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Abstract: Arctic-Boreal region—mainly consisting of tundra, shrub lands, and boreal 
forests—has been experiencing an amplified warming over the past 30 years. As the main 
driving force of vegetation growth in the north, temperature exhibits tight coupling with the 
Normalized Difference Vegetation Index (NDVI)—a proxy to photosynthetic activity. 
However, the comparison between North America (NA) and northern Eurasia (EA) shows 
a weakened spatial dependency of vegetation growth on temperature changes in NA during 
the past decade. If this relationship holds over time, it suggests a 2/3 decrease in vegetation 
growth under the same rate of warming in NA, while the vegetation response in EA stays 
the same. This divergence accompanies a circumpolar widespread greening trend, but 20 
times more browning in the Boreal NA compared to EA, and comparative greening and 
browning trends in the Arctic. These observed spatial patterns of NDVI are consistent with 
the temperature record, except in the Arctic NA, where vegetation exhibits a similar  
long-term trend of greening to EA under less warming. This unusual growth pattern in 
Arctic NA could be due to a lack of precipitation velocity compared to the temperature 
velocity, when taking velocity as a measure of northward migration of climatic conditions. 
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1. Introduction 

Vegetation dynamics play a key role in the changing climate system through important physical, 
chemical, and biological processes and feedbacks within the global carbon and hydrological  
cycles [1,2]. A principal feature of the changing climate is the observed increase in global surface 
temperatures over the past century—especially in the Arctic-Boreal region (also known as poleward 
amplification of warming) [3], which has been reported to significantly impact local vegetation [4–7]. 
Previous studies on these vegetation changes indicate different ecosystem responses in northern 
Eurasia (EA) and North America (NA), with persistent greening (increase in vegetation greenness) in 
EA, but which fragmented patterns in NA [4,8]. These divergent changes consist of continued 
circumpolar Arctic tundra greening [5,9–11], but Boreal forest browning (decrease in vegetation 
greenness), particularly in NA [10,12–14].  

While the causes of this divergence are myriad and complicated, temperature is construed as a 
dominant factor, given its strong influence on vegetation growth in the Arctic-Boreal region [4–7,15]. 
In the Arctic tundra region, strong positive feedbacks associated with expansion of tree/shrub and 
reduction in snow/sea ice extent, which further amplifies the warming, causes continued greening  
in the tundra [11,16–19]. Vegetation changes in the Boreal region have been attributed to several 
factors—temperature-induced drought [12,13,20,21], increase in winter snow depth responsible for 
water supply [22], and disturbances (fires, insects) [10,14,23,24]. However, knowledge gaps exist as to 
whether the observed divergence in vegetation changes between EA and NA is persistent over time, 
and over what spatial scales, the study of which is critical to advancing our understanding in this area, 
and provides the principal motivation for this study.  

In this paper, we utilize over 30 years of data on vegetation greenness, temperature, precipitation 
and other environmental factors in order to characterize the divergence in Arctic-Boreal vegetation 
changes between EA and NA. 

2. Data and Methods 

2.1. Data  

2.1.1. AVHRR NDVI3g 

Normalized Difference Vegetation Index (NDVI) is a radiometric measure of the amount of 
photosynthetically active radiation (~400 to 700 nm) absorbed by chlorophyll in the green leaves of a 
vegetation canopy [25] and has proven to be a good surrogate of vegetation photosynthetic activity [26]. 
The latest version of the Normalized Difference Vegetation Index (GIMMS NDVI3g) data set 
generated from the Advanced Very High Resolution Radiometers (AVHRR) onboard a series of 
NOAA satellites (NOAA 7, 9, 11, 14, 16, 17 and 18) was used in this study. This data set was 
produced with the goal of improving data quality in the northerly lands where the growing seasons are 
short, using improved calibration procedures compared to previous versions (e.g., NDVIg) [5,27]. 
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The NDVI3g data set has a spatial resolution of 8 × 8 km2. The maximum NDVI value over a 15-day 
period is used to represent each 15-day interval to minimize corruption of vegetation signals from 
atmospheric effects, scan angle effects, cloud contamination and effects of varying solar zenith angle 
at the time of measurement [28]. This compositing scheme results in two maximum-value NDVI 
composites per month. The entire available NDVI3g record—July 1981 to December 2011—was used 
in this study. NDVI values greater than 0.1 were used in this analysis, which eliminated spurious 
signals (e.g., from the soil background, etc.) not related to photosynthetically active vegetation. 

