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Abstract
We combine satellite and ground observations during 1950–2011 to study the long-term links between multiple climate (air temperature and cryospheric dynamics) and vegetation (greenness and atmospheric CO2 concentrations)
indicators of the growing season of northern ecosystems (>45°N) and their connection with the carbon cycle. During
the last three decades, the thermal potential growing season has lengthened by about 10.5 days (P < 0.01, 1982–2011),
which is unprecedented in the context of the past 60 years. The overall lengthening has been stronger and more significant in Eurasia (12.6 days, P < 0.01) than North America (6.2 days, P > 0.05). The photosynthetic growing season
has closely tracked the pace of warming and extension of the potential growing season in spring, but not in autumn
when factors such as light and moisture limitation may constrain photosynthesis. The autumnal extension of the photosynthetic growing season since 1982 appears to be about half that of the thermal potential growing season, yielding
a smaller lengthening of the photosynthetic growing season (6.7 days at the circumpolar scale, P < 0.01). Nevertheless, when integrated over the growing season, photosynthetic activity has closely followed the interannual variations
and warming trend in cumulative growing season temperatures. This lengthening and intensification of the photosynthetic growing season, manifested principally over Eurasia rather than North America, is associated with a longterm increase (22.2% since 1972, P < 0.01) in the amplitude of the CO2 annual cycle at northern latitudes. The springtime extension of the photosynthetic and potential growing seasons has apparently stimulated earlier and stronger
net CO2 uptake by northern ecosystems, while the autumnal extension is associated with an earlier net release of CO2
to the atmosphere. These contrasting responses may be critical in determining the impact of continued warming on
northern terrestrial ecosystems and the carbon cycle.
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Introduction
The seasonal photosynthetic dynamics of northern vegetation are tightly coupled to the timing and duration
of the warm season and associated snow-free and nonfrozen ground conditions (Goulden et al., 1998; Nemani
et al., 2003). The instrumental temperature record
shows convincingly that northern terrestrial ecosystems
have experienced the largest warming rates on the
globe during recent decades, particularly in winter and
spring (Trenberth et al., 2007). Warming has shifted the
timing of the seasonal warmth earlier in spring and
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later in autumn (Burrows et al., 2011; Barichivich et al.,
2012), reducing snow-cover duration and extending the
length of the vegetation growing season (Keeling et al.,
1996; Myneni et al., 1997). In these regions, phenology
controls the seasonal onset and ending of the carbon
uptake period, thereby directly affecting net ecosystem
carbon balance (Goulden et al., 1998; Barr et al., 2009;
Richardson et al., 2010) and the exchange of water and
energy with the atmosphere (Pe~
nuelas et al., 2009).
Earlier and longer growing seasons are generally
associated with increased ecosystem carbon sequestration because more days are available for carbon uptake
and biomass growth (Richardson et al., 2010). In some
instances, however, earlier spring growth advances soil
water depletion, which counteracts higher early spring
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carbon assimilation through the enhancement of midsummer drought conditions (White & Nemani, 2003;
Angert et al., 2005; Ciais et al., 2005; Hu et al., 2010).
While the extension of the growing season in autumn
prolongs photosynthesis in some vegetation types
despite decreasing radiation levels, the net impact on
seasonal ecosystem carbon balance is not always positive as soil respiration tends to increase more than photosynthesis (Piao et al., 2008).
The warming-driven lengthening of the vegetation
growing season by about 7–12 days during the 1980s
and 1990s has produced a strong seasonal advance and
increase in terrestrial photosynthetic activity at northern latitudes (Myneni et al., 1997; Zhou et al., 2001).
This has led to a substantial phase advance and magnification of the peak-to-trough amplitude of the atmospheric CO2 annual cycle during this period (Keeling
et al., 1996). Together, these observations provide evidence for a significant influence of large-scale vegetation phenology on the terrestrial carbon sink that has
also been found in modeling studies (Randerson et al.,
1999; Lucht et al., 2002; Piao et al., 2007).
Large-scale variations in the duration and intensity
of the vegetation growing season across the extratropical Northern Hemisphere have been widely studied
using a range of approaches (Linderholm, 2006; Cleland
et al., 2007), but estimates are typically restricted to the
satellite period over the last three decades. Most assessments of long-term changes in the seasonal photosynthetic dynamics at these large spatial scales have relied
on the satellite record of Normalized Difference Vegetation Index (NDVI) derived from Advanced Very High
Resolution Radiometer (AVHRR) observations from
1981 to the present (e.g., James & Kalluri, 1994; Los
et al., 1994; Tucker et al., 2005). Since the study by
Myneni et al. (1997), the continuous analysis of this
satellite record has shown an evolving picture of progressively earlier, longer, and more productive growing
seasons during recent decades throughout most of the
northern-vegetated lands (e.g., Tucker et al., 2001; Zhou
et al., 2001; Dye & Tucker, 2003; Nemani et al., 2003; Piao
et al., 2006; Julien & Sobrino, 2009; White et al., 2009;
Bhatt et al., 2010; Jeong et al., 2011). Independent studies
based on satellite observations of snow-cover (Dye &
Tucker, 2003; Grippa et al., 2005) and freeze-thaw
dynamics extending back to 1979 (Kimball et al., 2004;
Smith et al., 2004; Zhang et al., 2011; Kim et al., 2012)
have confirmed the general advance and extension of
the vegetation growing season at northern latitudes.
The satellite-observed changes in the duration and
intensity of the vegetation growing season are broadly
consistent with ground-based observational networks
of local phenological and surface air temperature
records (e.g., Jones & Briffa, 1995; Menzel et al., 2003,

2006; Parmesan & Yohe, 2003; Schwartz et al., 2006),
atmospheric CO2 concentrations (Keeling et al., 1996;
Piao et al., 2008), and spatially continuous gridded
fields of daily surface air temperatures (Christidis et al.,
2007; Barichivich et al., 2012) extending back to the
mid-20th century. However, only limited analyses of
multiple long-term climate and vegetation variables
exist at continental or hemispheric scales for evidence
of cogent and coherent trends in vegetation activity
(e.g., Dye & Tucker, 2003; Bunn et al., 2005; White et al.,
2009; Wu et al., 2012). Studies comparing changes in
vegetation and climate seasonality at these large spatial
scales are needed to assess the extent to which vegetation and terrestrial ecosystems are tracking the pace of
the rapid climatic warming and concomitant changes in
seasonality (Burrows et al., 2011), particularly in spring
and autumn. The relative responses of vegetation and
ecosystem phenology in these shoulder seasons have
significant, and often opposite, impacts on the carbon
cycle (Piao et al., 2008).
In this study, we combine independent streams of
satellite and ground observations of NDVI, surface air
temperature, snow-cover, freeze-thaw dynamics, and
atmospheric CO2 concentration covering different periods between 1950 and 2011 to conduct an integrated
assessment of long-term continental and circumpolar
changes in the vegetation growing season and evaluate
their impact on the net carbon uptake by terrestrial
ecosystems north of 45°N. Our specific aims are (i) to
assess interannual and longer term temporal variations
in the timing, length, and intensity of the NDVI-based
photosynthetic growing season in the context of the climatically defined potential vegetation growing season,
and (ii) to examine the influence of these variations on
the annual cycle of atmospheric CO2 concentration at
high northern latitudes. This combined assessment of
multiple interrelated variables of the climate system
contributes to reduce observational uncertainties on
the magnitude of the responses of terrestrial ecosystems to the rapid climate change ongoing at northern
latitudes. Furthermore, it provides a robust observational benchmark for validating the large-scale variability and trends in the growing season simulated by
ecosystem models.

