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Abstract Plants take up carbon dioxide (CO2) through photosynthesis. How this will change with rising
CO2 concentrations in the atmosphere will strongly determine future climate change. An increase in the seasonal
variations of atmospheric CO2 in recent decades indicates a positive trend in photosynthetic carbon uptake. We
combined data‐driven seasonal cycles of plant productivity with carbon sinks across the range predicted by
current biospheric process models to explain the seasonal variations of CO2 at high and low northern latitudes
over the past 40 years. We find that increases in seasonal variations can only be explained by a larger gross
primary productivity (GPP) of northern ecosystems than most current estimates and by an increase of GPP about
proportional to the increase in atmospheric CO2, also larger than most current estimates. Our results provide an
improved constraint to estimate the future behavior of the terrestrial carbon sink.

Plain Language Summary How much carbon are land ecosystems taking up annually, and how will
this uptake change with climate change and rising CO2 levels?We give new insights into these critical questions
by analyzing data on the atmospheric concentration of CO2. The latter varies due to seasonal changes in plant
photosynthesis with this seasonal variation becoming larger in recent decades. By disentangling the contributing
processes to these changes using data‐driven estimates together with global vegetation models, we demonstrate
that northern ecosystems must exhibit high productivity and a substantial increase in productivity with rising
CO2, both values exceeding most current estimates.

1. Introduction
Carbon dioxide (CO2) concentrations in the atmosphere vary seasonally, reflecting changes in the balance be-
tween growing season uptake of CO2 through photosynthesis of the terrestrial biosphere and the release of CO2
throughout the year by plant and soil respiration (Bacastow et al., 1985; Forkel et al., 2016; Keeling et al., 1996).
The amplitude of this seasonal cycle (ASC) is increasing with time, and doing so at a faster rate in high northern
latitudes compared to lower latitudes (Bacastow et al., 1985; Graven et al., 2013; Keeling et al., 1996). This has
been interpreted as an indication that plant productivity is increasing faster in high northern ecosystems than in
temperate and tropical ecosystems (Forkel et al., 2016; Graven et al., 2013; Keeling et al., 1996).

A large body of literature has examined the increase in ASC (Bacastow et al., 1985; Forkel et al., 2016; Gray
et al., 2014; Keeling et al., 1996; Lin et al., 2020; Liu et al., 2024; Piao et al., 2017; Randerson et al., 1997, 1999;
Thomas et al., 2016; Zeng et al., 2014) as well as special features of ASC time series, such as the temporary
slowdown of the increase at Mauna Loa, Hawaii (MLO, 20°N), from 1985 to 2010 (Buermann et al., 2007; Piao
et al., 2008; Wang et al., 2020; Zhu et al., 2018). The studies agree that there is a larger increase in plant pro-
ductivity in high northern ecosystems (Graven et al., 2013; Randerson et al., 1999), mediated by warming‐
induced increases in growing season length (Keeling et al., 1996; Piao et al., 2008). Increases in plant produc-
tivity could also result from CO2 fertilization of photosynthesis under increasing atmospheric CO2 (Ito
et al., 2016; Piao et al., 2017), from warming of the land surface (Forkel et al., 2016; Piao et al., 2017), and from
associated increases in vegetation cover and density, visible from space as vegetation greening (Forkel
et al., 2016; Ito et al., 2016). In addition, the intensification of agriculture with higher crop yields and multiple
cropping in the second half of the 20th century might have contributed to the observed increase in ASC (Gray
et al., 2014; Zeng et al., 2014), but the effects are likely small, particularly in high northern latitudes (Chen
et al., 2019; Forkel et al., 2016; Wang et al., 2020).
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The literature is less consistent about the role of respiration in the increase of ASC. Increases at MLO before the
1990s were attributed in part to enhanced respiration in Europe (Keeling et al., 1996) due to hotter autumn
temperatures (Piao et al., 2008, 2017), but increases in the early 2000s could not be explained by respiration
changes (Barichivich et al., 2013; Buermann et al., 2007; Wang et al., 2020). Hence, the relative contributions of
the uptake (photosynthesis) and release (respiration) flux components behind the ASC increase remain unclear.
No study has been able to explain simultaneously the zonal differences in the amplitudes of the seasonal cycle and
their temporal increases, that is, simultaneously explaining the absolute values and the temporal increases of ASC
at both the mid‐latitudes and the high northern latitudes. Reconciling the different mechanisms involved in the
observed dynamics in the two regions would provide fundamental information to assess future changes in
vegetation productivity under anthropogenic climate change.