2.1.2. Temperature and Precipitation Data 

A station observation-based global land monthly mean surface air temperature dataset [29] 
developed from the Climate Prediction Center (CPC), National Centers for Environmental Prediction 
(NCEP) was used in this study. The data set is at 0.5° × 0.5° spatial resolution for the period from  
1948 to present, based on observations collected from the Global Historical Climatology Network 
(GHCN) and the Climate Anomaly Monitoring System (CAMS). The temperature record between May 
and September from 1981 to 2011 was used to study the inter-annual variation.  

Monthly total precipitation data were obtained from the Climatic Research Unit (CRU) TS  
(time-series) datasets with the current version 3.1. The CRU TS3.1 datasets are month-by-month 
variation in climate over the last century from 1901 to 2009 at a 0.5° × 0.5° spatial resolution with 
global coverage [30]. Precipitation is one of the nine climate variables obtained from station-based 
observations. Precipitation data for the period from January 1981 to December 2009 were used in this 
study to calculate the annual total precipitation. 

2.1.3. Land Cover Data 

The latest version of the MODIS International Geosphere-Biosphere Programme (IGBP) land cover 
map [31] and the Circumpolar Arctic Vegetation Map (CAVM) [32] were used in this study. The 
MODIS IGBP map was derived using spectral and temporal information from MODIS instruments 
aboard EOS Terra and Aqua platforms. It identified 17 land cover classes including 11 natural 
vegetation classes, three developed and mosaicked land classes, and three non-vegetated land classes. 
The CAVM map was used to identify the tundra vegetation and associated characteristics of the 
circumpolar region as a supplement to the IGBP classes (Figure 1). 

2.1.4. Freeze/Thaw Data 

Daily records of landscape freeze/thaw data for the period 1 January 1988 to 31 December 2007 
were obtained from the National Snow and Ice Data Center (NSIDC). The data records include daily 
AM freeze/thaw, PM freeze/thaw and combined freeze/thaw, among other parameters at a spatial 
resolution of 25 × 25 km2 [33]. The combined parameter, which describes daily AM and PM thawed or 
frozen ground state, both measured independently, was used to estimate dates of spring thaw and 
autumn freeze. 
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Table 1. Vegetation classes in the Arctic and Boreal regions of this study (Figure 1). 
Vegetation Classes 9 to 12 are as per the Circumpolar Arctic Vegetation Map [32]. The rest 
of the vegetation classes are based on the MODIS International Geosphere-Biosphere 
Programme (IGBP) land covers (definitions in [31]). 

Vegetation Class Description 
Class 1 Oceans and inland lakes 
Class 2 Mixed Forests 
Class 3 Deciduous Needleleaf Forests 
Class 4 Evergreen Needleleaf Forests 
Class 5 Forest-Shrubs Ecotone  
Class 6 Closed Shrublands 
Class 7 Open Shrublands 
Class 8 Grasslands/Wetlands (North of Forests) 
Class 9 Erect Shrub Tundra  
Class 10 Prostrate Shrub Tundra  
Class 11 Graminoid Tundra  
Class 12 Wetlands  
Class 13 Other Vegetation (e.g., crops) Not Considered in this Study 
Class 14 Barren 

2.2. Methods  

2.2.1. Definitions 

Arctic-Boreal region: The Arctic (8.16 million km2) is defined here as the vegetated area north  
of 65°N, excluding crops and forests, but including the tundra south of 65°N. The Boreal region  
(17.86 million km2) is defined as the vegetated area between 45°N and 65°N, excluding crops, tundra, 
broadleaf forests and grasslands south of the mixed forests, but including needleleaf forests north  
of 65°N. These definitions are a compromise between ecological and climatological conventions. 
Importantly, they include all non-cultivated vegetation types within these two regions. 

NA vs. EA: The Arctic-Boreal region is further divided into North America and northern Eurasia, 
where the North America continent contains Arctic vegetation with an area of 3.39 million km2 and 
Boreal vegetation with an area of 6.88 million km2, while the Eurasia continent contains Arctic 
vegetation with an area of 4.77 million km2 and Boreal vegetation with an area of 11.20 million km2. 
Iceland is included in North America instead of Eurasia. 

Photosynthetically Active Period (PAP): The period between the dates of spring thaw and autumn 
freeze has been reported to be representative of the Photosynthetically Active Period [33,34]. 
Therefore, the combined parameter in the daily ground-state freeze/thaw data set (specifically, AM and 
PM thawed ground-state) was used to estimate, for each pixel (p) and year (y), a spring thaw date, , , as the date corresponding to the eighth day of the first 15-day period in a given year with 
thawed ground (AM and PM thawed) for at least 12 days. Similarly, the end date of landscape thaw in 
the autumn, , , was estimated as the date corresponding to the eighth day of the last 15-day 
period in a given year with thawed ground (AM and PM thawed) for at least 12 days. The resulting 
dates ,  and ,  were averaged over the 20-year period of the record (1988 to 2007) because 
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the freeze/thaw data series is shorter than the NDVI data series (1981 to 2011). This might introduce 
an error because a tendency for lengthening ground non-frozen state has been reported [33,35]. 
However, this error should be small because the NDVI values at about t1 and t2 are low and contribute 
little to the PAP mean NDVI. 

