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Highlights 

• 2021 continued a recent series of years with exceptionally high midsummer tundra productivity, 
or "greenness." 

• The five highest circumpolar tundra greenness measurements in the long-term satellite record 
(1982-2020) have all been recorded in the last 10 years. 

• Satellites provide unequivocal evidence of widespread tundra greening, but extreme events and 
other drivers of local-scale "browning" have also become more frequent, highlighting regional 
variability as an increasing component of Arctic change. 

Introduction 

Earth's northernmost continental landmasses and island archipelagos are home to the Arctic tundra 
biome, a 5.1 million km2 region characterized by low-growing, treeless vegetation adapted to short, cool 
summers (CAVM Team 2003). The Arctic tundra biome has long been a "hotspot" of global 
environmental change, because vegetation and underlying permafrost soils are strongly influenced by 
warming air temperatures and the rapid decline of sea ice on the nearby Arctic Ocean (Bhatt et al. 2021; 
see essays Surface Air Temperature and Sea Ice). In the late 1990s, a pronounced increase in the 
productivity of tundra vegetation became evident in global satellite observations, a phenomenon that 
has come to be known as "the greening of the Arctic." Arctic greening is dynamically linked with Earth's 
changing climate, permafrost, seasonal snow, and sea-ice cover, and has continued to be a focal point of 
multi-disciplinary scientific research. Today, a growing constellation of spaceborne satellite sensors and 
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emerging airborne technologies such as unoccupied aerial systems (UAS), or "drones," provide 
increasingly detailed observations of Arctic ecosystems. 

Satellite observations of tundra greenness 

Arctic tundra greenness has been monitored from space since 1982 by the Advanced Very High 
Resolution Radiometer (AVHRR), and since 2000 by the Moderate Resolution Imaging 
Spectroradiometer (MODIS). Both satellite sensors monitor vegetation greenness using the Normalized 
Difference Vegetation Index (NDVI), a spectral metric that exploits the unique way in which green 
vegetation reflects light in the visible and infrared wavelengths. The AVHRR and MODIS records both 
indicate that the yearly maximum tundra greenness (MaxNDVI) has increased across most of the 
circumpolar Arctic during 1982-2020 and 2000-21, respectively (Figs. 1a,b). Several Arctic regions display 
particularly strong trends in both records. In North America, greening has been strongest in northern 
Alaska and mainland Canada, while flat or negative ("browning") trends are evident in parts of the 
Canadian Arctic Archipelago and southwestern Alaska. In Eurasia, strong greening has occurred in the 
Russian Far East (Chukotka), but browning is evident in the East Siberian Sea sector and parts of the 
Taymyr Peninsula. Trends in northwestern Siberia and the European Arctic provide mixed signals, which 
may be due to the different periods across the two satellite records. Regional contrasts in greenness 
highlight the complexity of Arctic change, and the rich web of interactions that exist between tundra 
ecosystems and the local properties of sea ice, permafrost, seasonal snow, soil composition and 
moisture, disturbance processes, wildlife, and human activities (Buchwal et al. 2020; Myers-Smith et al. 
2020; Campbell et al. 2021). 
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Fig. 1a. Magnitude of the trend in MaxNDVI (Maximum Difference Vegetation Index) for the 39-year period 1982-
2020 based on the AVHRR GIMMS-3g+ dataset. GIMMS-3g+ data for 2021 were not available for this report due to 
data-processing requirements. The 2020 minimum sea-ice extent is indicated by light shading. 
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Fig. 1b. Magnitude of the trend in MaxNDVI (Maximum Difference Vegetation Index) for the 22-year period 2000-
21 based on the MODIS MCD43A4 dataset. The 2021 minimum sea-ice extent is indicated by light shading. 

In 2020—the most recent year with observations from both AVHRR and MODIS—both sensors observed 
record-high MaxNDVI values for Eurasia, North America, and the circumpolar region as a whole, 
concurrent with record-high Arctic surface temperatures and record-low snow cover that year (see 
essay Terrestrial Snow Cover). In 2021, the circumpolar MODIS-observed MaxNDVI value declined 2.7% 
from the previous year, but was still the second highest value in the 22-year record for that sensor. 
Further, the overall trend in MODIS-observed circumpolar MaxNDVI is strongly positive, and circumpolar 
values have exceeded the 22-year mean in 11 of the last 12 growing seasons (Fig. 2). The AVHRR record 
also indicates increasing annual mean circumpolar MaxNDVI for both the full record (1982-2020) and 
the period of overlap with MODIS (2000-20). 

https://doi.org/10.25923/16xy-9h55
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Fig. 2. Time series of MaxNDVI (Maximum Normalized Difference Vegetation Index) from the MODIS MCD43A4 
(2000-21) dataset for the Eurasian Arctic (in red), North American Arctic (in blue), and the circumpolar Arctic (in 
black), and from the long-term AVHRR GIMMS-3g+ (1982-2020) dataset for the circumpolar Arctic (in gray). 