Materials and methods

Photosynthetic growing season
We use the latest version of the biweekly 8 km NDVI data set
(NDVI3g) produced from AVHRR level 1b observations by
the Global Inventory Modeling and Mapping Studies (GIMMS) group at NASA Goddard Space Flight Center to characterize the photosynthetic growing season of the vegetated
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land north of 45°N from 1982 to 2011 (see Table 1). This new,
third generation GIMMS NDVI(3g) data set extends the record
from December 2006 in the previous GIMMS NDVIg data set
(Tucker et al., 2005) to December 2011. Like GIMMS NDVIg, it
has been processed to account for orbital drift, sensor degradation, cloud cover, and aerosols. Some important issues
affecting the GIMMS NDVIg dataset at northern latitudes
have been corrected, such as a calibration-related lack of data
north of 72°N that was rectified in GIMMS NDVI3g using
SeaWiFS (Sea-viewing Wide Field-of-view sensor) instead of
SPOT (Systeme Probatoire d’Observation de la Terre) Vegetation NDVI data for cross-sensor intercalibration (i.e., SPOT
Vegetation data end at 72°N while SeaWiFS data do not). The
use of SeaWiFS data for cross-calibration with the NDVI3g
data also resulted in improved calibration of the data from
NOAA-16, -17, and -18 due to the bilinear gains in the AVHRR
instruments’ channel one on these satellites. These improvements were evident by a higher correlation and closer correspondence of the NDVI3g data with Moderate Resolution

Imaging Spectroradiometer (MODIS) Aqua and Terra NDVI
coincident data. These and other methodological refinements,
such as an improved coastal land-water mask and pixel quality flags, have considerably improved data quality for northern-vegetated lands, making NDVI3g better suited to studies
of northern ecosystems as well as elsewhere. The methodology used to develop and validate the dataset has yet to be
published (J.E. Pinzon, E.W. Park, C.J. Tucker, in preparation).
However, the data set has already been used in several studies
analyzing vegetation dynamics in northern ecosystems (e.g.,
Bhatt et al., 2010; Epstein et al., 2012; Fensholt & Proud, 2012;
Raynolds et al., 2012; Xu et al., 2013). It has been shown that
the dataset compares well with NDVI from MODIS sensors
since the early 2000s (Fensholt & Proud, 2012).
Prior data processing, the Collection 5 MODIS land cover
product (MCD12C1) with International Geosphere Biosphere
Programme (IGBP) classes for the year 2007 (Friedl et al.,
2010), was used to exclude from analysis grid points corresponding to croplands, cropland/natural vegetation mosaics,

Table 1 Summary of parameters used in this study to characterize the growing season and the annual cycle of atmospheric CO2 at
northern latitudes. See text for a detailed definition and description of the datasets used to derive each parameter
Parameter
Start of season
STH – Spring thaw
SMT – Spring snow melt
STS – Start of thermal growing
season
SOS – Start of photosynthetic
growing season
End of season
AFZ – Autumn Freeze

Resolution
0.25° 9 0.25°
190 9 190 km

Period

Short definition

1988–2007

First day of a 15-day running window with at least 12
non-frozen days between January and June
First week of continuous run of at least 5 snow-free
weeks between January and June
Day when temperature rises to 5 °C in spring

1972–2011

2.75° 9 3.75°

1950–2011

8 9 8 km

1982–2011

Day when NDVI reaches a local threshold for maximum
green-up rate

0.25° 9 0.25°

1988–2007

2.75° 9 3.75°

1950–2011

First day of a 15-day running window with at least 12
days with frozen status between September and December
Day when temperature decreases to 5°C in autumn

8 9 8 km

1982–2011

Day when NDVI decreases to a local threshold for maximum
browning rate

0.25° 9 0.25°
2.75° 9 3.75°

1988–2007
1950–2011

Days between STH and AFZ
Days between STS and ETS

8 9 8 km

1982–2011

Days between SOS and EOS

8 9 8 km

1982–2011

Sum of smoothed daily-interpolated NDVI from SOS to EOS

1950–2011

Sum of smoothed daily temperature from STS to ETS

station

1972–2010

AZC – Autumn zero-crossing

station

1972–2010

AMP – Amplitude CO2
annual cycle

station

1972–2010

Day when the detrended CO2 annual cycle exceeds 0 ppm
in spring
Day when the detrended CO2 annual cycle falls below 0 ppm
in autumn
Annual Maximum minus annual minimum detrended
seasonal CO2 concentration

ETS – End of thermal growing
season
EOS – End of photosynthetic
growing season
Length of season
LNF – Length of non-frozen period
LTS – Length of thermal growing
season
LOS – Length of photosynthetic
growing season
Intensity of season
TI-NDVI – Time integrated
NDVI
TI-TEM – Time integrated
temperature
CO2 annual cycle
SZC – Spring zero-crossing

2.75° 9 3.75°
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urban and built-up, and barren or sparsely vegetated land
cover classes. Here, the land cover product at 0.05° resolution
was spatially resampled to match the resolution of the
NDVI3g dataset (1/12°) using the nearest neighbor algorithm.
Then, the TIMESAT (version 3.1.1) software for time-series
analysis of satellite data (J€
onsson & Eklundh, 2004) was used
to smooth the bi-weekly NDVI time series at each grid point
with a double logistic fit to describe the yearly trajectory of the
NDVI and reduce high-frequency noise. The curve-fitting procedure included adaptation to the upper envelope of the
NDVI time series to minimize the influence of factors not
related to vegetation dynamics, such as snow and cloud cover
that generally decrease the NDVI values (Reed et al., 1994;
St€
ockli & Vidale, 2004). We chose a double logistic function
for data smoothing because it has been shown to perform better than the other approaches for modeling NDVI data from
the high latitudes (Beck et al., 2006; Gao et al., 2008).
After smoothing, the biweekly NDVI data were linearly
interpolated to daily resolution. Then, for each grid point the
NDVI values corresponding to the inflection points for the
maximum rate of green-up and senescence were determined
from the first derivative of the long-term mean seasonal curve
of smoothed NDVI data (i.e., 30-year NDVI climatology) interpolated to daily resolution. These NDVI thresholds were then
used to compute the day of year for the start (SOS) and end
(EOS) of the photosynthetic growing season for each year and
grid box (Table 1). The length of the photosynthetic growing
season (LOS) was estimated as the difference between EOS
and SOS. The (greenness) ‘intensity’ of the photosynthetic
growing season, defined here as the time-integrated NDVI
(TI-NDVI) over the growing season, was computed by summing daily-interpolated smoothed NDVI values from SOS to
EOS.
The threshold approach based on the local rate of change in
NDVI has a better biophysical basis than using an arbitrary
NDVI threshold value to estimate SOS and EOS across a wide
range of vegetation types (Piao et al., 2006; Jeong et al., 2011;
Tan et al., 2011). We also examined two other threshold-based
approaches for estimating the start, end, and length of the
photosynthetic growing season from the smoothed NDVI
data. One was based on the NDVI thresholds corresponding
to the beginning of the green-up and senescence periods estimated from the second derivative of the NDVI climatology.
The other used an arbitrary threshold of 25% of the yearly
amplitude of the annual cycle of NDVI. We found that the
three methods produce very similar results (Fig. S1), but we
chose the approach based on the first derivative for consistency with earlier studies and because of its better biophysical
basis (e.g., Piao et al., 2006; Jeong et al., 2011), though we note
that it has a slightly higher correlation with the climatically
defined potential growing season.
It has been shown that northern latitude phenological patterns retrieved from AVHRR GIMMS NDVI data can differ
significantly from other satellite sensors (Zhang et al., 2013).
To assess the sensitivity of our results to dataset version and
satellite sensor we also computed the suite of phenological
parameters using the previous 15-day GIMMS NDVIg data set
over the period 1982–2006 (available at http://glcf.umd.edu/

data/gimms/) and 16-day Terra MODIS NDVI from the
MOD13C1 product (0.05°) during the overlapping period
2001–2011 (available at http://lpdaac.usgs.gov/products/
modis). Terra MODIS NDVI data are of higher radiometric
and geometric quality than AVHRR data and have been atmospherically corrected and masked for water, clouds, and shadows. The data sets were first remapped to match the 1/12°
GIMMS NDVI3g grid using bilinear interpolation and then
processed following the same procedure used for GIMMS
NDVI3g.

