Global Change Biology (2017) 23, 4029–4044, doi: 10.1111/gcb.13646

Changes in vegetation phenology are not reflected
in atmospheric CO2 and 13C/12C seasonality
ALEMU GONSAMO1,2
, P E T R A D ’ O D O R I C O 3 , J I N G M . C H E N 2 , C H A O Y A N G W U 1 and
3
NINA BUCHMANN
1
State Key Laboratory of Remote Sensing Science, Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences,
Beijing 100101, China, 2Department of Geography and Planning, University of Toronto, Toronto, ON M5S 3G3, Canada ,
3
Institute of Agricultural Sciences, Swiss Federal Institute of Technology Zurich, 8092 Zurich, Switzerland

Abstract
Northern terrestrial ecosystems have shown global warming-induced advances in start, delays in end, and thus
increased lengths of growing season and gross photosynthesis in recent decades. The tradeoffs between seasonal
dynamics of two opposing fluxes, CO2 uptake through photosynthesis and release through respiration, determine the
influence of the terrestrial ecosystem on the atmospheric CO2 and 13C/12C seasonality. Here, we use four CO2 observation stations in the Northern Hemisphere, namely Alert, La Jolla, Point Barrow, and Mauna Loa Observatory, to
determine how changes in vegetation productivity and phenology, respiration, and air temperature affect both the
atmospheric CO2 and 13C/12C seasonality. Since the 1960s, the only significant long-term trend of CO2 and 13C/12C
seasonality was observed at the northern most station, Alert, where the spring CO2 drawdown dates advanced
by 0.65  0.55 days yr1, contributing to a nonsignificant increase in length of the CO2 uptake period
(0.74  0.67 days yr1). For Point Barrow station, vegetation phenology changes in well-watered ecosystems such as
the Canadian and western Siberian wetlands contributed the most to 13C/12C seasonality while the CO2 seasonality
was primarily linked to nontree vegetation. Our results indicate significant increase in the Northern Hemisphere soil
respiration. This means, increased respiration of 13C depleted plant materials cancels out the 12C gain from enhanced
vegetation activities during the start and end of growing season. These findings suggest therefore that parallel warming-induced increases both in photosynthesis and respiration contribute to the long-term stability of CO2 and 13C/12C
seasonality under changing climate and vegetation activity. The summer photosynthesis and the soil respiration in
the dormant seasons have become more vigorous which lead to increased peak-to-through CO2 amplitude. As the
relative magnitude of the increased photosynthesis in summer months is more than the increased respiration in
dormant months, we have the increased overall carbon uptake rates in the northern ecosystems.
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Introduction
The concentrations of the Northern Hemisphere atmospheric CO2 are characterized by large seasonal cycles.
These seasonal cycles are mostly caused by variations
in the terrestrial net ecosystem productivity (NEP),
defined as the net difference between two opposing
fluxes, CO2 uptake through photosynthesis and CO2
loss through ecosystem respiration, superimposed
upon the gradually increasing mean atmospheric CO2
concentration. In the Northern Hemisphere, atmospheric CO2 concentration increases in winter and
decreases in summer, owing to the seasonal dynamics
of extra-tropical terrestrial NEP (Barichivich et al.,
2013). The CO2 seasonality diminishes from polar
regions to the equator due to decreasing seasonal
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dynamics of plant activities. Several studies (e.g. Keeling et al., 1996, 2005; Graven et al., 2013) have shown
enhanced CO2 seasonality in the Northern Hemisphere
in recent decades.
The best estimates suggest that the spring time starting date of atmospheric CO2 drawdown, here referred
to as start of carbon uptake (SCU) period, has advanced
by about a week since 1960 at Point Barrow (PBR, AK,
USA, 71.3°N, 156.6°W) and Mauna Loa (MLO, HI,
USA, 19.5o N, 155.6o W) (Graven et al., 2013). In contrast, the strong advances in autumn time ending dates
of atmospheric CO2 drawdown, that is the end of carbon uptake (ECU) period, have been reported to even
exceed the gains of SCU since 1980s (Piao et al., 2008).
Thus, the length of the net carbon uptake (LCU) period,
defined as the difference between ECU and SCU, has
on average decreased at nearly all Northern Hemisphere atmospheric CO2 stations (Piao et al., 2008),
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despite an increase in the length of northern vegetation
growing season (Barichivich et al., 2013). However, previous methods commonly used to calculate the seasonal amplitude of CO2 concentration did not allow to
accurately retrieve changes in CO2 uptake period (Keeling et al., 1996; Graven et al., 2013) needed to understand the underlying mechanisms of decreased LCU. In
fact, it was just such a challenge that motivated this
more careful examination of the atmospheric CO2 seasonality. Here, we use an independent method (see
Fig. 1 for the schematics of curve fitting), commonly
used to retrieve vegetation phenology from satellite
observations (Gonsamo et al., 2012a, 2013; Gonsamo &
Chen, 2016), to study the interannual variability and
long-term trends in the Northern Hemisphere CO2 and
13
C/12C isotope ratio (d13C) seasonality. The CO2
and d13C seasonality in this study are defined by the
three carbon uptake phenology dates, that is SCU,
ECU, and LCU (Fig. 1).
Carbon uptake phenology is controlled by vegetation
phenology, but is not identical because growth will typically commence some time before and terminate some
time after the net carbon exchange changes sign in
spring and autumn, respectively (Gonsamo et al.,
2012b). Northern terrestrial ecosystems have shown
warming-induced advances in the start of the growing
season (SOS) (Menzel et al., 2006; Schwartz et al., 2006),
delays in the end of growing season (EOS) (Jeong et al.,
2011), and thus increased lengths of the growing season
(LOS) (Barichivich et al., 2013; Gonsamo & Chen, 2016).
The observed trends in vegetation phenology

