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Abstract The amplitude of seasonal fluctuations in concentrations of atmospheric CO2 has increased over
recent decades. Model-based studies suggest that this increase could be the result of enhanced vegetation
growth during the growing season and ecosystem respiration in the nongrowing season. Here we
investigated seasonal changes in vegetation growth derived from satellite-based observations of the
normalized difference vegetation index (NDVI) from 1982 to 2013. We found notable agreement between
these observations and interannual variations of seasonality of global atmospheric CO2, suggesting that
terrestrial vegetation growth is the dominant driver of the seasonality of the concentration of atmospheric
CO2. Specifically, we found that the trend in seasonality of global vegetation growth was not continuous from
1982 to 2013 and that it increased substantially after 2001. In response, the trend of seasonality in the
concentration of atmospheric CO2 stalled from 1982 to 2000 but increased from 2001 onward. This 2001
change in the growth seasonality trend was largely a result of decreased NDVI during spring and winter.
CMIP5 models were unable to reproduce this observed seasonality. Our results showed the dominant role
played by vegetation growth in determining atmospheric CO2 seasonality, highlighting the need to improve
representation of vegetation growth in current terrestrial models to adequately indicate seasonal changes in
the concentration of atmospheric CO2.

1. Introduction

Ground- and aircraft-basedmeasurements have shown that the peak-to-trough amplitude of the annual fluc-
tuation in atmospheric CO2 concentration (hereafter CO2 seasonality) has significantly increased since the
1950s (Graven et al., 2013; Keeling et al., 1996). For example, previous study reports the amplitude of annual
CO2 seasonal cycle increased by 20% in the equator and by 40% in the high latitude (Keeling et al., 1996).
Changes in terrestrial carbon cycle are first proposed two decades ago to explain this phenomenon
(Keeling et al., 1996). Other studies have consistently arrived at the conclusion that this increase in seasonality
strongly correlates with enhanced photosynthesis during the growing season (Forkel et al., 2016; Graven
et al., 2013), increased heterotrophic respiration in autumn (Barichivich et al., 2013; Randerson et al., 1997),
and increased cropland productivity (Gray et al., 2014; Zeng et al., 2014).

These studies underscore the role of climate-induced changes to terrestrial ecosystems in regulating CO2 sea-
sonality. All of these studies, however, used model-based methods to investigate the role of vegetation in
regulating CO2 seasonality. Therefore, our understandings on regulations of terrestrial ecosystems to atmo-
spheric CO2 concentration strongly depend on the model performance. However, a model-data comparison
of gross primary productivity, based on the North American Carbon Program (NACP) site-level interim synth-
esis, shows a large spread of 26 models in both the magnitude and timing of the simulated gross primary
product (GPP) seasonal cycle, and these models cannot capture the seasonal pattern of GPP (Schaefer
et al., 2012). On average, the models overestimated GPP in spring and fall and underestimated GPP in sum-
mer, and the great improvements still are need to reproduce the GPP seasonality by optimizing the response
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functions to changing environmental conditions (e.g., low-temperature response function) (Schaefer et al.,
2012). Moreover, another study shows that none of all 26 models in the NACP consistently reproduce
observed interannual variability of net ecosystem productivity within measurement uncertainty (Keenan
et al., 2012). The limited model performance challenges the role of terrestrial ecosystems in regulating atmo-
spheric CO2 concentration.

Previous studies used a simple method to indicate the seasonality of atmospheric CO2, usually using the
peak-to-trough amplitude of the annual fluctuation in atmospheric CO2 concentration (Graven et al., 2013;
Keeling et al., 1996). There are only the observations of 2 months with the highest and lowest concentration
of atmospheric CO2 during a year used to indicate the seasonality of atmospheric CO2, which ignores the
changes at other months. Moreover, almost all studies only used atmospheric CO2 observations at several
sites, which is quite difficult to indicate the global conditions.

In this study, we combine independent satellite-based observations of normalized difference vegetation
index (NDVI) and atmospheric CO2 concentration starting from 1982 to study the relationship between vege-
tation growth and enhanced seasonality of atmospheric CO2. The specific objectives are to (1) examine the
interannual variations of seasonality of global atmospheric CO2 and NDVI and (2) investigate the regulations
of vegetation growth on seasonality changes of global atmospheric CO2.