Forkel et al. (2016) successfully simulated the absolute values and temporal increase of ASC at high northern
latitudes with a biospheric process model, but they showed a rather large offset of ASC relative to atmospheric
observations at the mid‐latitudes. Thomas et al. (2016) and Haverd et al. (2020) showed that no model among the
suite of current biospheric process models was able to reproduce either the absolute value or the temporal increase
of ASC. The latter authors were able to tune the output respiration fluxes of one of the models (CABLE‐POP) so
that the resulting atmospheric CO2 reproduced the absolute value and the trend at high northern latitudes. This
was accomplished by artificially moving the respiration fluxes in time such that the modeled net flux had the
correct seasonal timing. Here we build further on these contributions and show that we can reconcile absolute
values and temporal increases of ASC at mid and high northern latitudes by imposing productivity and the correct
seasonal variations of land surface carbon fluxes of northern ecosystems.

2. Materials and Methods
We combined data‐driven estimates of the Seasonal Cycles (SC) of photosynthesis (namely gross primary pro-
ductivity (GPP)) and net ecosystem exchange (NEE, Jung et al., 2011) with annual sink strengths from biospheric
process models (Le Quéré et al., 2018; Sitch et al., 2015). This gave a full factorial experiment of the three factors:
plant productivity, its increase with time, and the size and spatial pattern of the net land carbon sink for the last
40 years. In general, data‐driven estimates show much better SC than model estimates (Peng et al., 2015), while
models show more realistic carbon sinks because they take a more complete set of processes into account (Jung
et al., 2020). We hence combined the strengths of these approaches by using the seasonal variations of GPP and
NEE from Jung et al. (2011) for 2006–2008 to calculate seasonal variations of respiration (RESP) that together
yield a very good timing of the SC of atmospheric CO2 (Peng et al., 2015). By taking only the seasonal variations
(subtracting the annual mean NEE, cf. Text S1 in Supporting Information S1), these fields had initially zero
annual sinks or sources at each grid cell. The data‐driven estimates give a global GPP of about 120 PgC a− 1