particularly delays in EOS and increases in LOS are in
opposite directions with the reported trends in the corresponding carbon uptake phenology dates from atmospheric CO2 seasonality that show advances in ECU
and decreases in LCU. Multiple modelling and observational signals show that the gross photosynthesis of
northern terrestrial ecosystems has increased in recent
decades in response to warming climate (Myneni et al.,
1997; Rodenbeck et al., 2003; Anav et al., 2015; Forkel
et al., 2016; Gonsamo & Chen, 2016; Le Quere et al.,
2016), while at the same time also total ecosystem respiration has increased, at least as long as precipitation
patterns remain steady (Wang et al., 2014). These seasonal dynamics of photosynthesis and respiration
determine the influence of terrestrial ecosystems on the
atmospheric CO2 seasonality.
Atmospheric transport model analysis driven by
variable wind fields has verified that changes in atmospheric CO2 seasonality reflect climate-driven fluctuations in NEP, rather than interannual fluctuations in
atmospheric transport (Piao et al., 2008). However,
there are no studies investigating the spatial patterns of
how vegetation phenology influences atmospheric CO2
and d13C seasonality. Furthermore, ocean CO2 fluxes
also show increased seasonality and large interannual
variability and trends as evidenced by studies based on
observations in recent decades (Bates et al., 2006, 2012;
Arrigo et al., 2012; Takahashi et al., 2014). Terrestrial
biosphere and oceanic CO2 fluxes and seasonality can
be distinguished using atmospheric d13C data, because
the rare 13C stable isotope is strongly fractionated

Fig. 1 Schematic for the start (SCU), end (ECU), and length of carbon uptake (LCU) period, and amplitude calculations from daily
atmospheric CO2 and d13C data overlaid on fitted curves and observations at Point Barrow for year 1992. [Colour figure can be viewed
at wileyonlinelibrary.com]
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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during C3 photosynthesis by the terrestrial biosphere
altering the 13C of atmospheric CO2 far more than the
oceans (Keeling et al., 2005). Here, we use both CO2
and d13C measurements to identify how changes in
vegetation productivity and phenology, respiration,
and air temperature affect atmospheric CO2 and d13C
seasonality in the Northern Hemisphere. We use four
Northern Hemisphere CO2 stations (Fig. 2) with welldefined CO2 seasonality as determined by the curve fitting algorithm (Fig. 1), and for which both CO2 and
d13C data records are available and statistically sufficient for trend analysis. The stations are Alert (ALT),
Point Barrow (PBR), La Jolla (LJO), and Mauna Loa
Observatory (MLO) (Fig. 2). Using these four stations,
we evaluate the following hypotheses: (i) warminginduced increases in both photosynthesis and respiration may cancel out the impact of greening North on
the atmospheric CO2 and d13C seasonality; (ii) the
atmospheric CO2 and d13C seasonality may directly be
related to the corresponding season vegetation
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dynamics of the adjoining land areas; and (iii) the overall yearly vegetation productivity may relate negatively
with spring SCU and positively with ECU and LCU of
atmospheric CO2 and d13C. Following the recent findings of opposing impacts of ocean–atmosphere oscillations on North American and Eurasian climate and
vegetation dynamics (Gonsamo et al., 2016a,b), we
expect the relationships between vegetation dynamics,
and atmospheric CO2 and d13C seasonality to be contrasting on these two regions.

Materials and methods

Data
CO2 and d13C data and seasonality calculation. Daily atmospheric flask CO2 mole fractions (ppm) and 13C/12C isotope
ratios measured at four Northern Hemisphere stations (Fig. 2),
namely, ALT = Alert (Northwest Territories, Canada: 82.3°N,
62.3°W, 210 m.a.s.l.); PBR=Point Barrow (Alaska, USA:
71.3°N, 156.6°W, 11 m.a.s.l.); LJO = La Jolla (California, USA:

Fig. 2 The distribution of the stations used in this study superimposed on 30 years NDVI average of the Northern Hemisphere. The
NDVI values are the growing season integrated daily sums. Black hatch lines show the Global Land Cover project simplified forest
cover areas. The four Northern Hemisphere stations are ALT, Alert (Northwest Territories, Canada: 82.3°N, 62.3°W, 210 m.a.s.l.); PBR,
Point Barrow (Alaska, USA: 71.3°N, 156.6°W, 11 m.a.s.l.); LJO, La Jolla (California, USA: 32.9°N, 117.3°W, 10 m.a.s.l.); and MLO, Mauna
Loa Observatory (Hawaii, USA: 19.5°N, 155.6°W, 3397 m.a.s.l.). [Colour figure can be viewed at wileyonlinelibrary.com]
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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32.9°N, 117.3°W, 10 m.a.s.l.); and MLO = Mauna Loa Observatory (Hawaii, USA: 19.5°N, 155.6°W, 3397 m.a.s.l.) were
obtained from the Scripps CO2 Program (http://scrippsco2.uc
sd.edu). The 13C/12C isotope ratio records, expressed in delta
notation, are calculated as follows:
d13 C ð&Þ ¼ ðRsample  Rstandard Þ=Rstandard
13

ð1Þ

12

where R denotes the C/ C molar ratio of CO2, and the subscripts refer to the measured sample and the international
standard (Keeling et al., 2005). We use four Northern Hemisphere CO2 stations where there is obvious CO2 seasonality as
determined by the curve fitting algorithm, and for which both
CO2 and d13C data records are available.
We use raw, unfilled daily CO2 and d13C data records to calculate the start (SCU), end (ECU), and length of carbon uptake
(LCU) period. Firstly, the following seven-parameter logistic
function is fitted to daily CO2 and d13C data records as follows:
YðtÞ ¼ a1 þ a2 =ð1 þ e@1 ðtb1 Þ Þ  a3 =ð1 þ e@2 ðtb2 Þ Þ

ð2Þ
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where Y (daily) is the observed CO2 concentration or d C at a
day of year (DOY) t; a1 is the winter dormant period CO2 concentration or d13C value; a2  a1 is the amplitude between the
winter dormant period, and spring and early summer plateau;
and a3  a1 is the amplitude between the autumn dormant
period, and the late summer and autumn plateau (Fig. 1). @ 1
and @ 2 are the transition in slope coefficients, and b1 and b2
are the mid-points in DOY of these transitions for green-up
and senescence/abscission, respectively (Fig. 1). Secondly,
from the fitted parameters, the key CO2 and d13C seasonality
dates defined as the timing from a source to a sink in spring
and vice versa in late summer can mathematically be estimated as the minima and maxima of the third derivatives by
applying a triangle identity theory (Gonsamo et al., 2013):