PAP mean NDVI ( ): Satellite data-based Normalized Difference Vegetation Index (NDVI) 
exhibits positive values during winter from evergreen vegetation, although vegetation photosynthetic 
activity is effectively zero due to frozen soils and/or cold air temperatures. Therefore, only NDVI 
values during the PAP are indicative of vegetation photosynthetic activity. NDVI values averaged over 
the PAP for each year are thus indicative of the mean vegetation photosynthetic activity over the 
growing season. Since there are differences in temporal and spatial resolutions between the NDVI3g 
and Freeze/Thaw data sets, bi-weekly NDVI data were transformed to daily data using linear 
interpolation and the PAP dates derived from Freeze/Thaw data in 25 km spatial resolution were 
resized to 8-km resolution as the NDVI data using nearest-neighbor interpolation. In addition, PAP 
mean NDVI would be set to invalid for a given pixel if 80% of the NDVI values of that pixel during 
the PAP were less than 0.1, so as to filter out poor quality data. 

May-to-September mean temperature ( ): PAP mean temperature could not be accurately 
evaluated because of the even coarser temporal resolution of temperature data (monthly) than the 
NDVI data set. Therefore, May-to-September mean temperature was used as a close analogue to PAP 
mean temperature. The use of May-to-September mean temperature instead of annual mean 
temperature is more suitable because photosynthetic activity occurs at temperatures above a given 
threshold (e.g., above 0 °C) during the growing season [33].  

Annual total precipitation ( ): Precipitation variation affects vegetation by modifying the soil 
moisture availability, and therefore both summer and winter precipitation contribute to the vegetation 
growth [22,36]. Therefore, annual total precipitation was used in this study by summing up the 
monthly total precipitation for each year. 

2.2.2. Trend Estimation 

Statistical models that assume stationary errors such as ordinary least square linear trend estimation 
will result in spurious significance if the time series has a unit root [37]. On the other hand, statistical 
methods that deal with non-stationary errors often suffer from low power, and are further affected  
by parameter selections [38]. We used a robust general model for trend estimation proposed by 
Vogelsang [38,39] with no requirement of a priori knowledge as to whether the time series is 
stationary or non-stationary, which also avoids estimation of autocorrelation parameters. This model 
has also been used in the previous studies [9,10,40]. 

By forming partial sums of the time series, the simple linear trend can be transformed to 12  (1)

where ∑  and ∑ . The Ordinary Least Squares (OLS) estimate of  in this 
equation is the linear trend estimation.  is then evaluated for statistical significance using the  
test [38,39]. It is robust, as the test is designed to have power when the error is stationary, and remains 
robust if there is high autocorrelation or a unit root in the errors. In addition, it also has high power for 
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finite sample-size tests. It avoids parameter selections such as autocorrelation lag lengths as in the case 
of certain models for dealing with non-stationary errors. 

2.2.3. Latitudinal Profile 

Latitudinal variations/profiles of NPAP, TMS and PAT were calculated for the Arctic-Boreal region 
(shown in Figure 1). For each variable, values were averaged over each one-degree latitudinal band 
using valid pixels (i.e., only pixels within the Arctic-Boreal region and within NA, EA or circumpolar 
(CP) region). These values were weighed by the fraction of land area of the corresponding valid pixels to 
ensure correct spatial averaging. Examples of latitudinal profiles of May-to-September mean temperature 
and annual total precipitation from the period 1982–1986 (baseline period) are shown in Figure 2.  

Figure 2. Latitudinal variations/profiles of May-to-September mean temperature (TMS) and 
annual total precipitation (PAT) for the baseline period (early-1980s, 1982 to 1986) over the 
Arctic and Boreal regions. For each latitude band, the climatic variables of interest  
(May-to-September mean temperature and annual total precipitation) are averaged over the 
vegetated areas within North America (NA), Eurasia (EA), and circumpolar (CP) regions. 