around 2007 (Beer et al., 2010), but the actual number is uncertain. Here we use the data‐driven global flux maps
of Jung et al. (2011), which were scrutinized in many analyses in the literature. Other data‐driven estimates
sometimes give larger plant productivity in high northern latitudes (Nelson et al., 2024) while other give smaller
plant productivities there (Virkkala et al., 2021). We hence tried plausible scenarios of plant productivity by
multiplying the GPP and RESP fields with 110/120, 120/120, 130/120, up to 170/120 (7 GPP values around
2007). We then produced time series of these scenarios with increasing productivity (12 GPP increases) by
multiplying the GPP and RESP fields following 0.4 to 1.5 times the proportional increase in atmospheric CO2 (Le
Quéré et al., 2018). The resulting 84 GPP and RESP fields still had zero annual sinks or sources at each grid cell.
We imprinted on the RESP fields the annual mean carbon sinks of the TRENDY intercomparison project v7
biosphere model ensemble (13 NBP fields, Le Quéré et al., 2018; Sitch et al., 2015). We term the resulting flux
variable of releasing CO2 RECO because it now includes all disturbances present in the TRENDYmodels such as
land use change and fire in addition to respiration fluxes. This gave a full factorial design of plant productivity (7
GPP values around 2007), its increase in time (12 GPP increases), and the annual net land carbon sink (13 NBP
fields), where each of the 1,092 scenarios has an a priori good seasonal cycle (from the data) and a realistically
annually changing net carbon sink (from the models), while GPP and its increase in time vary over large ranges.
The fluxes derived under each scenario were then dispersed spatially in the atmospheric transport model TM3
(Heimann & Körner, 2003) to obtain time‐varying atmospheric concentrations. These were evaluated by
comparing them against the observed SC at Point Barrow (high latitude, 71°N) and Mauna Loa (low latitude,
20°N). The two stations have the two longest time series of the observational record and provide hence the
strongest constraint for the scenarios. Please see the Text S1 in Supporting Information S1 for details.
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3. Results and Discussion
We estimated seasonal amplitudes and their trends at Point Barrow andMauna Loa from daily flask data (Keeling
et al., 2005) and found almost identical trends to earlier studies (Graven et al., 2013) of (0.60 ± 0.09)% a− 1 at
Point Barrow and of (0.34 ± 0.12)% a− 1 at Mauna Loa (Figure 1a), despite different time series lengths and
different methods of time series analysis (cf. Text S1 in Supporting Information S1). We found the best com-
binations of GPP, its trend, and carbon sink distribution by comparing the resulting ASC from the factorial set of
scenarios of plant productivity and carbon sinks with the observed ASC at Point Barrow and Mauna Loa. The
overall best combination with the lowest RMSE between the trends of ASC has a northern extratropical GPP
(>23°N) of 51 PgC a− 1 around 2007 and a relative trend of GPP of 1.3 times the observed trend in atmospheric
CO2 concentrations, which is an increase of GPP of 0.68% a

− 1 in 2007. It leads to very little bias of the mean ASC
of (− 0.01 ± 0.01) ppm and (− 0.15 ± 0.08) ppm at Point Barrow and Mauna Loa, respectively, and comparable
ASC trends of (0.59 ± 0.07)% a− 1 (p = 0.96) and (0.42 ± 0.06)% a− 1 (p = 0.52), respectively. The agreement
throughout the whole time series can also be compared visually in Figures 1b and 1c. 32 of the 1,092 scenarios had
ASC and increases in accordance with the observations at Point Barrow andMauna Loa (see Figures S1 and S5 in
Supporting Information S1). Their mean northern extratropical GPP was (51 ± 2) PgC a− 1 around 2007 (cor-
responding to 151 ± 4 PgC a− 1 globally) with a mean increase of GPP of (1.1 ± 0.3) times atmospheric CO2
(Figure 2). The variations given for the mean values are the standard deviation of the 32 scenarios and they should
not be seen as formal uncertainties, which would need more formal methods such as Markov Chain Monte‐Carlo
algorithms (e.g., Andrieu et al., 2003). Contrary to earlier efforts (Haverd et al., 2020; Thomas et al., 2016), it is
hence indeed possible to explain ASC and its increase at high and low latitudes when using the correct seasonal
dynamics of NBP together with large biospheric productivity (GPP) and a relative increase similar to the increase
of atmospheric CO2. The spatial/latitudinal distribution of the land carbon sink, on the other hand, seems to be of
minor importance since the 32 scenarios in accordance with observations include sink estimates from 9 out of the
13 biosphere models, which simulated different latitudinal sink distributions (Figure S3 in Supporting
Information S1).