Potential growing season: thermal and non-frozen
seasons
Low temperatures and frozen ground conditions strongly
limit the metabolic activity of northern vegetation (Jarvis &
Linder, 2000; Nemani et al., 2003). We therefore conceptually
define the potential vegetation growing season as that period
of the year when air temperatures remain above a certain
threshold that allows vegetation growth (thermal growing season) or alternatively when the ground surface is not frozen
(non-frozen season).
We used gridded daily mean air temperatures from the
HadGHCND data set to characterize the thermal growing season for northern vegetation from 1950 to 2011 on a regular
2.75° 9 3.75° grid (Caesar et al., 2006; Barichivich et al., 2012).
Missing values were imputed using the RegEM algorithm
(Schneider, 2001), but grid points with more than three years
of missing data were discarded. We quantitatively defined the
thermal growing season as the period of the year with daily
mean temperatures greater than 5 °C (Table 1), which is a
common threshold value for determining the boundaries of
the thermal potential growing season at mid and high latitudes (Jones & Briffa, 1995; Frich et al., 2002; Barichivich et al.,
2012). The curve-fitting procedure of TIMESAT was applied to
smooth the daily mean temperature data and estimate the
start (STS), end (ETS) and length (LTS) of this seasonal period
using the geographically constant 5 °C threshold (Table 1).
The ‘intensity’ of the thermal growing season, defined here as
the time-integrated temperature (TI-TEM) over the growing
season, was computed as the sum of smoothed daily mean
temperatures between STS and ETS.
We used a validated 25 9 25 km satellite data set of daily
landscape (soil, snow, and vegetation) freeze-thaw dynamics
(Kim et al., 2011) to estimate the timing and length of the nonfrozen season between 1988 and 2007 (Table 1). This data set
is based on global microwave observations from morning
(am) and afternoon (pm) equatorial crossings of the Special
Sensor Microwave Imager (SSM/I). The timing (day of year)
of the primary spring thaw (STH) for each 25 km grid box and
year was estimated from the daily combined parameter as the
first day when at least 12 out of 15 consecutive days were classified as non-frozen (am and pm thawed) between January
and June (Kim et al., 2012), whereas the timing of the autumn
freeze (AFZ) was estimated following the same procedure for
frozen days (a.m. and p.m. frozen) between September and
December. The length of the non-frozen season (LNF) was
then defined as the number of days between STH and AFZ.
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In addition, we derived a daily freeze-thaw classification
between 1950 and 2011 based on gridded minimum and maximum air temperatures from the HadGHCND data set to
investigate the large-scale consistency of the satellite observations and long-term trends in freeze-thaw dynamics. Thawed
and frozen days were defined as days with minimum air temperatures above and below 0 °C, respectively.
Finally, to assess the relationship between snow-cover and
the timing of spring thawing and start of the thermal growing
season, we estimated the timing of spring snow melt (SMT)
over the continuous period 1972–2011 from the satellite-based
weekly gridded snow-cover data set maintained by the Rutgers University Global Snow Lab (Robinson et al., 1993). The
date of snow melt was defined as the first week of a continuous run of 5 weeks without snow between January and June.

Atmospheric CO2
The seasonal signature in the atmospheric concentration of
CO2, which reflects the changing balance between photosynthesis and respiration of ecosystems through the year, has
commonly been used to infer the seasonal course of the net
carbon exchange between the terrestrial biosphere and the
atmosphere (i.e. net ecosystem productivity – NEP; Houghton,
1987; Keeling et al., 1996; Piao et al., 2008). Previous studies
have shown that the annual cycle of atmospheric CO2 at high
northern latitudes is dominated largely by the metabolism of
northern terrestrial ecosystems, with minimal impacts from
ocean exchange, fossil fuel emissions, and tropical biomass
burning (Randerson et al., 1997; Piao et al., 2008). Hence, we
used long-term monthly observations of atmospheric CO2
concentration at Point Barrow (71°N), Alaska, over the period
1972–2010 (GLOBALVIEW-CO2, 2011) to assess the influence
of changes in the growing season on the land-atmosphere net
carbon exchange. This is the longest continuous record of
background CO2 concentration at northern latitudes and integrates the net seasonal flux of carbon from all land regions
north of 40°N, though with a larger regional contribution from
fluxes near the station in Alaska (Kaminski et al., 1996).
As in earlier studies (e.g., Buermann et al., 2007; Barichivich
et al., 2012), we applied the data filtering technique of Thoning
et al. (1989) to the monthly time series of flask CO2 observations to isolate the detrended smoothed annual cycle and
extract metrics for the peak-to-trough amplitude and phasing
(zero-crossing dates in spring and autumn) of the annual cycle
of CO2 (Table 1). The peak-to-trough amplitude provides a
measure of the relative magnitude of net photosynthetic carbon uptake by terrestrial ecosystems (photosynthesis CO2
uptake minus CO2 release from ecosystem respiration and disturbance) over the period when photosynthesis exceeds ecosystem respiration, running from the start of the growing
season until the day when minimum CO2 is reached (Keeling
et al., 1996; Buermann et al., 2007). Thus, variations in CO2
amplitude largely reflect changes in photosynthesis (net CO2
uptake) over the course of the growing season in the north.
The spring (SZC) and autumn (AZC) zero-crossing dates are
surrogates for the respective onset and termination of the net
carbon uptake period (Keeling et al., 1996; Piao et al., 2008;

Barichivich et al., 2012), which is affected by changes in the
seasonal timing of the growing season.
To test the large-scale validity of the CO2 observations at
Point Barrow, time series of zero-crossing dates and annual
amplitude were also derived from monthly zonal-mean CO2
concentrations north of 60°N from the reference marine
boundary layer matrix of GLOBALVIEW-CO2 (2011) over the
period 1979–2010.

Intercomparison and statistical analysis
A summary of the parameters used to characterize the potential and photosynthetic growing season is given in Table 1. All
the parameters were converted to anomalies with respect to
their common period 1988–2007 and then spatially averaged
over North America, Eurasia, and the entire circumpolar
region north of 45°N.
The temporal agreement among the continental and circumpolar estimates of timing and length of the non-frozen season
and the photosynthetic and thermal growing seasons was
examined using the Kendall coefficient of concordance (W;
Legendre, 2010) and linear correlation analysis over the common period 1988–2007. W is a nonparametric measure of correlation among three or more variables and varies between 0
(no association) and 1 (perfect association). The statistical significance of W was estimated using a permutation test with
10 000 simulations (Oksanen et al., 2011). The significance of
correlations was estimated using a nonparametric random
phase test with 1000 Monte-Carlo simulations (Ebisuzaki,
1997), which is robust to autocorrelation in the series. Trend
analysis was carried out using the nonparametric Mann–
Kendall trend test implemented in the zyp package in
R statistics (Bronaugh, 2009).
We examined the response of growing season photosynthetic activity to temperature changes by comparing the seasonal integrals of NDVI (TI-NDVI) and temperature (TI-TEM)
over the period 1982–2011. The influence of changes in the
timing of the growing season on the timing of net carbon
uptake by northern ecosystems was assessed by comparing
the zero-crossing dates (SZC, AZC) at Point Barrow with the
timing of the non-frozen season and the thermal and photosynthetic growing seasons over the common period 1988–
2007. We also compared the seasonal NDVI integral with the
amplitude of the annual cycle of CO2 (AMP) at Point Barrow
to assess the linkages between variations in gross photosynthesis and changes in the magnitude of net carbon uptake by
northern ecosystems.

Results

Timing
Figure 1 compares continental and circumpolar time
series of anomalies in the timing and length of the nonfrozen season and the photosynthetic and thermal
growing seasons covering different periods between
1950 and 2011. The spatially averaged anomalies agree
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(a)

(b)

(c)

Fig. 1 Circumpolar and continental variations in the timing (a, b) and length (c) of the growing season at latitudes north of 45°N and
CO2 zero-crossing dates at Point Barrow. The W statistic for each parameter and spatial domain provides a measure of the temporal
consistency among variations in non-frozen season and thermal and photosynthetic growing seasons over the period 1988–2007. The
correlation between variations in corresponding series of photosynthetic and thermal growing season over the period 1982–2011 is
shown in the lower right corner of each panel. An asterisk denotes significance at the P < 0.05 level. The vertical dotted lines indicate
the eruptions El Chich
on in 1982 and Mount Pinatubo in 1991.

remarkably well in spring on a continental (WEA = 0.85,
WNA = 0.79, P < 0.05) and circumpolar (WNH = 0.74,
P < 0.05) scale (Fig. 1a), indicating a strong synchrony
between variations in the timing of the spring thaw
(STH) and the start of the thermal (STS) and photosynthetic (SOS) growing seasons. Continental and circumpolar anomalies in spring thaw are highly correlated
with anomalies in the start of the photosynthetic and
thermal growing seasons, particularly over Eurasia
(Table 2). This indicates a strong springtime coupling
between the start of the potential (STH and STS) and
the photosynthetic growing season at northern
latitudes.
The timing of the start of the photosynthetic growing
season based on GIMMS NDVI3g is highly consistent
with estimates based on the previous NDVIg dataset
(r = 0.95–0.98 for 1982–2006; Fig. S2) and on higher
quality MODIS NDVI data (r = 0.50–0.88 for 2001–2011;
Fig. S3), so our estimates of variations in spring canopy
green-up are robust to uncertainties due to differences
in satellite sensors and data processing. However, in
spite of our efforts to minimize the influence of snow
dynamics on the phenological retrievals, snow melt