2. Materials and Methods
2.1. Vegetation Index Data Set

We used the newest release of the advanced very high resolution radiometer (AVHRR) NDVI to indicate vege-
tation growth from 1982 to 2013. The AVHRR is the nonstationary NDVI version 3 data set made available by
NASA’s Global Inventory Modeling and Monitoring Study third-generation data set (GIMMS-3g) group
(Pinzon & Tucker, 2014). This data set is more commonly referred to as NDVI3g, with the suffix 3g referring
to the third generation processing applied to correct for orbital drift effects, calibration, viewing geometry,
stratospheric volcanic aerosols, and other errors unrelated to vegetation change. NDVI3g contains global
NDVI observations at ~8 km spatial resolution and bimonthly temporal resolution, derived from AVHRR chan-
nels 1 and 2, corresponding to red (0.58–0.68 μm) and infrared wavelengths (0.73–1.1 μm), respectively. Each
15 day data value is the result of maximum value compositing (Holben, 1996), a process that aims tominimize
the influence of atmospheric contamination from aerosols and clouds.

2.2. Atmospheric CO2 Concentration Data Set

Observation package data products of long-termmonthly observations at 313 air-sampling sites are available
over the period 1982–2011 (Cooperative Global Atmospheric Data Integration Project, 2013) in order to cal-
culate CO2 seasonality (Masarie & Tans, 1995). GLOBALVIEW-CO2 provides observations at 7 day intervals, and
monthly observations are calculated by averaging all available observations in a given month (Cooperative
Global Atmospheric Data Integration Project, 2013). This study used the GLOBALVIEW products that are
derived using the data extension and integration techniques described by Masarie and Tans (1995), and
we did not exclude the filled values. Global mean CO2 was calculated evenly without any weighting of the
individual sites. If missing 7 day data were >20% of total data for an entire year, the value for that year was
indicated as missing. For a site to be included in this study it had minimum of 10 year observations.
Eventually, 77 sites were included for analyzing the seasonality of atmospheric CO2 concentration (Figure 1).

2.3. Monthly MODIS GPP Data Set

We used MODIS (Moderate Resolution Imaging Spectroradiometer) GPP (gross primary product; MOD17A2),
which is monthly global GPP product with 0.05° spatial solution from 2001 to 2013 (downloaded from
http://files.ntsg.umt.edu/data/NTSG_Products/MOD17/GeoTIFF/Monthly_MOD17A2/GeoTIFF_0.05degree/).
The seasonality of GPP was calculated in order to examine the role of GPP in regulating atmospheric
CO2 seasonality.

2.4. Monthly Fossil-Fuel CO2 Emission Data Set

The monthly, fossil-fuel CO2 emission estimates from 1982 to 2011 were derived from a time series of global,
regional, and national fossil-fuel CO2 emissions (Andres et al., 2011; Boden et al., 2015). The data used here
used these tabular, national, mass-emission data and distributed them spatially on a 1° of latitude by 1° of

Global Biogeochemical Cycles 10.1002/2017GB005802

YUAN ET AL. VEGETATION GROWTH IMPACTS CO2 SEASONALITY 33

http://files.ntsg.umt.edu/data/NTSG_Products/MOD17/GeoTIFF/Monthly_MOD17A2/GeoTIFF_0.05degree/


longitude grid. The within-country spatial distribution was achieved through a fixed population distribution
(Andres et al., 1996).

2.5. Seasonality Definition and Calculation

We computed a seasonality index based on the NDVI values during the growing season, which is a modifica-
tion of the previous method (Chave et al., 2010; Zimmerman et al., 2007), as follows:

mx ¼ 1
n

∑
n�1

i¼0
Li cos d�ið Þ;my ¼ 1

n
∑

n�1

i¼0
Li sin d�ið Þ (1)

d ¼ 2�π
n

(2)

SI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

x þm2
y

q
(3)

where L is the NDVI values of ith bimonthly time and atmospheric CO2 concentration of ith month, respec-
tively; n is the number of observations during one calendar year; and SI is the seasonality index. We tested
this method using several dummy biweekly NDVI data sets and found that this index canmeasure seasonality
very well. When NDVI is evenly distributed throughout the year, the index is close to zero; alternatively, the
index will increase as seasonality is enhanced (Figure S1a in the supporting information). Moreover, the
values of the seasonality index are equal when NDVI values of all months increase with the same magnitude
or the NDVI peaks in different months (Figure S1b).