Figure 1. Amplitude of the seasonal cycle and its increase at Point Barrow and Mauna Loa. Observed (SCRIPPS; black) and
derived (model; red) seasonal amplitude of atmospheric CO2 (ASC) at Point Barrow, Alaska (71°N) and Mauna Loa, Hawaii
(20°N) (a), as well as seasonal cycles observed and derived at Point Barrow (b) and Mauna Loa (c) for the beginning of the
time series at the stations and for the time period from 2009 to 2011 as in Graven et al. (2013). The derived amplitude is the
best scenario among a factorial set of scenarios in terms of agreement with the observed ASC. It corresponds to a northern
extratropical gross primary productivity (GPP) (>23°N) of 50.5 PgC a− 1 around 2007, a relative trend of GPP of 1.3 times
the relative trend in atmospheric CO2, and the annual carbon sink distribution from the terrestrial biosphere model
ORCHIDEE (Krinner et al., 2005). The shaded areas around the ASC increases in (a) are the 95% confidence intervals of the
fitted lines. The increasing ASC trends are given in percentage change per year. In (b) and (c), the first 6 months of the year
are repeated.
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Twenty‐six of the 32 scenarios that match ASC and its increase at Point Barrow and at Mauna Loa (i.e., are within
the dark gray‐shaded target area in Figure S1 in Supporting Information S1; cf. Text S1 in Supporting Infor-
mation S1) have northern extratropical GPP of 50.5 PgC a− 1 and large relative trends in GPP of 0.7–1.5 times the
relative trend in atmospheric CO2 (Figure 2). This is within, but at the high end of, the envelope of current es-
timates from different studies and approaches [see Jung et al. (2020) for a review]. No fitting scenario had GPP
values below 47 PgC a− 1. Scenarios with large GPP increases but smaller absolute GPP values could give
consistent ASC increases only at one of the two sites but not at both, that is, at Point Barrow andMauna Loa. GPP
increases proportionally to CO2 as an emergent outcome of our analysis, but we make no a priori assumptions
about the causes behind GPP increases. CO2 fertilization increases photosynthesis per unit leaf area, but may also
increase leaf area (Haverd et al., 2020) or forest cover (Forkel et al., 2016), which tends to further amplify the GPP
increase beyond a proportional change with CO2 concentration. Cernusak et al. (2019) argued that 1.0 times the
relative trend in atmospheric CO2 should be the maximal response of the terrestrial biosphere to rising CO2.
However, larger relative increases of GPP have been reported based on atmospheric and eddy covariance ob-
servations (Chen et al., 2022; Pearman & Hyson, 1981), which includes covariation of increasing CO2 with other
environmental changes such as increasing temperature and growing season length. The increase of ASC, on the
other hand, is not sensitive to the strengths of the land carbon sink (Figure 2c) nor its spatial distribution since 9

Figure 2. Time series of carbon fluxes of the extratropical northern hemisphere in the TRENDY models. Time series of
(a) gross primary productivity (GPP), (b) GPP relative to the mean of the first five years in comparison to the relative increase
of atmospheric CO2, and (c) the annual land sink (net primary productivity, NBP) of the TRENDY v7 models in the
extratropical northern hemisphere (>23°N). The thick black lines in (a) and (b) are the mean of the best scenarios (i.e., the 32
scenarios in accordance with the observations at Point Barrow and Mauna Loa, see Figures S1 and S5 in Supporting
Information S1) and the shaded areas are the 5‐ and 95‐percentiles of the best scenarios. The dashed line in (b) is the observed
global mean CO2 concentration relative to its mean of the first 5 years. The models that feature in the best scenarios (CABLE‐
POP, JULES, LPJ, LPJ‐GUESS, LPX‐Bern, OCN, ORCHIDEE, ORCHIDEE‐MICT, and VISIT, cf. Figure S1 in
Supporting Information S1) have double the line thickness in (c).
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out of 13 TRENDY v7models are consistent with ASC and its increase, given northern extratropical GPP is above
47 PgC a− 1.

The influential paper of Forkel et al. (2016) mentioned above used the vegetation model LPJmL, which was not
part of the model ensemble TRENDY v7 (Sitch et al., 2015), and reported very good ASC trends at Point Barrow
and Mauna Loa. It had a global GPP of ca. 148 PgC a− 1 around 2007 and a relative trend of only 0.5 times the
trend in atmospheric CO2. It showed, however, a bias of about 1 ppm at Mauna Loa (cf. Figure S1 in Supporting
Information S1), which is three times larger than our target for Mauna Loa, so that Forkel et al. would not have
been considered a suitable scenario in our study.