(a) (b) 

2.2.4. Velocity of Climate Change 

To test northward movement, which characterizes the general pace of shifting climate in the  
Arctic-Boreal region, the velocity of climate change [41] can be used for temperature and 
precipitation. The concept of velocity translates temporal changes into space. For instance, northerly 
pixels are cooler than southerly ones in the baseline period. When these northerly pixels show a time 
trend in temperature or warming, the equivalent phenomenon in space is shifting southerly pixels to 
the north, in other words, northern movement of climate change. According to [41], the velocity of 
climate change along any direction can be defined as: 

 (2)

where  is the magnitude of velocity of a given variable (temperature, precipitation, etc.) along the 
direction , with North as 0° and moving clockwise on a 360° circle.  is the Vogelsang’s temporal 
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trend estimation for each variable.  is the North-South spatial gradient, and  is the East-West 
spatial gradient, both of which are derived from the baseline period’s average (1982–1986) for each 
variable. Since velocity changes are along the North-South direction, the velocity of climate change 
along the North-South direction, , is the following when defining North as positive for both spatial 
gradient and velocity:  

 (3)

Both the spatial gradient map for the baseline period (1982–1986) and the trend estimation maps for 
long-term periods (1982–1999 and 1982–2011) were calculated using a 0.5° spatial resolution using 
May-to-September mean temperature and annual total precipitation, and thus the results for velocity of 
climate change were also based on the 0.5° × 0.5° map for these variables.  

3. Results and Discussion  

We use the mean NDVI over the Photosynthetically Active Period ( ) and the mean 
temperature from May to September ( ) to represent the inter-annual vegetation dynamics and the 
corresponding temperature changes [5,33] The tight coupling between temperature and vegetation 
growth can be found in the linear relationships between NPAP and TMS across latitudes in both NA and 
EA for the past 30 years (Figure 3). The circumpolar pattern follows EA, as the vegetated area in EA is 
50% greater than that in NA. The consistent NPAP-TMS relationships across both NA and EA (and hence 
in CP) during the early-1980s and late-1990s indicate stable ecosystem response to temperature. 

However, this relationship changes during the late-2000s in NA in a manner that the response of 
northerly vegetation to temperature no longer resembles that of southerly vegetation observed during 
early-1980s (Figure 3(a)). This weakened relationship in NA has two implications: (1) The slope in  
the late-2000s (0.004) is 2/3 times smaller than the slope in the early-1980s (0.014). If future changes  
of temperature and vegetation growth follow the line of the late-2000s in NA, similar to the changes in  
the late-1990s following the line established in the early-1980s, the same amount of warming would 
cause 2/3 less greening compared to the changes in the early-1980s; (2) Taking a close look at the 
latitudinal points, these deviations are found mostly in the Arctic region of NA, where temperature is 
relatively low, but vegetation grows abnormally fast with rising temperatures in the period between the 
late-1990s and the late-2000s. Vegetation greening in this period is not subject to temperature change 
as before. Such deviations hint at novel vegetation responses, implying that temperature may no longer 
be the dominant factor as before governing vegetation growth in this region.  

3.1. Spatial Analysis of Long-Term Trend  

Pixel-wise application of the robust trend estimation model (cf. Section 2.2.2) shows that increases 
in  for both NA and EA (Figure 4) prevail during the periods from 1982 to 2011. Spatial patterns 
are also assessed to provide a general picture of the difference in vegetation growth between NA 
and EA. 

EA shows significant greening, i.e., about 45 times more greening (increase in ) area than the 
browning (decrease in ) area. By contrast, the greening area in NA is about two times larger than 
the browning area. Comparing the greening areas between EA and NA alone, the area in EA is 2.6 
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times larger than that in NA. In particular, the fraction of greening in the Arctic region of EA is similar 
to that of NA; and the fraction of greening in the Boreal region of EA is two times larger than that in 
NA (Table 2). Within the Boreal region, forests and other natural vegetation in NA have similar 
fractions of greening (14%–16%). However, more than 70% of the boreal forests in EA show greening 
compared to 44% of greening for other natural vegetation in EA (Table 3). 