Interpretation of greening trends 

What are the drivers that underlie the greening trends observed from space, and what types of change 
might an observer see on the ground? Recent low-altitude remote sensing and field-based studies 
provide detail and context for understanding changes in vegetation and landscape features that underlie 
the greenness trends observed by satellites. Increases in the abundance and height of Arctic shrubs are 
a key driver of Arctic greening, and have important impacts on biodiversity, surface energy balance, 
permafrost temperatures, and biogeochemical cycling (Kropp et al. 2021; Mekonnen et al. 2021). 
However, many Arctic landscapes are a complex mosaic of lakes, ponds, marshes, and vegetated terrain, 
and this heterogeneity presents challenges in quantifying the drivers and impacts of shrub increase on 
tundra ecosystems. The emergence of UAS has opened new windows to study the influence of shrub 
increase both in the "big picture" of Arctic greening, and on the structure and function of ecosystems in 
specific tundra landscapes. For example, in western Alaska, Yang et al. (2021) observed a reduction in 
plant species richness in areas with higher abundance of tall shrubs. With these fine-scale UAS datasets, 
the scale-gap between field- and satellite-observed patterns of vegetation change will begin to close, 
enabling more detailed monitoring of vegetation composition, structure, and function to track changes 
across the Arctic. 

The timing of phenological events and the duration of the Arctic growing season are useful indicators of 
Arctic climate change that can be tracked both on the ground and from space. Ground-based 
observation systems provide more frequent measurements beyond the capabilities of satellites, and 
effectively link the seasonality and spatial patterns of vegetation greenness with spaceborne 
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observations (Parmentier et al. 2021; Swanson 2021). For example, Hemming et al. (2021) used MODIS, 
time-lapse digital cameras, and field observations to evaluate changes in Northern Hemisphere 
phenology. They found that climate warming has led to earlier onset (-2.3 ± 0.7 days decade–1) and a 
later end (1.3 ± 0.9 days decade–1) of growing seasons during 2000-20. Additionally, in Svalbard, Karlsen 
et al. (2021) used high-resolution satellite data and a network of ground-based cameras to show that 
the onset of the 2018 growing season was 10 days earlier than in 2017, highlighting the variability in 
seasonality that can influence tundra greenness from year to year. 

Although the satellite record provides unequivocal evidence of widespread tundra greening, there is 
substantial regional variability. Greening is not occurring everywhere; many parts of the Arctic exhibit 
little or no trend (Callaghan et al. 2021), and some regions, such as the East Siberian Sea sector, exhibit 
widespread browning, due in part to ground subsidence and increased surface water triggered by 
permafrost thaw (Veremeeva et al. 2021; see essay Glacier and Permafrost Hazards). Die-back or 
removal of vegetation can also be caused by ecological disturbances, including wildfire (Gaglioti et al. 
2021), permafrost thaw (Magnússon et al. 2021), herbivory and pest outbreaks (Veselkin et al. 2021), 
and the construction of beaver dams (Jones et al. 2020; see Beaver essay). While warming is likely to 
continue to drive Arctic greening, extreme events and other causes of browning are also increasing in 
frequency (Christensen et al. 2021), highlighting the emergence of increased variability as a component 
of Arctic climate change. 

Methods and data 

The satellite record of Arctic tundra greenness began in 1982 using the Advanced Very High Resolution 
Radiometer (AVHRR), a sensor that collects daily observations and continues to operate onboard polar-
orbiting satellites. As of September 2021, however, processed AVHRR data were only available through 
the 2020 growing season. Therefore, we also report observations from the Moderate Resolution 
Imaging Spectroradiometer (MODIS), a more modern sensor with improved calibration and spatial 
resolution that became operational in 2000. The long-term AVHRR dataset analyzed here for 1982-2020 
is the Global Inventory Modeling and Mapping Studies 3g V1.2 dataset (GIMMS-3g+), which is based on 
corrected and calibrated AVHRR data with a spatial resolution of about 8 km (Pinzon and Tucker 2014). 
For MODIS, we computed tundra greenness trends for 2000-21 at a much higher spatial resolution of 
500 m from daily Nadir Bidirectional Reflectance Distribution Function Adjusted Reflectance data 
(MCD43A4, version 6; Schaaf and Wang 2015). Data were masked to include only ice-free land within 
the extent of the Circumpolar Arctic Vegetation Map (CAVM Team 2003); MODIS data were further 
masked to exclude permanent water based on the 2015 MODIS Terra Land Water Mask (MOD44W, 
version 6). We summarize the GIMMS-3g+ and MODIS records for Maximum NDVI (MaxNDVI), the peak 
yearly value that is strongly correlated with the biomass of aboveground vegetation during midsummer 
(Raynolds et al. 2012). The seasonal timing of MaxNDVI varies from year to year and from place to place, 
but occurs during the months of July and August for most of the Arctic. MaxNDVI time-series for the two 
sensors show similar patterns and trends for the period of overlap (2000-20), but the AVHRR record 
displays higher variability (i.e., "noise"), particularly over the last 5 years of the record. This is likely due 
in part to AVHRR's lower spatial resolution and less advanced calibration compared to MODIS. 
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