4:562

SCU ¼ b1  
ð3Þ
2@1 


1:317

ECU ¼ b1 þ 
@1 

ð4Þ

LCU ¼ ECU  SCU

ð5Þ

Summer peak

  uptake
day of year (SPUDOY)
1
¼ 1:317   þ b1
@1

ð6Þ

2013). The zero-crossing dates of previous methods (e.g. Keeling et al., 1996; Piao et al., 2008; Graven et al., 2013) do not
directly reflect the biospheric activities, as they are determined
halfway between spring start of CO2 uptake and maximum
summer time uptake for SCU and between maximum summer
time uptake and start of winter dormancy for ECU from
smoothed detrended cycle of National Oceanic and Atmospheric Administration Carbon Cycle Group curve fitting routine (NOAA CCGVU, Thoning et al., 1989). The start of spring
CO2 uptake from pervious methods is also a function of the
date of maximum CO2 uptake in the smoothed detrended
curve, regardless of the exact timing of CO2 drawdown in
spring resulting in potential bias. Moreover, the previous
methods in NOAA CCGVU method, the maximum could
occur any time during the dormancy period which can be
affected by CO2 transport and emission.
The seven-parameter logistic function used in this study
is applied on a year-by-year basis, using a double logistic
curve (Fig. 1) on daily data records. The curve fitting starts
from initial guesses for all 7 parameters in Eqn (2)
extracted from large sample size station-year measurements. Usually the curve fitting converges, meaning resulting in a unique solution for each station-year with
automatic iteration using a bounds constrained quasi-Newton method called PORT algorithm (Fox, 1984). If automatic convergence is not achieved, the curve fitting is
performed manually using preceding estimates of the
seven-parameters until convergence is reached. Some station-years had too few data samples to successfully fit
Eqn (2) (see Table 1 for missing years), which were
excluded from further analysis in this study.
Like the previous methods, the SCU, ECU, and LCU dates
in this study are extracted assuming there are negligible seasonal changes in the amounts of anthropogenic CO2 emissions. We also assume the trend in anthropogenic CO2
emission remains constant, or the interannual changes in the
trends are negligible. Nevertheless, the long-term trends in
atmospheric CO2 concentrations and anthropogenic CO2 emissions have negligible effects in SCU, ECU, and LCU date
extraction as the seven-parameter logistic function used in this
study is applied on a year-by-year basis. Figure 3 shows the
quality of curve fitting applied on selected example year 2013
data from the four stations both for CO2 and d13C measurements. The results in Fig. 3 show Eqn (2) is flexible enough to
capture various seasonal curves of CO2 and d13C that may
occur at the four stations.

Peak-to-trough amplitude ¼ jvalue on SPUDOY  value on SCUj ¼
0
1 0
1
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The b1 and b2 are analogous to the downward and upward
CO2 flux zero-crossing dates, respectively, used in previous
studies (e.g. Keeling et al., 1996; Piao et al., 2008; Graven et al.,

Circumpolar vegetation dynamics product. The new circumpolar vegetation dynamics (CVD) data include the start (SOS),
end (EOS), and length of vegetation growing season (LOS),

© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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Table 1 Long-term trends of the start (SCU), end (ECU), and length of carbon uptake (LCU) period from atmospheric CO2 and
d13C measurements. Trends are calculated using Mann–Kendall test and Theil–Sen’s slope estimator for entire data record years for
each station. 95% confidence limit (95% CL) of the trend slope is also given in parenthesis
d13C

CO2

Station
ALT
SCU
ECU
LCU
PBR
SCU
ECU
LCU
LJO
SCU
ECU
LCU
MLO
SCU
ECU
LCU

Trend slope days
yr1 (95% CL)

P-value

n

Years

1986‒2014

0.43 (0.71)
0.19 (0.47)
0.67 (0.86)

0.277
0.441
0.079

28

1986‒1987
1989‒2014

40

1974‒1977
1979‒2014

0.08 (0.32)
0.31 (0.36)
0.08 (0.56)

0.466
0.089
0.685

32

1983‒2014

0.865
0.096
0.415

31

1984‒2014

0.15 (0.82)
0.02 (0.52)
0.13 (0.86)

0.748
0.887
0.803

30

1981‒1990
1992‒2014

0.952
0.332
0.456

54

1961‒2014

0.72 (1.18)
0.00 (0.44)
0.65 (1.15)

0.209
1.000
0.209

29

1986‒2014

Trend slope days
yr1 (95% CL)

P-value

n

Years

0.65 (0.55)
0.02 (0.42)
0.74 (0.67)

0.037
0.985
0.053

29

0.13 (0.28)
0.25 (0.30)
0.11 (0.52)

0.300
0.116
0.753

0.04 (0.61)
0.31 (0.35)
0.20 (0.57)
0.01 (0.41)
0.16 (0.30)
0.18 (0.53)

and the growing season integrated annual normalized difference vegetation index (NDVI) developed for the circumpolar
North (>45° latitude) for 1999–2013 (Gonsamo & Chen, 2016).
The CVD product, compared to legacy global AVHRR GIMMS
and MODIS products, is developed particularly to suit the
northern ecosystems where soil, snow, soil thaw, and snow
thaw contaminate the surface reflectance signature and for
which the global products perform poorly (Gonsamo & Chen,
2016). The CVD product uses red, near infrared (NIR), and
short wave infrared (SWIR) spectral observations from SPOT
VGT sensors at 10-day intervals, resampled to 4 km grid to
develop an improved vegetation index which separates greenness dynamics from wetness and brightness seasonal cycles in
the northern ecosystems. The improved vegetation index,
known as Phenology Index (PI) (Gonsamo et al., 2012a), is
derived from the commonly used vegetation indices for phenology studies: Normalized Difference Vegetation Index
(NDVI = (NIR  red)/(NIR + red)) and Normalized Difference Infrared Index (NDII = (NIR  SWIR)/(NIR + SWIR)).
PI is calculated as follows:
PI ¼ 0 if NDVI, NDII or PI\0;
else;
PI ¼ ðNDVI þ NDIIÞðNDVI  NDIIÞ

ð8Þ

Phenology Index combines the merits of NDVI and NDII by
taking the difference of squared greenness and wetness to
remove the soil and snow cover dynamics from key vegetation
dynamics cycles, was validated, and found to be a better estimator of SOS, EOS, and LOS for northern ecosystems (Gonsamo
et al., 2012a; D’Odorico et al., 2015; Gonsamo & Chen, 2016).

