the cloud cover. To extract cloud information, the State QA flags from the MOD09A1 product were carefully evaluated. In more than half of the 8-day periods, one value or a combination of the State QA values, could be used to detect clouds well enough, otherwise they were only partly good enough. The State QA flags often fail in detecting thin clouds, covering sparsely vegetated areas. In sparsely vegetated areas, where rocks or saxicolous lichens dominate, the reflectance might have the same signature as clouds in the short wave infrared parts [42], which could be the explanation. Some of these clouds could be seen by visual evaluation or by comparing with median values from the previous years of the same 8-day period. Hence, these noisy parts were masked out by drawing polygons manually. The shadows of the cloud also sometimes fail to be detected by the State QA flag. During summer, over vegetated areas, these shadow areas could be detected and removed by using a threshold where the near infrared values (MODIS band 2) were less than 30% of the 14-year median value. This evaluation and combination of three cloud removal methods (Sate QA values, time series-based own algorithms, and manually removal based on visual interpretation), of each 8-day periods, is time-consuming. However, until a better automatic cloud detection algorithm can be developed, this is necessary in growing season mapping under High Arctic conditions, such as on Svalbard.

To achieve the best method in mapping the onset of the growing season we analyzed the seasonal changes in reflectance in all the seven bands in the MOD09A1 products over several vegetation types. During spring most land cover classes show large responses in both the red and NIR bands, hence, this indicates that NDVI is useful in mapping the onset of the growing season, even in often sparsely vegetated High Arctic areas. Several methods for detecting the onset of the growing season exist [43,44], and some of them were evaluated. For instance the “moving-average” method cannot be used due to too few data points, the “seasonal midpoint” method gives no meaning in areas with four months of polar night and 8–9 months with snow, “inflection point” method gave far too early onset. Hence, we used a variant of a pixel-threshold method based on mean summer NDVI from the 14-years with data, which has previously been used and discussed for Fennoscandia [33,45] included alpine parts of Norway, as this method gave the best fit with the field observations.

Although the correlation values between the NDVI-based measurements and the field observations were high and significant (r2 = 0.60, n = 25, p < 0.001) there were some uncertainties and possible errors in the mapping. The NDVI-based measurement of the onset of the growing season is defined as general flowering of the catkins of the Salix polaris, and the field observation sites are designed to detect the phenological variation in a valley and on a mountain plateau. This is done by selecting observations in seven different vegetation types. The 250 m resolution satellite data used, do not measure the signals from flowering of Salix polaris, but a mix of all species and abiotic factors in the pixel. However, the high correlation and small bias with NDVI data in several vegetation types indicate that the phenophase of Salix polaris could be used as an indicator of the green-up in most of the vegetation types, where this species is common. Salix polaris is also among the most common vascular species on Svalbard, and occurs in most habitats. The largest bias between NDVI-threshold and field observations was found in bryophyte dominated mire, with 4–14 days earlier NDVI-based onset than flowering of Salix polaris (Figures 2 and 3). The reason for this may be that “evergreen” bryophytes emerge from the snow apparently with peak greenness, well before the flowering of Salix polaris. This could indicate that the methods used actually measure the time of snowmelt in the case of bryophyte-dominated communities, instead of the later onset of flowering of Salix polaris. Moss-tundra covers large areas in many cold areas on Svalbard, such as Edgeøya, [27,30]. Some spots on Edgeøya have early average onset of growing season (<25 June, Figure 5), which is unexpectedly early for such cold areas. Although winter precipitation patterns are poorly known here, it could indicate that the time of snow-melt is measured.

Another uncertainty is that the vegetation in the valley and on the mountain plateau with field observations only represents a part of the vegetation diversity on the archipelago, and for instance does not include lichen dominated vegetation types, which is rather common on the archipelago. However, in general the uncertainties are mostly a general bias dependent on vegetation type and year-to-year variations and trends are not so much affected by this.




5. Conclusions

This study uses 14 years (2000–2013) of MODIS-NDVI data to map the onset of the growing season on the High Arctic archipelago of Svalbard. The main conclusions are as follows:

The mapping of the onset of the growing season shows a high and significant correlation (r2 = 0.60, n = 25, p < 0.001) with the timing of general flowering of the selected indicator species Salix polaris (polar willow).

A large bias was found between the NDVI-based measurement of the onset and field observations of onset in bryophyte-dominated areas, which indicates that the results in bryophyte-dominated areas are less accurate.

The mapping reveals large spatial variability within years and between years in the onset of the growing season, but with no statistically significant trend.

The years 2000 and 2008 were extreme in terms of late onset of the growing season, and 2002 and 2013 had early onset.
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