Figure 3. Photosynthetically Active Period (PAP) mean Normalized Difference Vegetation 
Index (NDVI) (NPAP) vs. May-to-Sep mean temperature. (TMS). (a) Relationship between 
NPAP and TMS averaged over given time-periods, the early-1980s, late-1990s, and late-2000s, 
in the Arctic-Boreal region of North America. Each point represents a one-degree 
latitudinal-band average for a specific region and time period. There are 18 such points 
covering latitudes from 52°N to 70°N for each color in the plot; (b) Same as (a) but in the 
Arctic-Boreal region of Eurasia; (c) Same as (a) but in the entire circumpolar Arctic-Boreal 
region; (d) Year-to-year variation of the slope in the NPAP-TMS relationship from 1982 to 
2011 for the Arctic-Boreal region of North America (Blue) and Eurasia (Red), and the 
dashed lines represent 95% confidence intervals. The periods early-1980s, late-1990s and 
late-2000s refer to the years 1982 to 1986, 1995 to 1999, and 2006 to 2010, respectively. 
The Arctic-Boreal region is defined as in Figure 1.  
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Table 3. Comparison of changes in PAP mean NDVI (NPAP) between Boreal forests with woody fraction greater than 30% and other natural 
vegetation. Abbreviation “G” in the table refers to areas showing statistically significant (p < 0.1) increase in NPAP (Greening), while “B” 
refers to areas showing statistically significant (p < 0.1) decrease in NPAP (Browning). Abbreviation “N” refers to areas showing no statistically 
significant changes in NPAP (No-change). Statistical significance was assessed using the Vogelsang’s  method (cf. Section 2.2.2). Boreal 
forests include Evergreen and Deciduous needleleaf forests and Mixed forests. Other natural vegetation include Broadleaf forests, Closed and 
Open shrublands, Woody grasslands and Grasslands. The greening, browning and no-change fractions are with respect to areas in North 
America (NA), Eurasia (EA) and circumpolar (CP) regions. Boreal forest entries in parenthesis are proportions with respect to the total area of 
Boreal forests in NA, EA and CP, respectively. 

Region 
(Areas in  
106 km2) 

North America Eurasia Circumpolar 

Forests Woody  
Fraction > 30% 

Other Natural  
Vegetation 

Forests Woody  
Fraction > 30% 

Other Natural  
Vegetation 

Forests Woody  
Fraction > 30% 

Other Natural  
Vegetation 

G(%) B(%) N(%) G(%) B(%) N(%) G(%) B(%) N(%) G(%) B(%) N(%) G(%) B(%) N(%) G(%) B(%) N(%) 

Arctic 
NA = 3.39 
EA = 4.77 
CP = 8.16 

N/A N/A N/A 38.09 2.69 59.22 N/A N/A N/A 36.40 2.92 60.68 N/A N/A N/A 37.01 2.84 60.15 

Boreal 
NA = 6.88 
EA = 11.2 
CP = 18.11 

1.08 
(13.93) 

0.64 
(8.22) 

6.04 
(77.85) 

15.65 7.42 69.18 
4.39 

(77.44) 
0.00 

(0.03) 
1.28 

(22.53) 
43.80 0.41 50.12 

3.13 
(48.52) 

0.24 
(3.76) 

3.08 
(47.72) 

33.12 3.07 57.35 

Total 
NA = 10.27 
EA = 15.99 
CP = 26.27 

1.84 
(21.68) 

0.55 
(6.44) 

6.09 
(71.87) 

19.40 6.38 65.75 
3.50 

(74.12) 
0.00 

(0.03) 
1.22 

(25.85) 
42.03 0.97 52.28 

2.87 
(46.93) 

0.21 
(3.36) 

3.05 
(49.72) 

33.55 3.00 57.33 
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As for the browning trend, vegetation in NA has a larger area of browning compared to EA, 
especially in the Boreal region (Figure 4). Browning area in NA is 4.2 times larger than that in EA. In 
particular, the fraction of browning in the Arctic region of EA is still comparable to that in NA. On the 
contrary, the fraction of browning in the Boreal region of NA is 20 times larger than that in EA. Within 
the NA region, the majority of browning area is located in the Boreal zone. The fraction of browning 
in the Boreal region of NA is two times larger than that in the Arctic of NA (Table 2). Within the 
Boreal region, the fraction of browning area of forests is comparable to that of other natural vegetation 
(8.2% vs. 7.4%) in NA, while in EA almost no forests show browning (0.03%) compared to other 
natural vegetation (0.41%), even if both fractions are small (Table 3). 

The observed spatial changes (Figure 4) are consistent with earlier studies reporting continued 
Arctic greening in NA and EA [4,5,8–11]. However, the previously reported Boreal browning in 
EA [9] is not found here, possibly due to the improved data quality in the northerly lands of the new 
AVHRR NDVI3g product [27]. However, the contrast between Boreal NA and EA, with more 
significant browning in NA, cannot be attributed to altered vegetation response to temperature, given 
that spatial patterns of vegetation and temperature trends are consistent [14,15,21,42]. Our analysis of 
temperature trends (Table 4) shows more extensive cooling in Boreal NA compared to Boreal EA, 
about seven times higher, which could plausibly account for the browning trends found in Boreal NA.  

Table 4. Changes in May-to-September mean temperature (TMS) and annual total 
precipitation (PAT) over the Arctic-Boreal region for the period from 1982 to 2011 (2009 for 
precipitation). Increase and decrease in the trend estimations of TMS and PAT are calculated 
from the Vogelsang’s trend estimation method. The fractions are with respect to Arctic, 
Boreal, or total Arctic-Boreal areas in North America (NA), Eurasia (EA) and circumpolar 
(CP) regions that have valid PAP mean NDVI time series. Statistical significance was not 
assessed in this table.  