The scenarios are constructed to have the same seasonal variation of NBP for the whole time period from 1955 to
2016. An earlier growing season, and hence changing seasonal NBP, is often discussed as an essential component
of the ASC increase (Keeling et al., 1996; Piao et al., 2008). Randerson et al. (1997, 1999), for example, suggested
that NPP must increase especially before June north of 50°N to explain the increase in ASC at high northern
latitudes. We argue that this might rather come from a coincidental increase of GPP between model versions used
for the simulations that did not fit ASC increases (Randerson et al., 1997) and the simulations that reproduced
ASC increases at Point Barrow (Randerson et al., 1999), corresponding to an increase from about 123 to 142 PgC
a− 1 globally around 2007 and hence in alignment with our study. Other studies have also shown that an earlier
growing season is not sufficient to explain the observed increase of ASC (Piao et al., 2008; Thomas et al., 2016).
We show here that an earlier growing season is not necessary to explain ASC and its increases at mid and high
northern latitudes. It does not mean that an earlier growing season does not yield more productivity. We argue that
an earlier growing season might lead to an earlier sink but it might not change the timing of the maximum
drawdown (maximum NBP). However, this could be verified with long‐term flux observations at high northern
latitudes (Virkkala et al., 2021).

The 32 scenarios that match ASC and its increase concentrate consistently around northern extratropical GPP of
(51 ± 2) PgC a− 1 around 2007, with corresponding global GPP values of (151 ± 4) PgC a− 1. The TRENDY v7
models simulate a large spread of global GPP values from 97 to 204 PgC a− 1 around 2007 (mean 140 PgC a− 1)
with only two models close to 150 PgC a− 1 (Figure S2a in Supporting Information S1). However, temperate and
boreal/arctic ecosystems (>23°N) shape ASC in the northern hemisphere (Lin et al., 2020). This is also true in our
analysis, which was insensitive to productivity changes in the tropics. About half of the TRENDY models are
within 15% of the best scenarios for northern extratropical GPP, at least at the end of the time series (Figure 2a), so
that such a high northern hemispheric productivity seems consistent with bottom‐up estimates of the fluxes by
those models. Our analysis cannot differentiate between different sink regions within the northern extratropics.
Lin et al. (2020), however, found with tagged model experiments that the ASC increase is dominated by Siberian
and temperate regions while arctic‐boreal North America and Europe play almost no role. Liu et al. (2024) argued
that climatic and environmental characteristics differ notably between Eurasian and North American boreal
forests and that satellite‐derived increases of LAI have been more persistent in Eurasia than North America
(Berner & Goetz, 2022; Xu et al., 2013). However, this is not corroborated by independent, satellite‐based es-
timates of GPP increases from solar‐induced chlorophyll fluorescence, which show very similar and persistent
increases of GPP in both Eurasia and North America (Li & Xiao, 2019).

Only two TRENDY models exhibit a relative trend close to 1.0 times the observed trend in CO2 on the global
scale (CABLE‐POP and LPJ‐GUESS, Figure S2 in Supporting Information S1), while four models estimate such
a large trend in the northern extratropics, where LPJ‐GUESS simulates a trend as high as 1.7 times that of at-
mospheric CO2 (Figure 2). It was, however, not possible to reproduce the observed ASC using the fluxes from the
TRENDY models directly as the seasonal variations of GPP and RECO in the models are inconsistent with the
data (Haverd et al., 2020). It is the combination of the seasonal variations from the data‐driven products and
annual carbon sink estimates from the TRENDY v7 models—as the only information used from those models in
our analysis—that allowed our study to match the observed ASC.