variations may still affect the green-up signal retrieved
from NDVI, though snow melt and the onset of photosynthetic activity would be expected to covary significantly at northern latitudes because of their strong
common temperature control (Fig. S4).
The phenological series shown in Fig. 1a (STH, SOS,
STS) depict a consistent circumpolar trend toward earlier growing seasons. Trend analysis indicates that the
circumpolar start of the thermal growing season has
advanced significantly by 6.8 days since 1950 at a rate
of 1.10  0.28 days per decade1(Table 3). This longterm advance has been stronger and more sustained in
Eurasia (1.28  0.39 days decade1, P < 0.01) than in
North America (0.93  0.47 days decade1, P < 0.01),
where the spring advance halted in the early 1990s
(Fig. 1a). This change over North America has resulted
in contrasting continental trends during the satellite
period between 1982 and 2011. In North America, neither the start of the thermal or the photosynthetic growing seasons has changed significantly since 1982
(Table 3). In contrast, over Eurasia both the thermal
and photosynthetic growing seasons have begun significantly earlier since 1982 by 6.9 days (2.3  0.97 days
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Table 2 Correlation matrix of timing and length of the non-frozen season (STH, AFZ, LNF), thermal growing season (STS, ETS,
LTS), photosynthetic growing season (SOS, EOS, LOS) and CO2 zero-crossing dates (SZC, AZC) at Point Barrow over the period
1988–2007
Start
Variable
Circumpolar
STH
STS
SZC
SOS
Eurasia
STH
STS
SZC
SOS
North America
STH
STS
SZC
SOS

End

STH

STS


0.73
0.53
0.66


0.65
0.67


0.75*
0.45
0.78


0.55
0.77


0.71
0.38
0.71


0.30
0.58

SZC

Length

AFZ



0.43

AFZ
ETS
AZC
EOS




0.34

AFZ
ETS
AZC
EOS




0.23

AFZ
ETS
AZC
EOS

ETS

AZC

LNF

LTS

LNF
LTS
LOS


0.74
0.46


0.74

-0.31

LNF
LTS
LOS


0.56
0.40


0.78


0.11

LNF
LTS
LOS


0.82
0.63

0.58



0.44
0.24
0.16

0.58*
0.74


0.26

0.35
0.57





0.57
0.14
0.21


0.68*
0.33

0.33
0.40
0.10

Values in bold are significant at P < 0.05.
*P < 0.01.

Table 3 Mann–Kendall linear trends ( 1 SE) in timing and length of the thermal and photosynthetic growing season from 1982
to 2011 (see Table 1 for acronyms). Trends in the thermal growing season over the longer 1950–2011 period are given in brackets
Start (days decade1)
Region

STS

Circumpolar

1.64
(1.10
2.30
(1.28
0.16
(0.93

Eurasia
North America

SOS







*

0.71
0.28*)
0.97*
0.39*)
1.26
0.47*)

1.11  0.88
1.78  1.06*
0.14  1.53

End (days decade1)

Length (days decade1)

ETS

LTS

1.87
(0.74
1.65
(0.72
1.99
(0.42

EOS







*

0.76
0.29*)
0.67*
0.31*)
1.29*
0.49)

0.97  0.61
0.78  0.77
1.32  0.75*

3.50
(1.72
4.21
(2.06
2.08
(1.33

LOS







*

1.33
0.48*)
1.33*
0.55*)
2.18
0.71*)

2.24  1.24*
2.47  1.21*
0.96  1.42

Values in bold are significantly different from zero at P < 0.05.
*P < 0.01.

decade1, P < 0.01) and 5.3 days (1.78  1.06 days
decade1, P < 0.01), respectively. Nevertheless, there is
some indication that these advancing trends have
weakened during the 2000s (Fig. 1a).
In contrast to spring, Fig. 1b shows that the overall
agreement between anomalies in the timing of the AFZ
and the end of the photosynthetic (EOS) and thermal
(ETS) growing seasons is weaker on both circumpolar
(WNH = 0.59, P < 0.05) and continental (WEA = 0.56,
P < 0.05; WNA = 0.48, P > 0.05) scales. The agreement
is particularly low in North America, where none of the
variables (AFZ, EOS and ETS) is significantly correlated
with any other (Table 2). This poor general agreement
suggests a decoupling between the termination of the

potential (AFZ, ETS) and the photosynthetic (EOS)
growing season.
The two GIMMS NDVI data sets produce very similar variability in the timing of the termination of the
photosynthetic growing season (r = 0.85–0.91 for 1982–
2011), but the earlier data set (NDVIg) tends to produce stronger autumn delay since around 2003, likely
due to calibration issues (Fig. S2). During the past decade, estimates based on GIMMS NDVI3g are less
consistent with MODIS NDVI data (r = 0.25–0.51 for
2001–2011) than for the start of the growing season,
although the overall difference between the data sets is
related to disagreements only during 2001 and 2011
(Fig. S3).
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There is a general delay in the timing of the end of
the thermal and photosynthetic growing seasons during our study period (Table 3). Most of this delay has
occurred only during the second half of the 2000s,
when a rapid step change took place in Eurasia and to
a lesser extent in North America (Fig. 1b). This has
resulted in a significant trend toward delayed termination of the thermal growing season in Eurasia by about
4.9 days (1.65  0.67 days decade1, P < 0.01) over the
period 1982–2011 (Table 3). The change was smaller for
the termination of the photosynthetic growing season
and the trend since 1982 is not significant. In North
America, the terminations of the thermal and photosynthetic growing seasons have both been delayed significantly since 1982 by 6 and 4 days at linear rates of
1.99  1.29 and 1.32  0.75 days decade1, respectively. These continental-scale changes have resulted in
a circumpolar delay in the termination of the thermal
growing season of 5.6 days (1.87  0.76 days decade1,
P < 0.01) but only 2.9 days in the termination of the
photosynthetic
growing
season
since
1982
(0.97  0.61 days decade1, P < 0.05). Thus, these
results indicate that the autumnal extension of the thermal potential growing season since 1982 has been
nearly twice that of the photosynthetic growing season.

period, largely because of the pause in the spring
advance in the early 1990s. Yet, the thermal growing
season has lengthened significantly since 1950, but
primarily because of the spring advance prior to the
1990s (Table 3). On a circumpolar scale, the lengthening
of the thermal growing season since 1982 has been
substantially larger than that of the photosynthetic
growing season, with respective changes of 10.5 and
6.7 days and linear rates of 3.50  1.33 and
2.24  1.24 days decade1 (Table 3).
The continental and circumpolar rates of lengthening
of the thermal growing season over the full record from
1950 to 2011 shown in Table 3 (1.33 to 2.06 days decade1) agree closely with the rates of increase (1.41 to
2.03 days decade1) in the annual number of nonfrozen days derived from minimum surface air temperatures from the same data set shown in Fig. 2. This
indicator of non-frozen days is roughly equivalent to
the length of the continuous non-frozen season (LNF)
and is strongly correlated with SSM/I satellite microwave observations of landscape freeze-thaw dynamics
between 1988 and 2007. As shown in Fig. 2, the
strength of the correlation varies from 0.75 (P < 0.05)

Length
Figure 1c shows that the lengths of the non-frozen season (LNF) and the thermal (LTS) and photosynthetic
(LOS) growing seasons have increased steadily since
the early 1980s in Eurasia, while in North America
there has been no overall increase during this period.
The overall agreement in the temporal anomalies of the
three variables is significant and stronger in North
America (WNH = 0.69, WEA = 0.66, WNA = 0.80,
P < 0.05), where all three variables are significantly correlated with each other (Table 2). There is also a consistent pattern of temporal variability in the length of the
photosynthetic growing season between the GIMMS
NDVI datasets and MODIS NDVI data (Figs S2 and S3).
Trend analysis indicates that in Eurasia the thermal
and photosynthetic growing seasons have lengthened
by 12.6 and 7.4 days since 1982, with respective linear
rates of 4.21  1.33 and 2.47  1.21 days decade1
(Table 3). Thus, the lengthening of the thermal growing
season has been almost twice that of the photosynthetic
growing season. Clearly, this pattern of lengthening
has been dominated by spring advance (Fig. 1a) and
the large difference in trends occurs because of a smaller rate of delay in the termination of the photosynthetic
growing season.
In North America, the thermal and photosynthetic
growing seasons have not lengthened during this

Fig. 2 Changes in annual number of non-frozen days estimated
from satellite microwave (SSM/I) and from gridded surface air
temperature observations (HadGHCND) north of 45°N.
Correlations between the satellite and temperature-based series
for the period 1988-2007 and linear trends (b) for HadGHCND
series over the 1950-2011 period are given in each panel. An
asterisk denotes significance at the P < 0.05 level.
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over Eurasia to 0.89 (P < 0.05) in North America and
0.79 (P < 0.05) on a circumpolar scale. The correlations
are also high for the number of non-frozen days during
spring and autumn (Fig. S5).
This strong agreement validates the satellite landscape freeze-thaw record, and the close relationship
with the indicator of non-frozen days based on minimum temperatures enables us to estimate long-term
changes in the non-frozen season from 1950 to the present. During this 62-year period, the annual number of
non-frozen days has increased significantly by
12.6 days in Eurasia and 8.7 days in North America
(Fig. 2). This compares well with a concurrent lengthening of the thermal growing season by 12.7 days
(2.06  0.55 days decade1, P < 0.01) in Eurasia and
8.2 days (1.33  0.71 days decade1, P < 0.01) in North
America (Table 3). On a circumpolar scale, the increase
in the annual number of non-frozen days has been
11.7 days during the same period, which is similar to a
lengthening of the thermal growing season of 10.7 days
(1.72  0.48 days decade1, P < 0.01). Seasonally, the
increase in non-frozen days is significant in both spring
(0.77–1.07 days decade1) and autumn (0.62–0.66 days
decade1), but the stronger increase has occurred in
spring (Fig. S5).