The seasonality index provides a good representation of the seasonal changes of vegetation at the global
scale and for various vegetation types. Vegetation seasonality was the highest in high latitude areas and
decreased with decreasing latitude (Figures S2 and S3). Moreover, the seasonality index showed substantial
differences among vegetation types (Figure S4). The largest value of the seasonality index was found for
deciduous needleleaf forests (0.1979 ± 0.03) and the lowest for evergreen broadleaf forests (0.0408 ± 0.02).

2.6. Determination of Growing Season

We used surface air temperature (T, 10 m above the land surface) from the MERRA archive for 1982–2013 at a
resolution of 0.5° latitude by 0.6° longitude to determine the growing season (Modern Era Retrospective
Analysis for Research and Applications; Global Modeling and Assimilation Office, 2004). The growing season
was defined as occurring when the monthly mean air temperature>0°C. This study used the simple method
to define the growing season but will not induce risks for results because the analysis was conducted at the
monthly scale.

2.7. Contribution Analysis

To determine the contribution of monthly NDVI changes to the annual NDVI seasonality, we conducted a
simulation experiment based on monthly averaged NDVI, whereby we (1) calculated the mean NDVI values

Figure 1. Long-term trend on seasonality of atmospheric CO2 concentration over 77 observation sites. The numbers in the
parentheses indicate the site percent with decreased and increased trends.
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of previous 3 years at ith month (NDVIi0) over each grid cell, (2) computed the assumed seasonality index of
NDVI (SIi0) when assumed ith month NDVI did not have long-term changes based on NDVIi0 for all years and
actual NDVI values of other months, and (3) calculated the contribution of ith month NDVI changes to the
seasonality index as SIc = SI � SIi0.

2.8. Evaluation of Earth System Models for Reproducing Seasonality

To examine model performance in simulating seasonality of vegetation growth, we compared the satellite-
based NDVI and historical simulations of leaf area index (LAI) from a subset of Earth system models (ESMs)
currently participating in the fifth phase of the Coupled Model Intercomparison Project (CMIP5). First, we
examined if the ESMs can reproduce the seasonal variation of LAI. Mean monthly LAI from 1982 to 2005
was calculated at all pixels using the simulations of 23 ESMs and calculated the correlations (i.e., Pearson coef-
ficient) between monthly LAI simulations and NDVI at all pixels. Second, we calculated the global mean long-
term change trends of LAI from 1982 to 2005 for all 12 months and calculated the correlations of monthly

trends between LAI simulations and NDVI. Third, we compared inter-
annual variability of NDVI and global averaged LAI seasonality derived
from CMIP5 models from 1982 to 2005.

3. Results

We calculated trends in the seasonal cycle using monthly mean CO2

concentration from 77 sites across the globe, each with more than
10 years of observations (see section 2). We found an increasing trend
in 49 of the observation sites (24 with a statistically significant increase)
(Figure 1), and global mean CO2 seasonality showed a significant
increased trend from 1982 to 2011 (Figure 2). A greater increasing trend
of CO2 seasonality was found at high latitudes (Figure 3).

We inferred long-term vegetation growth from a satellite-derived nor-
malized difference vegetation index (NDVI) based on GIMMS-3g and
MODIS-GPP product and investigated seasonal changes in vegetation
growth and the relationship with atmospheric CO2 seasonality. The
seasonality of global vegetation, indicated by GIMMS-NDVI, has signifi-
cantly increased during the past 32 years (Figure 2). The seasonality
changes in NDVI and GPP are strongly correlated with CO2 seasonality
(Figure 2), which suggests that terrestrial vegetation growth is an
important driver of the seasonality in atmospheric CO2 concentration.

Figure 2 clearly shows that both NDVI and CO2 seasonality were not
temporally homogeneous over the entire 32 years (i.e., from 1982 to
2013): a change of slope is apparent around 2000. A piecewise linear

Figure 3. Latitudinal pattern of seasonality in the atmospheric CO2 concentra-
tion over 77 observation sites. (a) Averaged seasonality index; (b) long-term
trend of seasonality in the atmospheric CO2 concentration; (c) local amplification
(shadow area) of (Figure 3) to show the trend of seasonality index over the
Southern Hemisphere.