GIMMS NDVI data. The 30-year (1982–2011) NDVI data are
obtained from the bimonthly 8 km Global Inventory Modeling
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044

and Mapping Studies (GIMMS) third-generation (NDVI3g)
(Pinzon & Tucker, 2014) observations that are derived from
satellite-based surface reflectance from the Advanced Very
High Resolution Radiometer (AVHRR) series of sensors.
NDVI values less than 0.1 (Gonsamo et al., 2016a) were
removed from the entire analysis, as they were interpreted to
be from the nongrowing season and nonvegetated land pixels.
Those areas which did not have data for the entire 30 years of
study period were also removed from analyses.

Soil respiration. We use Raich’s climate-driven model (Raich
et al., 2002), modified to account for flexible temperature (T)
and lagged precipitation (P) effect functions (Hashimoto et al.,
2015) to estimate soil respiration (Rsoil), that is soil-CO2 emissions from heterotrophic organisms (heterotrophic respiration,
Rh) and living roots in the soil (autotrophic respiration, Ra).
The Q10 value (the factor by which the respiration rate
increases for a temperature interval of 10 °C) of the new flexible temperature function can change across temperature
ranges, and the precipitation function considers the weighted
average of the precipitation of both the current and the previous months (Hashimoto et al., 2015). The monthly soil respiration (g C m2 day1) is calculated as follows:
Rsoil ¼ F  e

aPþð1aÞP

m1
ðaTbT2 ÞKþaPþð1aÞP

m1

ð9Þ

where F (g C m2 day1) represents the soil respiration rate
when the mean monthly temperature is 0°C; K (cm mol1) is
the half-saturation constant for a hyperbolic relationship
between soil respiration and precipitation; a (°C1) and b (°C2)
are the parameters for the temperature function; a is the parameter for the precipitation function; P (cm) and T (°C) are the
mean monthly precipitation and temperature, respectively; and
Pm1 (cm) is the precipitation of the previous month. We use
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Fig. 3 The 2013 daily atmospheric CO2 and d13C measurements of four Northern Hemisphere stations overlaid on estimated daily continuous values using Eqn (2). The curve fitting strength as a coefficient of determination (denoted by R2, all P < 0.1 9 1010) for measured and estimated values is also given. [Colour figure can be viewed at wileyonlinelibrary.com]

F = 1.68, a = 0.0528, b = 0.000628, K = 1.2, and a = 0.98 estimated using a Bayesian calibration scheme (Hashimoto et al.,
2015) based on relationships between Climatic Research Unit
(CRU TS 3.21) climate data and Version 3.0 Global Database of
Soil Respiration Data (GDSRD, Bond-Lamberty & Thomson,
2010a). Only experimentally nonmanipulated and nonagricultural ecosystems GDSRD data that had been measured using
an infrared gas analyser or gas chromatograph with high quality flags (Q01, Q02 and Q03) were used (see details in Hashimoto et al., 2015). We use the monthly global mean temperature
and total precipitation gridded data from the CRU TS 3.21 at
0.5 9 0.5° resolutions for 1986–2014 to estimate Rsoil. The Rh
and Ra are partitioned from the estimated Rsoil as follows:
Rh ¼ eð0:87 lnðRsoil Þþ0:22Þ

ð10Þ

Ra ¼ Rsoil  Rh

ð11Þ

The empirical coefficients in Eqn (10) are derived from a
global relationship meta-analysis between the heterotrophic
and autotrophic components of Rsoil (Bond-Lamberty &
Thomson, 2010a) and have successfully been applied in

several ecosystems to partition Rh and Ra from Rsoil (e.g.
Bond-Lamberty & Thomson, 2010a,b; Yu et al., 2010; Chen
et al., 2013; Hashimoto et al., 2015). In this study, we use the
same coefficients to partition both seasonal and annual Rh and
Ra from Rsoil (Eqns 10 and 11). Fig. S1 shows the annual averages and trends of the estimated global Rh, Ra, and Rsoil.

Northern Hemisphere teleconnection indices. The three dominant teleconnection indices over the circumpolar region (Gonsamo et al., 2016a), North Atlantic Oscillation (NAO), West
Pacific Pattern (WP) and Polar/Eurasia Pattern (POL), and El
Ni~
no/Southern Oscillation (ENSO)-Ni~
no 3.4 index (NINO),
are obtained from the NOAA National Weather Service website (http://www.cpc.ncep.noaa.gov/data/teledoc/teleconte
nts.shtml). We calculated teleconnection index for each year as
a mean value of December of the preceding year and January,
February, and March of the current year. We then removed
trends from the resulting annual teleconnection index values
using a simple linear regression against calendar years at
annual timescale based on the common base period of each
pair of analysis.
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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Analyses
We use two independent data sets for seasonal and annual
vegetation dynamics, both developed with the aim of improving estimation of vegetation phenology and productivity in
the high latitudes: (i) the improved third-generation Global
Inventory Modeling and Mapping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI3g), which has been
produced for a period of 30 years (19812011) with AVHRR
sensor data from NOAA 7–18 satellites, at bimonthly frequency and 8 km resolution (Pinzon & Tucker, 2014); and (ii)
the new circumpolar vegetation dynamics (CVD) product
developed for the circumpolar North (>45° latitude) for 1999–
2013 and derived from SPOT VGT sensors data. The CVD product is developed particularly to suit northern ecosystems
where soil, snow, soil thaw, and snow thaw contaminate surface reflectance signatures and for which global products perform poorly (Gonsamo & Chen, 2016). From the GIMMS
NDVI, we use only growing season integrated and seasonal
NDVI values. From the CVD product, we use the start (SOS),
end (EOS), and length of vegetation growing season (LOS) as
well as the growing season integrated NDVI data.
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C / 1 2 C P H E N O L O G Y 4035