Intensity
Figure 3a compares the spatially averaged time series
of cumulative growing season NDVI (TI-NDVI) and

(a)

temperature (TI-TEM). The agreement between these
two variables is very good, with correlation values
ranging from 0.68 (P < 0.05) in North America to 0.81
(P < 0.05) in Eurasia and 0.80 (P < 0.05) on a circumpolar scale. The correlations remain statistically significant
even after removing the trend from the series by applying a high-pass filter (Fig. S6). Thus, there is a strong
indication that cumulative thermal growing season
temperature drives most of the interannual and longterm variations in growing season photosynthetic activity over the study domain.
The large-scale patterns of cumulative growing season NDVI are consistent between the two GIMMS
NDVI datasets, but NDVIg shows a more negative
trend than NDVI3g over the period 1982–2006 (Fig. S2).
In the most recent decade, GIMMS NDVI3g agrees reasonably well with MODIS NDVI data (Fig. S3), indicating a common large-scale vegetation signal between the
AVHRR and MODIS sensors during recent years.
Neither the continental nor the circumpolar series of
cumulative thermal growing season temperatures
(TI-TEM) shows any significant warming during the
three decades prior to the start of the satellite NDVI
record in 1982. Shortly after this date, thermal growing
season temperatures and photosynthetic intensity
(TI-NDVI) increased, especially after around 1988, then
decreased temporarily during 1992 and 1993 because of
the transient spring and summer cooling induced by
the eruption of Mount Pinatubo in 1991, and continued
to rise thereafter. The rate of growing season warming

(b)

Fig. 3 Comparison of variations in seasonally integrated NDVI with seasonally integrated temperature (a), and peak-to-trough amplitude of the annual cycle of atmospheric CO2 at Point Barrow (b). The correlation between the series over their common period is shown
in each panel. An asterisk denotes significance at the P < 0.05 level.
© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12283
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and photosynthetic greening trends weakened after the
mid-1990s until the increases that occurred in the final
two years of the record (2010 and 2011). The warming
and greening trends are stronger in Eurasia than in
North America and the circumpolar average is dominated by changes over Eurasia.
A prominent feature in the NDVI record is the very
intense photosynthetic growing season in North America during 2010, with an anomaly about three SD above
the mean (Fig. 3a). This continental anomaly is also
shown by MODIS NDVI (Fig. S3) and was dominated
by a strong seasonal greening in eastern North America, in connection with a concurrent pattern of strong
seasonal warming (Fig. 4). These anomalies are also
consistent with an abrupt advance of about 6 days in
the start of the thermal and photosynthetic seasons over
North America in 2010 (Fig. 1a).

Correlation with atmospheric CO2 annual cycle
Temporal variations in the amplitude and phase (zerocrossing dates) of the annual cycle of atmospheric CO2
based on flask observations at Point Barrow are strongly
correlated (r > 0.71, P < 0.05, 1979–2010) with those
based on zonally averaged CO2 concentrations in the
marine boundary layer north of 60°N (Fig. S7), indicating that this station record is representative of the northern latitudes. However, note that these two CO2 records
are not completely independent as the observations at
Point Barrow are also included in the zonal averages.
Variations in the timing of the spring thaw (STH)
and the start of the thermal (STS) and photosynthetic
(SOS) growing seasons are positively correlated with

Fig. 4 Spatial pattern of normalized anomalies of seasonally
integrated NDVI (TI-NDVI) and temperature (TI-TEM) in North
America during 2010. Inland water bodies, croplands, urban
and barren or sparsely vegetated regions are shaded gray. The
black polygon represents the extent of the continuous needleleaf
boreal forest and the purple line indicates the position of the
Arctic treeline.

anomalies in spring CO2 zero-crossing date (SZC) at
Point Barrow (Table 2). Though the correlations with
the start of the photosynthetic growing season are not
significant (P < 0.05) over the period 1988–2007, the circumpolar trend toward earlier growing seasons is consistent with an advance of 5.7 days (1.45  0.84 days
decade1, P < 0.01) in the timing of spring CO2 zerocrossing date since 1972 (Fig. 1a).
In contrast, variations in the timing of the AFZ and
end of the photosynthetic (EOS) and thermal (ETS)
growing seasons are all negatively correlated with the
timing of the autumn CO2 zero-crossing date (AZC) at
Point Barrow (Fig. 1b and Table 2). However, the significance of the correlations varies substantially and the
magnitudes are weaker than during spring. The timing
of the autumn zero-crossing date at Point Barrow
shows very large year-to-year variability and has
advanced by about 6.3 days (1.61  1.53 days decade1, P < 0.05) since 1972, offsetting the concurrent
advance in the spring zero-crossing date (5.7 days).
This coincides with a general delay in the termination
of the thermal and photosynthetic growing seasons
(Table 3). These inverse relationships indicate that
unlike in spring, an extension of the potential and photosynthetic growing season in autumn tends to be associated with earlier rather than delayed termination of
the period of net ecosystem carbon uptake at northern
latitudes. Nevertheless, contrary to the negative relationship observed during the entire period, the autumnal extensions of the thermal and photosynthetic
growing seasons in the mid-2000s have been mostly
associated with a delayed termination of the period of
net ecosystem carbon uptake (Fig. 1b).
Figure 3b shows that the intensity of the photosynthetic growing season (TI-NDVI) is positively correlated with the peak-to-trough amplitude (AMP) of the
annual cycle of atmospheric CO2 at Point Barrow. The
correlations over the period 1982–2010 range from 0.27
(P < 0.05) in North America to 0.62 (P < 0.05) in Eurasia and 0.56 (P < 0.05) on a circumpolar scale. However, after removing the trend in the series, only the
correlation coefficient for Eurasia (r = 0.45, P < 0.05) is
significant (Fig. S6). The continental contrast in the
magnitude and significance of the correlations indicates
that changes in CO2 amplitude at this station are dominated by photosynthetic activity in Eurasia. Spatial correlations indicate that photosynthetic activity over most
of Alaska is also significantly correlated with variations
in CO2 amplitude at Point Barrow (Fig. S8).
The temperature-driven greening trend in Eurasia is
consistent with a long-term increase in peak-to-trough
CO2 amplitude of 22.2% (P < 0.01, 1972–2010) relative
to the mean of the period 1972–1980. This increase in
amplitude has been dominated by a concurrent trend
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toward lower summer minimum CO2 concentrations of
24.9% (P < 0.01, 1972–2010) due to enhanced growing
season net CO2 uptake, while the seasonal maximum
CO2 concentrations show no long-term changes (Fig.
S7). However, variations in seasonal maximum CO2
concentrations, and hence variations in wintertime ecosystem respiration, have increasingly influenced the
amplitude of the CO2 annual cycle during most of the
2000s, reducing the correlation with interannual variations in seasonally integrated NDVI (Fig. 3b, Fig. S6).