Figure 2. Interannual variations in seasonality of global atmospheric CO2 concentration (blue line), global land surface
average GIMMS-3g NDVI (green line) and MODIS GPP (black line). The insets show the correlation of the seasonality
index between CO2 and GIMMS-3g NDVI (CO2 = 40.01 × NDVI � 1.23, R2 = 0.58, p < 0.01) and CO2 and MODIS-GPP
(CO2 = 0.11 × GPP � 1.15, R2 = 0.75, p < 0.01).
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regression approach quantified the change in trends: CO2 seasonality increased slightly from 1982 to 2000
(y = 0.009x � 16.66, R2 = 0.21, p < 0.05) but increased more strongly from 2001 (y = 0.04x � 81.41,
R2 = 0.76, p < 0.01) (Figures 2 and S5). Similarly, vegetation growth as measured by NDVI clearly showed
two distinct periods with a stronger trend after 2000 (Figures 2 and S5). The seasonality spatially averaged
over the globe does not significantly change from 1982 to 2000, and there are 16% areas that show a
significant increase in seasonality (Figure 4b). During the period 2001–2013, NDVI seasonality significantly

Figure 4. Global patterns on the trends of NDVI seasonality over the three periods (a) 1982–2013, (b) 1982–2000, and (c)
2001–2013. The insets show the percentage of four changing trends

Global Biogeochemical Cycles 10.1002/2017GB005802

YUAN ET AL. VEGETATION GROWTH IMPACTS CO2 SEASONALITY 36



increased with an increasing trend occurring overmost of the global land surface (68%; 31%with a significant
increase) (Figure 4c).

For each of the three periods investigated (1982–2013, 1982–2000, and 2001–2013), the annual growth rate
of global mean NDVI over 12 months negatively correlated with the changes in concentrations of atmo-
spheric CO2 (Figures 5a–5c and S6). In general, larger increases in the months with higher CO2 concentration
will enhance CO2 seasonality. Over the period 1982 to 2000, CO2 concentration in October, November, and
December showed the largest increases, and this acted to enhance CO2 seasonality (Figure 5b). However,
the magnitude of increases in CO2 concentration from January to May, another period with high CO2 concen-
trations, was very slight, and this acted to depress CO2 seasonality (Figure 5b). In contrast, from 2001 to 2013,
increases of CO2 during January to April and October to December were higher than those during June to
September (Figure 5c), and both acted to enhance CO2 seasonality. The monthly trends of NDVI were nega-
tively correlated with the trends of global atmospheric CO2 growth (Figure S6), highlighting the strong reg-
ulation of vegetation activity to changes in concentrations of atmospheric CO2.

The difference in NDVI seasonality changes before and after 2000 was strongly determined by the heteroge-
neous changes of various months. We quantified the monthly contributions to changes of NDVI seasonality
(see method). Over the period of 1982–2000, only the NDVI changes in July and August contributed positively
to NDVI seasonality, and the NDVI changes of all other months decreased NDVI seasonality (Figure 5e). In con-
trast, from 2001 to 2013, NDVI changes in most months increased NDVI seasonality (Figure 5f) and showed
larger effects than those from 1982 to 2000. Globally, there was a large total area where NDVI experienced
lower increases or decreases over 2001–2013 compared to that of 1982–2000 (Figure 6). In particular,
MAM (March, April, and May) (61%) and DJF (December, January. and February) (63%) had large areas with
lower NDVI increases, and JJA (June, July, and August) (55%) and SON (September, October, and
November) (54%) had slightly larger areas of NDVI stagnation (Figure 6).