The global and Northern Hemisphere Rh, GIMMS NDVI,
and Climatic Research Unit (CRU) air temperature were
regridded to 0.5° 9 0.5°, whereas the CVD growing season
NDVI and phenology were analysed at native 4 9 4 km spatial resolutions. For interannual analyses, all gridded data sets
were detrended using a simple linear regression against calendar years at annual timescale based on the common base period of each analysis, using the entire available time series
period to increase the confidence in our findings and minimize the detection of spurious correlations. Although most of
the analyses were focused on the interannual covariability by
removing trends to avoid spurious correlations, the uncertainties from residual atmospheric effects and calibration errors in
satellite data, gridded climate data, errors in ground CO2 measurements, uncertainty in soil respiration model predictions
are data source specific, difficult to quantify and cannot be
ruled out.
Seasons for Rh, NDVI, and temperature are defined to
reflect the lagged and concurrent effects of the Northern
Hemisphere climate and vegetation dynamics on CO2 seasonality: winter = January and February; spring = March, April,

Fig. 4 Long-term trends of the start (SCU), end (ECU), and length of the carbon uptake (LCU) period from atmospheric CO2 and d13C
measurements. Station symbols: ALT, Alert; PBR, Point Barrow; LJO, La Jolla; MLO, Mauna Loa Observatory. Trends statistics (see
Table 1) are calculated using Mann–Kendall test and Theil–Sen’s slope estimator with mean 95% confidence limit of the estimated
slope. The slope magnitude and line are only given for a two-tailed significant trend at 95% confidence level. The only significant trend
was observed at the ALT station for CO2 SCU. Pearson correlation coefficient and its P-value are given for relationships between CO2
and the corresponding d13C seasonality in each panel in red font. [Colour figure can be viewed at wileyonlinelibrary.com]
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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Table 2 Phenology statistics for start of carbon uptake
(SCU), end of carbon uptake (ECU), and length of carbon
uptake (LCU) for the four atmospheric CO2 and d13C measurement stations, and start of the growing season (SOS), end of
growing season (EOS), and lengths of the growing season
(LOS) of vegetation phenology averaged for the entire circumpolar region for common period 1999–2013

Stations
ALT
CO2
d13C
PBR
CO2
d13C
LJO
CO2
d13C
MLO
CO2
d13C
Circumpolar
vegetation
phenology

SCU day
of year

ECU day
of year

LCU days

144.6 (7.9)
148.5 (10.1)

265.7 (4.8)
267 (7.9)

121.1 (9.7)
118.4 (12.1)

152.4 (13.7)
155.9 (6.4)

251.8 (7.2)
253.8 (8.3)

99.3 (17.5)
97.9 (9.5)

135 (11.3)
135.4 (17.3)

256.7 (8)
260.3 (13.9)

121.7 (15.2)
124.9 (24.3)

119.9 (18.1)
115.1 (18.8)
SOS day
of year
152.7 (2.4)

275.1 (8.5)
270.4 (8.2)
EOS day
of year
275.6 (2.6)

155.2 (17.4)
155.3 (17.2)
LOS days
122.9 (4.2)

Values are averages (standard deviations).

May; and summer = July, August, September. We do not use
the autumn climate and NDVI data, as the end of CO2 uptake
in this study is defined as the exact date of end of CO2 drawdown, which often occurs before the end of September (Fig. 4
and Table 2). All trend statistics are calculated using the
Mann–Kendall test and Theil–Sen’s slope estimator. All significance levels reported in this study have been estimated with
a two-tailed test.

Results

Long-term trends in the Northern Hemisphere
atmospheric CO2 and d13C seasonality
Figure 4 shows the trends of CO2 and d13C seasonality
for the four Northern Hemisphere stations. All trend
statistics are given in Table 1. The only significant
long-term trend is observed at the northern most station, ALT, for CO2 SCU. Here, spring uptake day
advanced by 0.65  0.55 days yr1 and contributed to
a nonsignificant increase in CO2 uptake period
(0.74  0.67 days yr1) (Fig. 4 and Table 1). All other
stations did not show significant long-term CO2 seasonality trends, while all four stations did not show trends
in d13C seasonality either (Table 1). The timings and
interannual variability of CO2 seasonality show good
agreement with the corresponding d13C seasonality
estimates for all stations both in spring and autumn

periods (Fig. 4 and Table 2), while the relationship is
the strongest for the station closest to major agricultural
and forest ecosystems, LJO (Fig. 4). The observed
agreement between CO2 and d13C seasonality within
each station (Fig. 4 and Table 2) indicates ocean has
negligible contribution to seasonal dynamics of atmospheric CO2, at least during the start and end of carbon
uptake period. SCU, ECU, and LCU for both CO2 and
d13C seasonality follow the expected patterns of latitudinal impacts on vegetation activity timing.

Interannual relationships between the circumpolar
vegetation dynamics and atmospheric CO2 and d13C
seasonality
Changes in SCU and ECU dates contribute to the interannual variabilities of the LCU period almost for all stations for both CO2 and d13C seasonality (Table 3). There
is large interannual variability of CO2 seasonality at
MLO, particularly for the period prior to 1980s, possibly due to sparse data sampling (Fig. 4). Although the
ALT station is 9 degrees north of PBR (Fig. 2), SCU
arrives one week before and ECU ends two weeks after
that of PBR, contributing three weeks towards a longer
LCU at ALT than PBR for both CO2 and d13C seasonality (Table 2). There are no interannual relationships of
CO2 and d13C seasonality between sites (Table 3).
Therefore, using the leading principal component of
several stations to represent the hemispheric signal as
previously assumed that all stations exhibit coherent
loading (Russell & Wallace, 2004) is not appropriate.
Figure 5 presents the spatial distributions of the circumpolar vegetation dynamics consisting of SOS, EOS,
LOS, and growing season integrated NDVI influences
on CO2 and d13C seasonality of each station. Given that
this is the first study of its kind, analysing the spatial
distributions of vegetation dynamics and atmospheric
CO2 seasonality relationships, we present detailed
results for each station below.
The ALT station results show an unexpected direction in the relationship of CO2 and vegetation dynamics, where increased growing season NDVI of the
Canadian boreal forests is negatively correlated with
the ECU of CO2 and d13C (Fig. 5b, d). The forest and
nonforest vegetation map is given in Fig. 2. This
unexpected relationship is further supported with
independent data sets, where the ALT d13C ECU
shows a strong negative relationship with 30-year
growing season integrated GIMMS NDVI values over
the Canadian boreal forest (Fig. S2b) and the ALT
CO2 SCU shows positive relationship with winter
temperature over north-eastern Canada and Greenland (Fig. S3a). Furthermore, the ALT CO2 SCU
shows a strong negative relationship with winter air
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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Table 3 Statistically significant (P < 0.05, two-tailed) interannual Pearson correlation matrix among start of carbon uptake (SCU),
end of carbon uptake (ECU), and length of carbon uptake (LCU) for the four atmospheric CO2 and d13C measurement stations computed from the common data record years for each pair of analysis
ALT
SCU
CO2
ALT
SCU
ECU
LCU
PBR
SCU
ECU
LCU
LJO
SCU
ECU
LCU
MLO
SCU
ECU
LCU
d13C
ALT
SCU
ECU
LCU
PBR
SCU
ECU
LCU
LJO
SCU
ECU
LCU
MLO
SCU
ECU
LCU