Region 
Temperature Precipitation 

Increase (%) Decrease (%) Increase (%) Decrease (%) 

NA 
Arctic 84.44 15.56 71.15 28.85 
Boreal 85.79 14.21 63.65 36.35 
Total 85.50 14.50 65.28 34.72 

EA 
Arctic 98.14 1.86 73.97 26.03 
Boreal 97.94 2.06 64.47 35.53 
Total 97.98 2.01 66.76 33.24 

CP 
Arctic 93.23 6.77 72.96 27.04 
Boreal 93.33 6.67 64.15 35.85 
Total 93.31 6.69 66.19 33.81 

On the other hand, we also find more extensive cooling in Arctic NA compared to Arctic  
EA—about over seven times higher—but with comparable vegetation changes. This implies more 
greening under conditions of relatively less warming in Arctic NA. Therefore, the observed loss of 
vegetation sensitivity to temperature in NA can be partly attributed to the spatial distribution of 
vegetation and temperature trends. If vegetation response to temperature has changed in the Arctic of 
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NA, one would suspect that other variables such as precipitation, insolation and CO2 concentration 
driving the changes of vegetation [7,24,43] in the Arctic-Boreal region could play a bigger role.  

We also analyzed precipitation trends (Table 4), and found similar wetting/drying in NA and EA. 
For the Boreal region, the observed browning in NA could possibly be attributed to the more extensive 
cooling in the same region, when taking temperature as the dominant climatic factor, regardless of the 
similarities in precipitation. Based on the same reasoning, is it true that precipitation is becoming more 
important in the Arctic, as NDVI changes follow the precipitation spatial fractions (similar changes in 
both NA and EA), instead of temperature? It is difficult to judge merely based on the spatial patterns, 
as both warming and wetting are spatially more extensive than the observed vegetation changes in 
either NA or EA. Again, Figure 3 gives a hint that vegetation tends to be in line with the climate 
change, and warming causes vegetation to resemble the southerly species, which is in favor of that 
climate condition. Therefore, it is necessary to investigate the spatial pattern of climate itself and how 
it shifts over time.  

3.2. Analysis of Latitudinal Profiles of Temperature and Precipitation  

Different spatial patterns of climate can result in unique distributions of ecosystems across space. 
For example, there are more tundra regions in the North America even to south of 65°N [32], and most 
deciduous needleleaf forests are located in Eurasia [31]. Under the rapid climate changes in the recent 
decades, vegetation must keep pace with the shifting climate for survival [44]. In particular, 
temperature is most essential, as vegetation responses are expected to track the rate of isotherm 
migration over space [41,45,46]. Ground surveys also show evidence that vegetation appears to have 
an upward shift in mountainous areas [47,48] and a northward shift in tundra areas [16,18,19,49,50] 
responding to the temperature changes. 

From the analysis for the period from 1982 to 1986 (baseline period), the latitudinal variations of 
 for NA and EA show similar changes across latitudes (Figure 2). Although the absolute values of 
 in EA are one to two degrees higher than the one in NA between latitudes 55°N and 70°N, the 

average rate of decrease in  per degree latitude toward north is 0.5 K for both NA and EA  
(Table 5). However, vegetated regions in NA and EA do not share the same spatial pattern in  
across latitudes. The average rate of decrease in  per degree latitude toward north in NA is more 
than two times faster than that in EA (35 mm per degree in NA vs. 15 mm per degree in EA, Table 5). 
This implies that at a given latitude, northward migration of vegetation would require greater 
precipitation changes in NA than in EA, so as to create a favorable temperature and precipitation 
environment for vegetation to the south. Precipitation may not be as essential as temperature in 
governing the growth of local vegetation in the north [7], especially in the Arctic. It is still important 
for precipitation to keep the same pace as the temperature change in order to support the northward 
migration of structurally different vegetation, such as shrubs and trees, which need more water 
supplies. The choice of  is based on the fact that winter biological processes can contribute to the 
positive feedback of vegetation growth related to winter snow accumulation [22,36], and summer 
precipitation is also responsible for the vegetation changes [12,14,21,49].  
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Table 5. Statistics of baseline slopes for temperature and precipitation (Figure 2). Slope is 
defined as the change of temperature (K) or precipitation (mm) per degree latitude toward 
north, averaged over the one-degree latitudinal band for the Arctic and Boreal regions. The 
95% confidence intervals for the slopes are given for the linear regression models, and R2 
is also provided in the table. The baseline period is defined as the early-1980s from 1982 to 
1986. Temp. is the May-to-September mean temperature averaged over the baseline period, 
and precip. is the annual total precipitation averaged over the baseline period. 