Discussion

Synchrony of climate and phenological changes during
spring and autumn
This study presents a combined assessment of continental and circumpolar changes in potential and photosynthetic growing seasons, inferred from multiple
ground and satellite observations of vegetation greenness, surface air temperature, snow-cover and freezethaw dynamics covering different periods from 1950 to
2011. Our results show that variations in the timing of
the remotely sensed photosynthetic growing season are
tightly coupled with the timing of the climatically
defined potential growing season in spring but not in
autumn (Fig. 1), suggesting a seasonal asymmetry in
the phenological response to climate variability at these
large spatial scales.
The winter-to-spring transition at northern latitudes
is both rapid and dramatic. Typically, before the seasonal thaw, daily solar radiation is already abundant
but vegetation metabolism is limited by frozen soils.
Thus, rising temperatures strongly stimulate and synchronize the landscape thaw and the onset of vegetation photosynthetic activity (Goulden et al., 1998; Jarvis
& Linder, 2000), which in turn trigger the greening of
the landscape observed by satellites (Myneni et al.,
1997). The pivotal role played by temperature in these
interrelated processes explains the remarkable agreement observed in the vegetation, cryospheric and thermal phenological parameters in spring. Nevertheless,
spring snow melt produces a similar increase in NDVI
as that produced by vegetation greening (Dye &
Tucker, 2003; Delbart et al., 2006) and despite efforts to
minimize the influence of snow dynamics on phenological retrievals, the potential remaining influence of the
snow melt signal on NDVI data may also contribute to
this agreement.
The poor autumnal synchrony between thermal,
cryospheric and vegetation transitions indicates that
autumn senescence, as measured by canopy greenness,
is less sensitive to temperature variability than is spring
green-up. Autumn senescence is a complex biophysical

process triggered by leaf-specific maturation processes
and cumulative environmental constraints such as photoperiod, temperature, and soil moisture (Kozlowski &
Pallardy, 1997; Rosenthal & Camm, 1997; Vitasse et al.,
2009; Warren et al., 2011; Dragoni & Rahman, 2012).
Although the relative importance of these factors is still
not well understood (Richardson et al., 2013), it has
been shown that late-season photosynthetic activity
and growth cessation in temperate and boreal regions
can be strongly constrained by photoperiod (Suni et al.,
2003; Kimball et al., 2004; Barr et al., 2009; Bauerle et al.,
2012). This sensitivity of autumn phenology to photoperiod is consistent with the evidence for autumnal
decoupling shown here between continental-scale
variations in the timing of canopy senescence and
thermal and cryospheric transitions. To some extent,
our use of a fixed 5 °C threshold to define the end of
the thermal growing season might also contribute to
this autumnal mismatch, as temperature thresholds for
late-season vegetation growth may vary considerably
with vegetation type and latitude (Piao et al., 2006).
Nevertheless, the lack of correlation between variations
in the timing of vegetation senescence and the autumn
freeze (Table 2) provides independent evidence for a
decoupling between autumn phenology and thermal
conditions. As the influence of photoperiod does not
change from year to year, interannual and longer term
variability of late-season canopy greenness and the
timing of autumn senescence at northern latitudes is
still correlated with temperature but less so than during
spring (Estrella & Menzel, 2006; Jeong et al., 2011; Piao
et al., 2011; Zeng et al., 2011; Dragoni & Rahman, 2012;
Zhu et al., 2012).

Changes in potential and photosynthetic growing seasons
An examination of variations in the thermal growing
season (Fig. 1) and the frequency of temperature-based
non-frozen days back to 1950 (Fig. 2b) indicates that
neither the length nor the timing of the termination of
the potential growing season has changed significantly
in the period prior to the satellite era (1950–1981).
Nevertheless, there is evidence for a nearly hemispheric-wide advance in the start of the potential growing season since the early 1970s. This is characterized
by advanced thermal growing seasons (Fig. 1a), earlier
snow melt (Fig. S4) and increased frequency of nonfrozen days in spring (Fig. S5). The spring advance and
the associated trend toward earlier snow melt have
continued until the present in Eurasia but halted in
North America in the early 1990s. These changes have
resulted in a circumpolar advance of the thermal growing season of about 6.8 days since 1950 and a similar
increase in non-frozen days in spring of 6 days. This
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finding is consistent with previous studies showing a
shift by 7.3 days in the timing of spring land surface
temperatures north of 20°N from 1960 to 2009 (Burrows
et al., 2011), advanced timing of the last day below 5 °C
by 6.7 days from 1955 to 2002 (Schwartz et al., 2006)
and a general advance in the timing of spring phenological events of animal and plant species over the last
half-century (Parmesan & Yohe, 2003).
The extended historical context of our multipleparameter assessment shows that the potential growing
season has undergone unprecedented changes during
the satellite era (1982–2011) as a result of the rapid
warming observed throughout most of the northern latitudes (Fig. 1 and 3a). Nearly, all of the circumpolar
lengthening of the thermal growing season since 1950
(10.7 days) has occurred during the satellite period
(10.5 days), with a similar extension in spring
(4.9 days) and autumn (5.6 days). This is in close agreement with the widespread reduction of low temperature constraints on plant growth (Bunn et al., 2007;
Zhang et al., 2008) and lengthening of the potential
growing season observed at high latitudes during the
past 30 years of continuous satellite observation of the
cryosphere (McDonald et al., 2004; Smith et al., 2004;
Zhang et al., 2011; Kim et al., 2012).
The NDVI-based photosynthetic growing season of
northern vegetation has responded significantly to the
rapid lengthening and warming of the potential growing season during the satellite period (Figs 1c and 3a).
This response is consistent with earlier remote sensing
and modeling studies showing a progressive lengthening of the photosynthetic growing season and largescale greening trends across most of the northern
latitudes (e.g., Myneni et al., 1997; Tucker et al., 2001;
Zhou et al., 2001; Lucht et al., 2002; Euskirchen et al.,
2006; Piao et al., 2007; Bhatt et al., 2010; Beck & Goetz,
2011; Jeong et al., 2011). However, a new finding of this
study is that the circumpolar lengthening of the photosynthetic growing season over the satellite period has
been substantially smaller than the lengthening of the
thermal potential growing season, owing to a twofold
autumnal extension of the latter (Table 3). During the
period 1982–2011, the thermal growing season lengthened by 10.5 days (owing to an extension of 4.9 days in
spring and 5.6 days in autumn), whereas the photosynthetic growing season lengthened by 6.7 days in the
same period (owing to an extension of 3.3 days in
spring and 2.9 days in autumn). Admitting data and
methodological uncertainties, these trends suggest that
unlike in spring the photosynthetic growing season has
not tracked the extension in the thermal potential
growing season in autumn, when photosynthesis and
canopy greenness become more limited by factors
other than temperature (Kozlowski & Pallardy, 1997;