PBR
ECU

LCU

SCU

LJO
ECU

LCU

SCU

MLO
ECU

LCU

SCU

ECU

LCU

0.79***
0.51**

0.81***
0.78***

0.83***
0.37*

0.37*
0.81***
0.63***

0.86***
0.56**

0.52**
0.81***
0.46**
0.85***
0.61***

0.45**

0.39*

0.91***

The relationships between the atmospheric CO2 seasonality and the corresponding d13C seasonality metrics are given in Fig. 4.
Blank spaces represent nonsignificant relationships. Shades are added for clarity. All correlation analyses are based on detrended
data sets.
***P < 0.001, **P < 0.01, *P < 0.05.

temperature of most of Europe and spring air temperature of Europe and southeaster Eurasia (Fig. S3a).
The spatial patterns of relationships among ALT CO2
and d13C seasonality, vegetation phenology, and temperature mirror the contrasting impacts of the NAO
and the Scandinavia Pattern (SCA) on the North
American, and the Eurasian parts of the circumpolar
vegetation dynamics (Gonsamo et al., 2016a,b). NAO
has a strong negative relation with SCA (Gonsamo
et al., 2016b), affecting much of Canada and Eurasia
while SCA is dominant in Midwestern Europe.
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044

However, there is no interannual relationship between
any of the ALT CO2 and d13C seasonality metrics and
NAO (Table S1). Therefore, the unexpected relationships among the ALT CO2 and d13C seasonality, and
vegetation and temperature may not be NAO and
SCA mediated and remains unexplained.
Point Barrow station results show the strongest and
most distinct control of vegetation phenology on atmospheric CO2 and d13C seasonality (Fig. 5). PBR CO2
SCU and LCU are positively related to Canadian nontree vegetation SOS and LOS, respectively (Fig. 5a),
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Fig. 5 Spatial patterns of the satellite derived start (SOS), end (EOS), and length of growing season (LOS), and growing season integrated NDVI influence on start (SCU), end (ECU), and length of carbon uptake (LCU) period from atmospheric CO2 and d13C measurements in the circumpolar North (>45°) for 1999–2013. Interannual relationships of atmospheric CO2 seasonality with vegetation
phenology (a), and growing season integrated NDVI (b). Interannual relationships of atmospheric d13C seasonality with vegetation phenology (c), and growing season integrated NDVI (d). Station symbols: ALT, Alert; PBR, Point Barrow; LJO, La Jolla; MLO, Mauna Loa
Observatory. The dark red and dark blue colours (P < 0.05) and the yellow and green colours (P < 0.1) show the statistically significant
(two-tailed) Pearson correlation coefficients (R). All correlation analyses are based on detrended data sets. Geographic coordinates are
given in bottom-right corner of panel a.

while the growing season integrated NDVI of Canadian
nontree vegetation is negatively and positively related
to SCU and LCU, respectively (Fig. 5b). These relationships are in the expected directions and also show
where the air mass affecting the PBR CO2 seasonality is
originated. However, the only widespread relationship
between the vegetation phenology and PBR d13C seasonality is from the wetlands in Canada and western
Siberia. The NDVI and LOS of Canadian and western
Siberian wetlands are positively related to ECU and
LCU of PBR d13C (Fig. 5c, d).

The two southern stations (LJO and MLO) provide
unique perspectives to study the impacts of land vegetation dynamics on CO2 and d13C seasonality, partly
because LJO is the closest station to mid-latitude continental terrestrial biosphere and MLO is the closest station to tropics (Fig. 2). The ECU of LJO CO2 is
positively related to NDVI (Fig. 5b) and summer time
temperature (Fig. S3a) of the western North American
coastal area, the closest geographic region to the station,
whereas the LJO SCU for both CO2 and d13C shows a
strong negative relationship with the winter time air
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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temperature of the closest crop producing area in the
USA (Fig. S3a, b). The MLO CO2 SCU is well correlated
with south-central vegetation SOS of Canada (Fig. 5a).
Furthermore, the MLO CO2 and d13C SCU and LCU are
negatively and positively related to NDVI, respectively,
of the south-central vegetation of Canada (Fig. 5b, d).
These relationships are in the expected directions and
well supported by the strong relationship between the
summer time temperature and MLO LCU in the same
region (Fig. S3). This is the area where Polar/Eurasia
Pattern (POL), controlling the polar vortex, has the
highest impact on the temperature (Gonsamo et al.,
2016a). POL explains 20% and 21% of the interannual
variability of the Northern Hemisphere air temperature
negatively, and spring soil thaw positively, respectively
(Gonsamo et al., 2016b). MLO station receives summer
North American air mass (Buermann et al., 2007)
(Fig. S5) explaining its CO2 seasonality link with air
temperature and NDVI of the area which is affected the
most by POL.
The three dominant internal climatic variability
indices on the region (Gonsamo et al., 2016a), the NAO,
West Pacific Pattern (WP) and POL, and ENSO, show
only weak statistical interannual relationships with
CO2 and d13C seasonality (Table S1). WP significantly
correlates with CO2 ECU at PBR and d13C SCU at ALT,
POL with CO2 SCU at ALT, NAO with d13C ECU at
PBR, and ENSO with CO2 and d13C ECU at MLO
(Table S1). Details of the geographic distribution of the
four internal climatic variabilities control on vegetation
and climate can be found in Gonsamo et al. (2016a).