4. Discussion

This study showed the influence of vegetation growth on the enhanced seasonality of atmospheric CO2,
which supports previous studies that the terrestrial ecosystem plays an important role in regulating seasonal
changes of atmospheric CO2 (Barichivich et al., 2013; Forkel et al., 2016; Graven et al., 2013; Randerson et al.,
1997). Burning of biomass from wildfires and fossil fuels are two important sources of emissions, which repre-
sent forcing trends in the atmospheric CO2 concentration seasonal cycle. Our analysis shows a very weak cor-
relation between CO2 seasonality and fossil fuel emissions (Figure S7). This finding is consistent with a
previous study demonstrating the limited contribution of fossil fuel emissions in comparison with that pro-
duced by the terrestrial ecosystem seasonal cycle. In the Northern Hemisphere, for example, the contribution
of fossil fuels to CO2 seasonality ranges from 5% to 17% (Randerson et al., 1997). Moreover, the contribution

Figure 5. Monthly trends of atmospheric CO2 concentration (gray bars) and NDVI (black lines) during (a) 1982–2013, (b) 1982–2000, and (c) 2001–2013. The red line
at Figure 5c indicates the averaged seasonal variation of atmospheric CO2 concentration from 1982 to 2013. (d–f) Monthly contribution of NDVI changes to NDVI
seasonality.
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of fossil fuels to trends in the seasonal cycle at high-latitude stations in the Northern Hemisphere appeared to
decrease during the 1980s as emission rates from high-latitude regions of the Northern Hemisphere
stabilized (Randerson et al., 1997). In the Southern Hemisphere, CO2 seasonality showed increased
sensitivity to changes in fossil fuel emissions, but the contributions were still less than 25% (Randerson
et al., 1997). Because of the lack of global data on emissions from biomass burning before the 1990s, we
did not investigate its impact on atmospheric CO2 seasonality. However, previous study found that the
contribution of biomass burning to the seasonal cycle ranges from 1% to 4% for stations in the Northern
Hemisphere (Randerson et al., 1997). In the Southern Hemisphere the contribution of biomass burning to
the seasonal cycle is significantly greater than that in the north but is still less than 20%.

This study showed substantial spatial differences in seasonal changes in NDVI over the different latitude
bands (Figure S8n). Over the Southern Hemisphere, the increases in NDVI seasonality from 1982 to 2013 were
found in all areas (Figure S8n) as a result of larger increases in NDVI occurring in the months with high NDVI
values (Figures S8i–S8m). The increases of NDVI seasonality also occurred over the northern high latitudes.
This result is quite different from that of a previous study that reported, for the northern latitudes, tempera-
ture increases are most pronounced in spring and autumn, and the increases of NDVI during these seasons
decrease seasonality (Xu et al., 2013). Moreover, our study calculated seasonality of vegetation growth based
on all months during the growing season, and this comprehensively indicated seasonality. However, our
results indicated that the largest increases in vegetation growth occur in the summer (Figures S8e–S8i), which
enhances vegetation seasonality. Our results showed that the extended growing season and the profound
climate warming that occurs during the winter and spring do not reduce vegetation growth seasonality
but enhance the seasonality resulting from larger growth increases during the summer.

Other lines of evidence also support the finding that the increase in vegetation growth during the 1980s and
1990s may have stalled or even reversed during the 2000s over Eurasia (Piao et al., 2011), East Asia (Park &
Sohn, 2010; Yuan et al., 2014), North America (Wang et al., 2011), and the Southern Hemisphere (Zhao &
Running, 2010) (Figure 6). Numerous studies have been conducted to investigate the major causes behind
vegetation browning during 2000s, and the factors potentially influencing vegetation growth in different
regions and seasons are complex and varied (Park & Sohn, 2010; Yuan et al., 2016; Zhao & Running, 2010).
Previous studies highlighted that the increasing water stresses should be the major cause for hindering

Figure 6. Differences in NDVI trends between 2001–2013 and 1982–2000. (a) For March, April, and May. (b) For June, July, and August. (c) For September, October,
and November. (d) For December, January, and February. (e) The black bars indicate the global mean percentage of the increased trend and the red bars of the
decreased trend of 2001–2013 compared to those of 1982–2000.
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vegetation growth in the temperate and boreal Eurasia during 2000s (Park & Sohn, 2010; Piao et al., 2011). In
the Eurasia, both spring and summer NDVI significantly increased during 1980s and 1990s, but then
decreased from 1998, particularly summer NDVI, which may be related to the significant decrease in
summer precipitation (Piao et al., 2011). In addition, temperature changes also played an important role in
determining vegetation growth in North America and Siberia. In the northwestern region of North
American, for example, spring temperature increased until the early 1990s and stalled or decreased after-
ward. In response, spring and summer vegetation greening trend, which was evident in this region during
the 1980s, stalled or reversed since late 1990s (Wang et al., 2011).