Rosenthal & Camm, 1997; Dye & Tucker, 2003; Piao
et al., 2011; Warren et al., 2011). A recent study based
on a slightly extended version of the GIMMS NDVIg
data set from 1982 to 2008 (Jeong et al., 2011) highlighted a hemispheric lengthening of the NDVI-based
growing season (10.5 days) driven primarily by an
autumnal (7.6 days) rather than a spring extension
(3.5 days). So, even though these authors found a
spring extension similar to our study (3.3 days), they
estimated a more than twofold extension in autumn
(2.9 vs. 7.6 days). We have shown that phenological
variations based on GIMMS NDVIg and the newer
NDVI3g data set are highly consistent, except for a substantially stronger autumn delay in the NDVIg data set
since around 2003 (Fig. S2). The general agreement
between the phenological parameters based on the
NDVI3g data set and Terra MODIS NDVI data during
the past decade (Fig. S3) suggests that the discrepancy
between the results presented here and those of Jeong
et al. (2011) could be related to calibration issues in the
later part of the GIMMS NDVIg data set that may have
led to an overestimation of autumnal trends. Differences in the methodologies employed to compute
phenology may further contribute to the different
inferences between these studies. The analysis of other
NDVI data sets and alternative vegetation indices
(Huete et al., 2002; Jones et al., 2011; Liu et al., 2011)
should shed more light on the significance of this
apparent autumnal decoupling between northern vegetation activity and climate variability.
Large-scale phenological trends during the satellite
period (1982–2011) are characterized by a marked continental contrast. Trends in thermal and photosynthetic
growing season length and intensity are stronger in
Eurasia than in North America (Figs 1 and 3a), consistent with findings of earlier studies (Piao et al., 2007;
Jeong et al., 2011; Barichivich et al., 2012). The springtime extension has been greater in Eurasia, whereas the
autumnal extension has been larger in North America.
As in the circumpolar average, the lengthening of the
thermal growing season in Eurasia (12.6 days) has been
substantially larger than that of the photosynthetic
growing season (7.4 days) because of a smaller autumnal extension of the latter (Table 3). The same pattern
of greater lengthening of the thermal growing season
occurs in North America. However, unlike in Eurasia,
neither the thermal nor the photosynthetic growing season has lengthened significantly, despite significant
autumnal extensions (Table 3). Earlier studies have
shown that these contrasting continental trends are consistent with differences in the magnitude and timing of
the seasonal warming over the two continents, and are
mostly related to the more rapid rise of spring temperatures in Eurasia and of autumn temperatures in North
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America (Piao et al., 2007, 2008; Wang et al., 2011;
Barichivich et al., 2012). Regional increases in the
frequency and severity of droughts (Dai, 2011), fire and
insect disturbances (Westerling et al., 2006; Kurz et al.,
2008), feedbacks from declining snow-cover extent and
melting permafrost (Callaghan et al., 2011), and compositional and structural vegetation changes (Elmendorf
et al., 2012) are also likely to have played an important
role on the spatiotemporal variability of these longterm phenological patterns. As a result, phenological
trends are highly variable within continents and
between biomes, with a strong dependency on vegetation type (Goetz et al., 2005; Jeong et al., 2011).
Recent remote sensing studies based on GIMMS
NDVIg data have documented seasonal greenness
changes suggesting a relative weakening of the springtime extension and a magnification of the autumnal
extension of the photosynthetic growing season at
northern latitudes since the early 2000s (Jeong et al.,
2011; Piao et al., 2011; Zhu et al., 2012). Similar decadal
changes appear in our thermal and NDVI phenological
parameters during the past decade (Fig. 1a–b). In particular, the year 2005 saw a step change toward a further extension of the thermal and, to a lesser extent, the
photosynthetic growing season in Eurasia (Fig. 1b).
Although in North America this change is less obvious,
there has also been a conspicuous autumnal extension
in the photosynthetic growing season since around
2009.
These decadal phenological changes are consistent
with a recent weakening of the long-term warming in
winter/spring and a rapid increase in autumn temperatures (Jeong et al., 2011; Barichivich et al., 2012; Cohen
et al., 2012). In a companion study (Barichivich et al.,
2012), we found that the recent autumnal shift in the
thermal growing season was associated with an abrupt
autumn warming of about 1 °C at northern latitudes
since 2005. This rapid warming has resulted in the longest thermal growing seasons since 1950 over Eurasia
and on a circumpolar scale (Fig. 1c). Nevertheless, the
magnitude of the concurrent autumnal extension of the
photosynthetic growing season has been substantially
smaller (Fig. 1b), consistent with the weaker temperature sensitivity of autumn phenology discussed above.
However, recent warming-induced increases in fire disturbance and insect defoliation in northern forests
(Westerling et al., 2006; Soja et al., 2007; Kurz et al.,
2008) may have also influenced the seasonal patterns of
vegetation greenness during the past decade (Beck &
Goetz, 2011). Also, the magnitude and even the sign of
these short-term trends in seasonal greenness have
been found to differ substantially between NDVI datasets from different satellite sensors (Zeng et al., 2011;
Zhang et al., 2013). Unlike studies based on GIMMS

NDVIg data (Jeong et al., 2011; Piao et al., 2011; Zhu
et al., 2012), a recent study based on Terra MODIS
NDVI for the period 2000–2010 (Zeng et al., 2011)
reported a continuous extension of the photosynthetic
growing season in spring but no clear extension in
autumn over the circumpolar region north of 60°N.
This earlier study also found a stronger spring extension (11.5 days decade1) in North America than in
Eurasia (2.7 days decade1). Such a strong spring
extension in North America is inconsistent with our
results based on temperature and NDVI3g data
through 2011 (Fig. 1). Since we have shown that phenological variations based on GIMMS NDVI3g and Terra
MODIS NDVI agree well over the period 2001–2011,
particularly in spring (Fig. S3), we conclude that this
apparent discrepancy must be related to differences in
data processing, spatial domain or the period used for
analysis, rather than to any difference in NDVI data
sets. This highlights the difficulty of extracting and
interpreting meaningful phenological trends from short
satellite records.
The variability of seasonally integrated NDVI presents a very consistent picture of vegetation productivity tightly coupled to continental and circumpolar
variations in seasonally integrated temperatures during
the entire satellite period (Fig. 3a). This is illustrated by
the unprecedented increase in seasonally integrated
NDVI across the east of North America during the
anomalously warm growing season in 2010 (Fig. 4),
despite severe canopy damage by a late spring frost
event following the exceptionally early leaf-out across
the region (Hufkens et al., 2012). A similar correspondence in temperature and NDVI integrals has been
reported for the circumpolar tundra region (Bhatt et al.,
2010), in agreement with the strong temperature limitation of vegetation productivity at high northern latitudes (Nemani et al., 2003).
Continentally averaged series of NDVI and temperature integrals indicate that the large-scale greening
trend observed over northern latitudes during recent
decades (Myneni et al., 1997; Zhou et al., 2001) was
associated with an abrupt warming of the growing season since the late 1980s, particularly in Eurasia
(Fig. 3a). The seasonal warming and associated greening trend paused during the second half of the 1990s
and 2000s. Earlier studies based on AVHRR NDVI data
have attributed this decadal change in the magnitude
of growing season greening to regional changes in temperature, increased summer drought stress and divergent climate responses of tundra and boreal forest
biomes (Angert et al., 2005; Goetz et al., 2005; Zhang
et al., 2008; Beck & Goetz, 2011; Piao et al., 2011; Wang
et al., 2011). However, our results indicate that changes
in growing season temperature alone explain most of
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this decadal weakening of the greening trend on continental and circumpolar scales. This suggests that other
factors such as drought, fire, insect outbreaks, land use
change, and nitrogen and CO2 fertilization may have
individually played a smaller role than temperature in
influencing continental vegetation productivity integrated over the entire growing season.

Growing season and atmospheric CO2 annual cycle
It has previously been shown that the extensions of the
growing season in spring and autumn have contrasting
effects on the net carbon balance of northern ecosystems due to a greater increase in ecosystem respiration
over photosynthesis during autumn (Randerson et al.,
1999; Piao et al., 2008; Vesala et al., 2010; Barichivich
et al., 2012). Nevertheless, net autumnal ecosystem
responses are generally less consistent than in spring
and increased rather than decreased autumnal net carbon uptake has been observed in some stand-level
studies (Richardson et al., 2010; Dragoni et al., 2011).
Yet, these opposite net ecosystem responses to changes
in the beginning and end of the growing season are a
clear large-scale feature of our analysis of the annual
cycle of atmospheric CO2 at Point Barrow. While extensions of the potential and photosynthetic growing seasons in spring are consistently associated with earlier
net ecosystem uptake of atmospheric CO2 (earlier
spring CO2 zero-crossing), an extension in autumn
tends to be associated with an earlier rather than a
delayed net ecosystem release of CO2 to the atmosphere
(earlier autumn CO2 zero-crossing).
An important finding of this study is that in Eurasia
and North America the autumnal extension of the thermal potential growing season during the satellite period has been substantially larger than that of the
photosynthetic growing season. The extended warmth
might be expected to have resulted in a substantial
stimulation of autumnal ecosystem carbon release and
earlier termination of the period of net carbon uptake
(i.e., earlier autumn CO2 zero-crossing), potentially offsetting the spring advance in net carbon uptake period.
Indeed, the overall advance in spring CO2 zero-crossing
date at Point Barrow since 1972 (5.7 days) has been offset by a concurrent advance in the autumn zero-crossing date (6.3 days). Yet, the abrupt autumn warming
and associated autumnal extension of the potential and
photosynthetic growing seasons after 2005 have not
been associated with an advance in autumn CO2 zerocrossing date at Point Barrow as might be expected
(Fig. 1b). Instead, the autumn CO2 zero-crossing has
been delayed during this period, suggesting an autumnal extension rather than a shortening of the period of
net carbon uptake in recent years. A similar delay in