Discussion
Although the northern terrestrial ecosystems are changing in favour of advancing spring, delaying autumn,
and longer growing season (Myneni et al., 1997; Rodenbeck et al., 2003; Menzel et al., 2006; Schwartz et al.,
2006; Jeong et al., 2011; Anav et al., 2015; Forkel et al.,
2016; Gonsamo & Chen, 2016; Le Quere et al., 2016),
one may ask why these trends are not captured in the
atmospheric CO2 and d13C seasonality? Our results
indicate significant advances of spring time date for
CO2 drawdown (SCU) of 6.5 days decade1 only at
Alert and nonsignificant advances of 1.3 days decade1
at Point Barrow, the later comparable with a previous
estimate (Graven et al., 2013). The end of the carbon
uptake (ECU) period at all stations is slightly advancing
(Table 1), resulting in a shorter length of the carbon
uptake (LCU) period at all stations but Alert, consistent
with a previous study (Piao et al., 2008). Another
Northern Hemisphere study (Angert et al., 2005) concluded that drier summers can cancel out the CO2 uptake enhancement induced by warmer springs, and this
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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may result in earlier ECU, meaning the warming climate does not lead to increasing LCU. Warminginduced advances in spring and delays in autumn vegetation phenology are often paralleled with an
increased ecosystem respiration in both periods, more
so in autumn because growth is reduced to fill the carbohydrate reserves. As a result, terrestrial ecosystems
are net carbon sources in early and late growing seasons (Piao et al., 2008; Gonsamo et al., 2012b). The LCU
is controlled by the length of vegetation growing season
(LOS), but is not identical because soil respiration is
typically more than gross photosynthesis between the
start of growing season and the time carbon exchange
changes sign in spring, and the time carbon exchange
changes sign in autumn and the end of growing season
(Gonsamo et al., 2012b).
We used the GIMMS NDVI (Pinzon & Tucker, 2014)
as a proxy of gross photosynthesis (Myneni et al., 1997),
and a modified Raich’s climate-driven model (Raich
et al., 2002; Hashimoto et al., 2015) for heterotrophic respiration (Rh) over the Northern Hemisphere to study
the roles of these two contrasting fluxes, C uptake
through photosynthesis and release through respiration,
on the atmospheric CO2 and d13C seasonality (Fig. 6).
Both the growing season NDVI (e.g. Gonsamo et al.,
2016a) and Rh (Raich et al., 2002; Hashimoto et al., 2015)
(Fig. S1) have been increasing in most part of the world
in recent decades. However, in the North American part
of the circumpolar region, overall NDVI has declined in
the forested regions except in summer months while Rh
has largely remained unchanged (Fig. 6a, b). Spatial
averages over the entire Northern Hemisphere show
statistically significant increases in winter, spring, summer, and annual Rh, while the only significant NDVI
increase occurs in summer (Fig. 6c). Given that plant
autotrophic respiration, which is not considered in this
study, is proportional to gross photosynthesis (Waring
et al., 1998) by that NDVI, it can be assumed that net primary productivity follows NDVI trends. In the four CO2
observation stations, averaged value of CO2 LCU shows
slight decrease for the 19862011 period (Fig. 6d),
mainly due to decline in winter and spring NDVI values
of the North American circumpolar region delaying the
SCU (Fig. 6a). Generally speaking, Rh in the north-eastern North America, Europe, and Asia is increasing in all
seasons much faster than increases in NDVI values
(Fig. 6a, b), explaining the lack of trends in CO2 and
d13C seasonality. These increases in Rh cancel out the
carbon uptake gains from changes in vegetation phenology and photosynthesis in the same or different regions,
providing evidence to our first hypothesis.
The overall abundance of 13C relative to 12C in plant
biomass is less than in the carbon of atmospheric CO2
(Farquhar et al., 1989). Through plant biomass
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Fig. 6 Linear trends in the Northern Hemisphere GIMMS NDVI, heterotrophic respiration (Rh), and start (SCU), end (ECU), and length
of carbon uptake (LCU) period from atmospheric CO2 and d13C measurements for the 1986–2011 common data record period. Spatial
distributions of the seasonal and annual trends (% yr1) of the Northern Hemisphere GIMMS NDVI (a) and Rh (b). (c) Spatially
averaged seasonal and annual trends (%/26 years) of the Northern Hemisphere GIMMS NDVI and Rh. (d) The four CO2 and d13C observation stations averaged SCU, ECU, and LCU period trends (%/26 years). All trends are calculated using Mann–Kendall test and Theil–
Sen’s slope estimator. The coloured pixels in (a) and (b) show the statistically significant (P < 0.05, two-tailed) trends, while grey areas
depict areas of nonsignificant trends. Winter = January and February; spring = March, April, May; summer = July, August, September.
GIMMS NDVI values less than 0.1, including for winter months, were removed from the entire analysis, as they were interpreted to be
from the nongrowing season or nonvegetated land pixels. The asterisks in (c and d) indicate the significance levels of the trend slopes
over time (***P = 0.001, **P = 0.01, *P = 0.05). The error bars in (c and d) indicate the 95% confidence limits of the trend slope.
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decomposition, the carbon released from a given ecosystem through respiration has also less 13C (Bostrom et al.,
2007). As in early growing season, ecosystem respiration
is usually much higher than net photosynthesis, it is that
more 12C is released to the atmosphere than assimilated
in plant biomass through photosynthesis. This means,
respiration of 13C depleted plant material cancels out
the 12C gain from spring advances of vegetation phenology, particularly in deciduous ecosystems. This may
explain why changes in the northern vegetation phenology are not captured at least in d13C seasonality.
To analyse the regionally and temporally changing
vegetation photosynthesis controls both on atmospheric
CO2 and d13C seasonality, we conducted sequential
relationship analyses using a 9-year moving window
from 1986 to 2011. The results indicate statistically
weak but temporally varying patterns of regional growing season NDVI influence on the CO2 and d13C seasonality (Fig. S4). Figure S5 further shows the seasonally
changing wind vectors for each station. Both Figs S4
and S5 explain the lack of relationships between vegetation dynamics and the atmospheric CO2 and d13C seasonality presented in Fig. 5 for some of the stations,