Stats. 
North America Eurasia Circumpolar 

Temp. (K) Precip. (mm) Temp. (K) Precip. (mm) Temp. (K) Precip. (mm) 
Slope −0.53 −35.0 −0.47 −14.5 −0.48 −23.1 

Confidence Interval 
−0.59 
−0.47 

−38.7 
−31.3 

−0.55 
−0.39 

−16.6 
−12.3 

−0.55 
−0.42 

−24.1 
−22.0 

R2 0.94 0.94 0.87 0.90 0.90 0.99 

3.3. Velocity of Climate  

Velocity of climate is defined as the ratio of the (time) trend to the baseline north-south gradient of 
a given variable (e.g., TMS, PAT, etc.). Although the velocity of precipitation is expected to have similar 
spatial patterns to temperature velocity, but with higher uncertainties [46], previous studies have only 
focused on vegetation response to temperature velocity [41]. We analyzed both temperature and 
precipitation velocities using  and  along the North-South direction for two time  
periods—the earlier 18-year period from 1982 to 1999, and the entire 30-year period from 1982 to 
2011 (from 1982 to 2009 for precipitation)—with the emphasis on the spatial matching of temperature 
and precipitation velocities. Such a consistency in velocity is crucial to our hypothesis, i.e., a favorable 
environment for vegetation migration is only available when the precipitation velocity keeps up with 
the temperature velocity.  

For the period from 1982 to 1999, both NA and EA show a majority of positive velocity of 
temperature change (Figure 5), while precipitation velocity in NA is mainly negative velocity in 
contrast to a mostly positive velocity in EA (Figure 5(c)). Positive velocity here indicates a northward 
movement. More than 28% (11%) of the vegetated areas in NA (EA) have high rates of positive 
velocity in temperature (>100 km/decade, Table 6). The fraction of areas with high rates of positive 
precipitation velocity (>100 km/decade) in EA is four times larger than that in NA (Table 6). Although 
the precipitation velocity has different patterns between NA and EA, vegetation in both regions still 
shows the consistent response to temperature (Figure 3). This can be due to the uncertainties due to the 
shorter time period, and lag in vegetation response to precipitation velocity [14,22,36,49]. 

For the period from 1982 to 2011, the velocity measurements are statistically more reliable due to 
the longer period. With both NA and EA showing a majority of positive velocity in both temperature 
and precipitation (Figure 5(b,d)), NA exhibits a lack of high rates of positive precipitation velocity 
compared to temperature velocity, particularly in the Arctic. Fractions of vegetated areas with high 
rates of positive velocity in temperature (>100 km/decade) are comparable between NA (17%) and EA 
(17%) (Table 6). However, the fraction of vegetated areas with a high rate of positive velocity of 
precipitation (>100 km/decade) is smaller in the Arctic of NA (4%) compared to temperature (17%), 
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unlike in EA. This difference in velocities of temperature and precipitation in the Arctic of NA could 
account for dramatic (unpredictable) greening, but a later decrease in vegetation sensitivity to 
temperature changes. Concordant velocities of temperature and precipitation, such as in EA and in the 
Boreal of NA, support continued vegetation migration (greening). 

The actual vegetation migration rates depend on other factors such as land cover types [44] and the 
sizes and distributions of natural habitats [51]. On the other hand, the inconsistent velocities of 
temperature and precipitation shifts in the Arctic of NA are creating new climate states, leading to 
unpredictable vegetation responses. 

Figure 5. Spatial patterns of velocities in the Arctic-Boreal region for temperature (TMS) 
during (a) 1982 to 1999 and (b) 1982 to 2011; and for precipitation (PAT) during  
(c) 1982 to 1999 and (d) 1982 to 2009. Positive values in velocity indicate northward 
movements, while negative values in velocity indicate southward movements. Grey areas 
correspond to lands not considered in this study. Light green color shows vegetated areas 
with extremely high values of velocity (<−500 km / decade or >500 km / decade). Numerical 
values quantifying the velocity spatial patterns are given in Tables 6 and 7. 

(a) (b) 

(c) (d) 
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Table 6. Spatial fractions of temperature velocities in the Arctic-Boreal region along the North-South direction. Numbers in the table indicates 
the fractions of area in percent that are within a certain range of velocity values (<−200 km/decade, <−100 km/decade, <0 km/decade,  
>0 km/decade, >100 km/decade or >200 km/decade) with respect to the Arctic, Boreal and total areas in North America (NA), Eurasia (EA) 
and the entire circumpolar (CP) regions for two time periods. Positive values in velocity indicate northward movements, while negative values 
in velocity indicate southward movements. 