autumn CO2 zero-crossing during this recent period
has been found at several other high-latitude observing
stations (Barichivich et al., 2012) and is also apparent in
the marine boundary layer CO2 concentrations (Fig.
S5). This anomaly could be in part related to a decrease
in ecosystem respiration and to large-scale processes
other than the metabolism of terrestrial ecosystems,
such as temporal changes in atmospheric transport,
ocean uptake, and fossil fuel emissions. It has been
shown that atmospheric transport changes can account
for up to about 15% of the interannual variability in
autumn CO2 zero-crossing at Point Barrow (Piao et al.,
2008). Modeling studies are needed to investigate the
relative contribution made by changes in atmospheric
transport dynamics and other factors that produced
this recent change in autumn CO2 zero-crossing at
northern latitudes after 2005.
Earlier analyses of the annual cycle of atmospheric
CO2 at Point Barrow have shown a consistent increase
in the peak-to-trough amplitude (Keeling et al., 1996),
associated with the increase in growing season photosynthetic activity, particularly in spring, observed at
northern latitudes during the 1980s and 1990s (Myneni
et al., 1997; Randerson et al., 1999). Our updated analysis indicates that this increase in amplitude has continued until the present, following the temperature-driven
growing season greening over Eurasia (Fig. 3b). Except
for Alaska, photosynthetic activity over most of North
America seems to have little influence on the amplitude
of the annual cycle of atmospheric CO2 at this station
(Fig. S8), consistent with the spatial footprint of the station described by earlier studies (Kaminski et al., 1996;
Barichivich et al., 2012). Overall, since 1972, the peakto-trough CO2 amplitude has increased significantly by
22.2% with respect to the 1970s as a result of a decreasing trend (24.9%) in summer minimum CO2 concentrations associated primarily with a shift toward warmer,
longer, and more productive growing seasons in Eurasia during the late 1980s. This concurrent large-scale
shift in temperature and vegetation greenness at northern latitudes is strongly consistent with earlier evidence
for an abrupt increase in the mean of the net land carbon sink by about 1 Pg C yr1 in 1988/1989 (Sarmiento
et al., 2010; Beaulieu et al., 2012). More recently, the
increased influence of wintertime ecosystem respiration
on the seasonal amplitude of the CO2 annual cycle during most of the 2000s has reduced the correspondence
of year-to-year variations in the peak-to-trough CO2
amplitude and growing season NDVI over Eurasia
(Fig. 3b).
A number of studies have shown that summer warming is increasingly associated with reduced rather than
increased plant productivity during recent years at mid
to high northern latitudes because of increased drought
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stress (Angert et al., 2005; Ciais et al., 2005; Buermann
et al., 2007; Zhang et al., 2008; Peng et al., 2011; Piao
et al., 2011; Ma et al., 2012). However, on a continental
scale, we do not find clear evidence for reductions in
photosynthetic activity integrated over the entire growing season or net CO2 uptake with recent warming.
This may be related to differences in seasonal windows
and spatial domains between our own and these earlier
studies. Most of the earlier studies are either regional or
else they have included the mid-latitudes, where the
soil moisture constraint on plant productivity is stronger (Nemani et al., 2003).
In conclusion, our assessment of multiple climate
and vegetation indicators of growing season changes
has revealed a picture of complex and highly dynamical responses of terrestrial ecosystems to the rapid
warming over the past three decades at northern latitudes. The net effect of this observed warming has been
an increase in the sequestration of atmospheric CO2 by
cool northern terrestrial ecosystems, particularly in
Eurasia. The different ecosystem responses at the opposite ends of the growing season, together with the
autumnal decoupling between the potential (thermal)
and photosynthetic growing seasons have had contrasting effects on the net flux of CO2 between the terrestrial
biosphere and the atmosphere. Determining the impact
of continuing 21st century warming on the carbon balance of northern terrestrial ecosystems requires that
these complex responses be taken into consideration,
including the possibility that the autumn respiration
response may become dominant. More detailed studies
and ongoing monitoring of vegetation and atmospheric
changes will enable better characterization of changes
in the growing season and their impacts on terrestrial
ecosystems, for specific plant functional types and at
both regional and biome scales.
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(STH – black) and start of the thermal growing season
(STS – orange) at latitudes north of 45°N.
Figure S5. Changes in spring and autumn number of nonfrozen days based on satellite microwave (SSM/I – black)
and gridded surface air temperature observations (HadGHCND – orange) north of 45°N. Correlations between the
series for the period 1988-2007 and linear trends (b) for the
HadGHCND series over the 1950-2011 period are given in
each panel.
Figure S6. Comparison of 10-year high-pass filtered variations in seasonally integrated NDVI (green) with seasonally
integrated temperature (orange), and peak-to-trough amplitude of the annual cycle of atmospheric CO2 at Point Barrow
(blue).
Figure S7. Comparison of parameters describing the amplitude and phase of the annual cycle of atmospheric CO2 at
northern latitudes based on observations at Point Barrow
(71°N – blue) and on estimates from the marine boundary
layer matrix of GLOBALVIEW–2011 averaged north of 60°N
(red).
Figure S8. Correlation between growing season integrated
GIMMS NDVI3g (TI–NDVI) and peak-to-trough amplitude
of the annual cycle of atmospheric CO2 at Point Barrow
(black dot) from 1982 to 2010.

northern high latitudes and associated influences on evapotranspiration. Hydrological Processes, 25, 4142–4151.
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Supplemental Material, Figure S1: Comparison of large-scale variations of timing and length
of the photosynthetic growing season showing that the results are not sensitive to variations in
the method used to extract phenology (see Methods section). In this context, for a given 8-km
grid box and year, the start of the photosynthetic growing season (SOS) corresponds to the time
of the year when the NDVI rises above a threshold value in spring, while the end (EOS) occurs
when the NDVI falls below a threshold value in autumn. In the first approach (25% amplitude –
pink), an arbitrary threshold of 25% of the amplitude of the annual cycle of NDVI is used in spring
and autumn each year. In the second approach (1st derivative – green), the spring and autumn
NDVI thresholds used across all years in a given grid box correspond to the NDVI levels at which
the inflection points for green-up and senescence occur in the first derivative of the 30-year NDVI
climatology of that grid box. This is the method used to compute the phenological parameters
presented in the manuscript. The third approach (2nd derivative – cyan) uses the NDVI levels
for the inflection points for green-up and senescence in the second derivative of the 30-year NDVI
climatology. Areas designated as water bodies, croplands, urban and barren or sparsely vegetated
regions were masked out from analysis.

Supplemental Material, Figure S2: Comparison of variations in timing, length and intensity
of the photosynthetic growing season between 1982 and 2006 based on the latest version of biweekly
AVHRR GIMMS NDVI data (GIMMS NDVI3g – green) and the earlier version of the dataset
(GIMMS NDVIg – gray). Inland water bodies, croplands, urban and barren or sparsely vegetated
regions were excluded from the analysis.

Supplemental Material, Figure S3: Comparison of variations in timing, length and intensity
of the photosynthetic growing season between 2001 and 2011 based on 15-day AVHRR NDVI from
the GIMMS NDVI3g dataset (green) and on 16-day Terra MODIS NDVI from the MOD13C1
dataset (gray). Inland water bodies, croplands, urban and barren or sparsely vegetated regions
were excluded from the analysis.

Supplemental Material, Figure S4: Comparison of variations in the timing of spring snowmelt
based on NOAA weekly snow cover (SMT – purple) with the timing of start of the thermal
growing season (STS – orange) and the start of the photosynthetic growing season (SOS – green)
at latitudes north of 45o N. The correlations of SMT with STS and SOS over the common period
1982–2011 are shown in the lower-left and lower-right corner of each plot, respectively. An asterisk
denotes significance at the p < 0.05 level. The vertical dotted lines indicate the eruptions of El
Chichón in 1982 and Mount Pinatubo in 1991.

Supplemental Material, Figure S5: Changes in spring and autumn number of non-frozen days
based on satellite microwave (SSM/I – black) and gridded surface air temperature observations
(HadGHCND – orange) north of 45o N. Correlations between the series for the period 1988-2007
and linear trends (β) for the HadGHCND series over the 1950-2011 period are given in each panel.
An asterisk denotes significance at the p < 0.05 level.

Supplemental Material, Figure S6: Comparison of 10-year high-pass filtered variations in
seasonally integrated NDVI (green) with seasonally integrated temperature (orange), and peakto-trough amplitude of the annual cycle of atmospheric CO2 at Point Barrow (blue). The correlation between the series over their common period is shown in each panel. An asterisk denotes
significance at the p < 0.05 level.

Supplemental Material, Figure S7: Comparison of changes in the amplitude and phase of
the annual cycle of atmospheric CO2 at northern latitudes based on observations at Point Barrow
(71o N – blue) and on estimates from the marine boundary layer matrix of GLOBALVIEW–2011
averaged north of 60o N (red). The correlation between the series over the 1979–2010 period is
shown in each panel. An asterisk denotes significance at the p < 0.05 level.

Supplemental Material, Figure S8: Correlation between growing season integrated GIMMS
NDVI3g (TI–NDVI) and peak-to-trough amplitude of the annual cycle of atmospheric CO2 at
Point Barrow (black dot) from 1982 to 2010. Data were detrended prior to correlation analysis
and only significant correlations (p < 0.1) are shown. The brown polygon indicates the extent of
the needleleaf boreal forest.