mainly due to seasonality and annually changing internal climatic variability altering the air mass contributing regions for each station. Therefore, our second and
third hypotheses may only be true for stations with relatively stable seasonal wind vector directions like Point
Barrow (Fig. S5).
Another interesting finding is the contrasting CO2
and d13C seasonality responses to the spatial distribution of vegetation dynamics (Fig. 5). Plants’ ability to
discriminate carbon isotopes is a function of the interplay between enzymatic process and stomatal conductance modulation to the environmental cues (Cernusak
et al., 2013). At Point Barrow station, changes in Canadian and western Siberian wetlands contribute the most
to d13C seasonality while the CO2 seasonality is more
linked to nontree vegetation ecosystems (Fig. 5b, d).
These two regions also show the correlations for other
stations between vegetation dynamics and d13C seasonality (Fig. 5c, d). C3 plants, forest trees but also shrubs
and forbs, tend to discriminate more against the heavier
13
C isotope during photosynthesis than C4 plants,
which are mostly grasses, due to different photosynthetic pathways. C3 plants are dominant in wetland
environments (Osmond et al., 1982). Well-watered environments induce stomatal opening and higher stomatal
conductance as plant available water is not a limiting
factor and more fractionation of carbon isotopes
through enzymatic process therefore occurs (Farquhar
et al., 1982). Moreover, regardless of the C3 and C4 photosynthetic discrimination capacity, well-watered environment theoretically lead to more discrimination
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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against the heavier 13C isotope due to the higher apparent diffusivity of the lighter isotope through stomata.
Our study presents evidence for this phenomenon at
large scale, where well-watered ecosystems show highest capacity of discrimination against 13C (Fig. 4a, b).
Our findings suggest that the potential benefit of a
longer growing season for vegetation may not always
translate to higher CO2 uptake and longer CO2 uptake
period by terrestrial ecosystems. A greening North (i.e.
global change-induced NDVI increase), rather than the
longer growing season (see Gonsamo & Chen, 2016),
might be contributing to the increased overall carbon
uptake rates in the northern ecosystems reported earlier
(Rodenbeck et al., 2003; Anav et al., 2015; Forkel et al.,
2016; Le Quere et al., 2016). While SCU and ECU dates
may not have changed substantially, the growing season photosynthesis and the heterotrophic respiration in
the dormant seasons have become more vigorous
(Fig. 6c) which lead to increased peak-to-through CO2
amplitude. As the relative magnitude of the increased
photosynthesis in summer months is more than the
increased respiration in dormant months, we have the
increased overall carbon uptake rates in the northern
ecosystems. This is evident in increasing summer NDVI
(Fig. 6c) and CO2 amplitudes nearly at all stations
although the same is not reflected in d13C amplitudes
(Fig. 7). Several factors can contribute to the lack of
positive trends in d13C amplitudes amidst the increasing CO2 amplitudes (Fig. 7) and summer time NDVI
(Fig. 6c). Firstly, if indeed the increasing CO2 uptake in
the northern terrestrial ecosystem is mostly occurring
in the summer months (Fig. 6c), it leads to the associated warming-induced enhanced evapotranspiration
and moisture stress through greater water demand during the summer months (e.g. Angert et al., 2005; Wolf
et al., 2016). This reduces plant’s capacity of discriminating 13C isotope in summer months which can dampen the d13C amplitude. Plant’s ability to discriminate
13
C isotope diminishes with enhanced moisture stress.
Secondly, the increased CO2 uptake by northern oceans
as shown by increased ocean dissolved inorganic carbon and decreased pH (Dore et al., 2009; Doney, 2010;
Bates et al., 2012; Takahashi et al., 2014) as well as the
large phytoplankton blooms in the Arctic where light
transmission has increased in recent decades due to the
thinning ice cover and proliferation of melt ponds
(Arrigo et al., 2012) may only contribute to CO2 amplitude increase but not to d13C amplitude.
Although the distinct results of CO2 and d13C amplitudes from the two independent methods are unequivocal (Fig. 7 and Table S2), partitioning terrestrial and
oceanic contributions to the increased CO2 amplitude
solely using carbon isotope records is unattainable. Possible contributory terrestrial biosphere causes of the
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Fig. 7 Long-term trends and relationships of atmospheric CO2 and d13C amplitudes calculated using Eqn (7) (this study, left panels)
and the standard NOAA CCGVU curve fitting algorithm (right panels). Station symbols: ALT, Alert; PBR, Point Barrow; LJO, La Jolla;
MLO, Mauna Loa Observatory. Trend statistics (see Table S2) are calculated using Mann–Kendall test and Theil–Sen’s slope estimator
with mean 95% confidence limit of the estimated slope. The slope magnitude and line are only given for a two-tailed significant trend
at 95% confidence level. Pearson correlation coefficient and its P-value are given for statistically significant (P < 0.05) relationships
between CO2 and the corresponding d13C amplitude in each panel. [Colour figure can be viewed at wileyonlinelibrary.com]

increased CO2 amplitude such as climate-induced
increase in plant growth, increased crop yield, amount
of warming-induced increase in soil respiration, CO2
fertilization, growth enhancement from nutrient deposition, changes in forest management, land-use, and

disturbances are often inadequately represented in the
current-generation terrestrial biosphere models. It is
likely that several factors are contributing towards the
increased atmospheric CO2 amplitude in the Northern
Hemisphere. Although the roles of disturbances are
© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 4029–4044
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implicitly reflected both in remote sensing observations
and atmospheric CO2 and d13C measurements, the
increasing episodic forest fire emitted CO2 pulses
superimposed on the increasing Rh can directly affect
CO2 and d13C ECU, LCU, and amplitudes. Thus, we
recommend further studies on the role of photosynthesis and respiration on atmospheric CO2 and d13C seasonality, supported by atmospheric transport models,
to pinpoint the geographic locations of contributing air
mass including those from ocean surfaces, forest fires,
and anthropogenic emissions.
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