To examine model performance in simulating seasonality of vegetation growth, we compared the historical
simulations of a subset of terrestrial ecosystem models currently participating in the fifth phase of the
Coupled Model Intercomparison Project (CMIP5). The seasonality of simulated vegetation growth varied
strongly between models, with changing trends ranging from �0.0002 to 0.004 (Figure 7a). There was only
one model (namely CCSM4) with both significant and positive correlations between vegetation growth sea-
sonality, as given by LAI (leaf area index) simulations, and satellite-based observations (Figure 7b). Our results
highlight the important implications of regulation of atmospheric CO2 seasonality by vegetation growth, but
the current ecosystem models fail to reproduce this response—a gap in their performance that needs to be
filled, if they are to adequately assess the role of vegetation growth in the global carbon cycle.

In addition, we examined the model performance for indicating seasonal differences and long-term change
trends of LAI, and both of them jointly determined the change trends of LAI seasonality. The results showed
that none of models can indicate well for both of LAI seasonal differences and long-term change trends
(Figures S10 and S11). Low model performance largely resulted from inappropriate carbon allocation, turn-
over time, and phenology simulations. The recent studies compared simulated carbon allocation of net pri-
mary production to leaf with global observed allocation fraction, and the results showed substantial
differences in the simulated allocations compared with observations over all forest types (Xia et al., 2015;
Xia et al., 2017). Moreover, numerous studies reported large uncertainties of leaf turnover time in the current
ecosystem models (Friend et al., 2014). For example, Zhang et al. (2016) indicated that the default leaf long-
evities in LPJ significantly differed from observations for four major forest types—especially, observed leaf
longevity of boreal needleleaf forest (6.5 years) was more than 3 times the default model value (2 years). In
addition, the simulations on plant phenology phases largely determined model performance for LAI (Xia
et al., 2015). Some modeling experiments provide opportunity for analyzing the impacts of phenology on

Figure 7. Comparison on interannual variability of NDVI and global averaged LAI seasonality derived from CMIP5 models
from 1982 to 2005. (a) Long-term trend of NDVI and LAI seasonality; (b) Pearson correlation coefficients of seasonality
between simulated LAI and NDVI. *Significance at the level p < 0.05.
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LAI simulations by prescribing phenology from satellite data (Huntzinger et al., 2013; Sitch et al., 2015). Future
research is needed to identify the uncertainty in estimating LAI using these model comparison and experi-
ment data sets.

This study highlights that vegetation growth dominates the changes of atmospheric CO2 seasonality (Figure 2).
However, it should be noticed that ecosystem respiration also plays an important role in regulating CO2 sea-
sonality (Gray et al., 2014). Figure 3 showed the larger increased trends of CO2 seasonality at high latitudes;
however, the seasonality of vegetation growth did not show the similar latitudinal pattern (Figure S8).
Ecosystem respiration potentially contributed the latitudinal increases of CO2 seasonality. The magnitude
of rising air temperature at high latitudes was larger than other regions, and especially the largest rising tem-
perature occurred at winter (IPCC, 2013). Therefore, ecosystem respiration would be simulated jointly impact-
ing by rising temperature and large soil organic carbon content at high latitudes (Celis et al., 2017; Commane
et al., 2017). However, current ecosystem models poorly reproduce the seasonal changes of carbon fluxes
including vegetation production and ecosystem respiration (Keenan et al., 2012), which limits our under-
standing on roles of ecosystem respiration to atmospheric CO2 seasonality. It is imperative to improve model
algorithms to adequately assess the impacts of terrestrial carbon cycle on the atmospheric CO2 concentration.

5. Conclusion

This study investigated the regulations of vegetation growth to atmospheric CO2 seasonality. The results
implied that terrestrial vegetation growth dominates the changes of seasonality of atmospheric CO2.
Especially, the seasonality of global vegetation growth stalled from 1982 to 2000 but substantially increased
after 2001. As a consequence, atmospheric CO2 seasonality did not continuously change and that it increased
largely from 2001 onward. In addition, our results showed the poor ability of current terrestrial models to
reproducing seasonal changes in the vegetation growth. In general, this study represented the dominant role
of vegetation growth in determining atmospheric CO2 seasonality.
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