 Region (Areas in 106 km2) 
Temperature Velocity (km/Decade) 

1982–1999 1982–2011 
<−200 <−100 <0 >0 >100 >200 <−200 <-100 <0 >0 >100 >200 

NA 
Arctic (1.49) 2.60 6.19 17.84 82.16 39.03 12.33 2.09 5.44 23.99 76.01 16.60 7.63 
Boreal (5.40) 4.25 9.84 30.24 69.76 25.72 8.73 2.63 7.12 33.89 66.11 9.61 3.75 
Total (6.89) 3.90 9.06 27.59 72.41 28.57 9.50 2.52 6.78 31.89 68.11 11.02 4.53 

EA 
Arctic (2.51) 3.79 10.30 43.29 56.71 9.48 3.07 3.47 7.63 18.45 81.55 16.99 5.29 
Boreal (8.12) 3.78 9.12 41.72 58.28 12.23 4.94 3.96 8.69 29.18 70.81 17.49 6.00 
Total (10.63) 3.78 9.40 42.09 57.91 11.57 4.49 3.85 8.45 26.78 73.21 17.38 5.84 

CP 
Arctic (3.99) 3.38 8.90 34.61 65.39 19.56 6.23 2.99 6.86 20.40 79.60 16.86 6.11 

Boreal (13.52) 3.96 9.39 37.40 62.60 17.30 6.36 3.45 8.09 30.98 69.02 14.48 5.14 
Total (17.52) 3.83 9.28 36.76 63.24 17.82 6.33 3.35 7.83 28.70 71.30 14.99 5.35 

Table 7. Same as Table 6 but for precipitation velocities. 

 Region (Areas in 106 km2) 
Precipitation Velocity (km/Decade) 

1982–1999 1982–2009 
<−200 <-100 <0 >0 >100 >200 <−200 <−100 <0 >0 >100 >200 

NA 
Arctic (1.49) 2.95 8.47 69.70 30.30 3.30 1.79 0.93 2.29 35.08 64.92 4.14 1.20 
Boreal (5.40) 3.17 8.81 53.68 46.32 7.42 2.51 2.33 5.95 38.71 61.29 10.04 2.88 
Total (6.89) 3.13 8.74 57.11 42.89 6.54 2.35 2.03 5.16 37.93 62.07 8.76 2.52 

EA 
Arctic (2.51) 3.70 6.28 26.91 73.09 30.28 13.70 3.22 5.82 32.03 67.97 16.60 7.08 
Boreal (8.12) 6.64 15.73 40.57 59.43 22.64 10.75 4.59 9.68 38.63 61.37 19.01 7.57 
Total (10.63) 5.94 13.47 37.30 62.70 24.47 11.46 4.27 8.77 37.07 62.93 18.44 7.46 

CP 
Arctic (3.99) 3.42 7.10 42.91 57.09 20.19 9.25 2.36 4.51 33.17 66.83 11.96 4.89 

Boreal (13.52) 5.22 12.91 45.93 54.07 16.42 7.38 3.69 8.19 38.66 61.34 15.42 5.70 
Total (17.52) 4.81 11.57 45.24 54.76 17.29 7.81 3.39 7.35 37.41 62.59 14.63 5.52 
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4. Concluding Remarks  

The Arctic-Boreal regions of North America and Eurasia display divergent responses of vegetation 
growth to temperature changes. We also found substantial greening in Eurasia (46% of Eurasia show 
greening) and a larger fraction of browning in the Boreal region of North America (8%) than in the 
Boreal region of Eurasia (0.4%) using the recently updated satellite dataset. The analysis of 
temperature and precipitation latitudinal profiles indicates that precipitation is a key driving factor in 
vegetation growth, besides temperature, especially in North America. While Eurasia and North 
America have comparable temperature velocities, the velocity of precipitation in North America is 
much smaller compared to Eurasia. Particularly in Arctic North America, the fraction of areas showing 
high rates of precipitation velocity is always less than that of temperature velocity. This continuous 
lack of precipitation velocity results in unfavorable climates for northward migration. If the weakened 
sensitivity of vegetation growth to temperature increase observed in North America during the late-2000s 
holds true into the future, then, the Normalized Difference Vegetation Index will not increase as much 
as it did in the early-1980s or mid-1990s for the same amount of warming. Whether this divergence 
between North America and Eurasia will continue is worth further investigation. Nevertheless, it is 
clear that factors other than temperature are influencing trends in northern vegetation growth.  
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