Note that northern extratropical RECO is also confined to (50 ± 3) PgC a− 1 around 2007 in our study, with the
difference to GPP being the land carbon sink. RECO follows the same trend of GPP here and RECO can hence be
discussed only marginally in our analysis. It was however used to estimate GPP on the global scale, using the
same source‐driven approach than our study (Jian et al., 2022).
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We quantified the contributions of photosynthesis (GPP) and respiration (RECO) to the increase of ASC in the 32
best scenarios that match ASC and its increase at Point Barrow and Mauna Loa by transporting GPP and RECO
independently in the tracer transport model TM3. The contribution of GPP (RECO) is the difference of the
detrended smooth curve of GPP (RECO) at the maximum and minimum of the NBP seasonal cycle (see Materials
and Methods and Figure 3b). This is different to other estimates of the contributions of GPP and RECO to the
increase of ASC. Forkel et al. (2016) used the increases of GPP and RECO as a proxy for their contributions to
increasing ASC. But the increase of GPP must be greater than the increase of RECO if the annual net sink,
NBP = GPP—RECO, increases as well, which gives hence the contributions of GPP and RECO to the atmo-
spheric growth rate but not to the seasonal cycle. Bacastow et al. (1985) and Liu et al. (2024) used the trends in the
maxima and minima of ASC as a proxy for the contributions of GPP and RECO to ASC increases. The two signals
are, however, not independent information and also depend strongly on the chosen method to remove the long‐
term trend in the CO2 concentrations, as pointed out by Bacastow et al. (1985). We argue that using directly the
transported atmospheric signals of GPP and RECO most accurately reveals the contributions of GPP and RECO
to increasing ASC. Figure 3a shows the contributions relative to the start of the analysis. We found that GPP has
by far the largest contribution to ASC increase, while RECO counteracts the increase of GPP at Point Barrow and
Mauna Loa. This is consistent with observations that seasonal variations of NEE are strongly related to absolute
GPP fluxes in the northern extratropics (Beer et al., 2010).

RECO counteracts the large ASC from GPP. This counterbalance can change with increasing fluxes or with
changing seasonality of the fluxes. The relative contributions of GPP and RECOmight hence be underrepresented
in our approach because it does not include a lengthening of the growing season (Keeling et al., 1996) nor
enhanced respiration due to warmer autumn temperatures in Eurasia (Piao et al., 2008). As argued above, a
changing growing season might lead to earlier sinks and varying autumn respiration (Barichivich et al., 2013) but
it does most probably not change the timing of the maxima of the fluxes GPP and RECO, respectively. We hence
believe that our analysis shows a robust signal of a dominant contribution of GPP to increasing ASC. It would be
possible to construct source/sink scenarios that include a lengthening of the growing season but the corresponding
uncertainties would be large and would most probably not lead to conclusive results. Long‐term flux observations

Figure 3. Contribution of photosynthesis and respiration to the increase of the seasonal amplitude for the best scenarios.
Contribution of photosynthesis (gross primary productivity (GPP), red) and respiration (RECO, blue) to the derived increase
of ASC (NBP, green) at Point Barrow (a) and Mauna Loa (c) of the best scenarios. The shaded areas are the 5‐ and 95‐
percentiles and the solid lines are the mean contributions of the best scenarios. Seasonal Cycles of photosynthesis (GPP, red)
and respiration (RECO, blue) of the overall best scenario transported in the atmosphere with TM3, and of the combined
signal (NBP, green), which is the derived ASC at Point Barrow (b) and Mauna Loa (d) for the time period from 2009 to 2011.
The vertical green lines indicate the times of the maximum and minimumNBP (green) at which the contributions of GPP and
RECO are calculated.
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at high northern latitudes could potentially reduce the uncertainties but current estimates of fluxes in the boreal
and tundra regions still largely diverge (Jung et al., 2011; Nelson et al., 2024; Virkkala et al., 2021).

4. Conclusions
We reveal a productive terrestrial biosphere in the northern hemisphere that was highly stimulated by rising CO2
concentrations and concomitant environmental changes during the last 40 years. Variations among the scenarios
that matched the observed ASC and its increase over time were small and thus provide robust evidence for our
finding of large plant productivity of northern ecosystems, with a large increase that is about proportional to the
increase in atmospheric CO2. The constraint we have identified demonstrates that current terrestrial biosphere
models, collectively, are unable to reproduce both the ASC and its increase (Haverd et al., 2020; Thomas
et al., 2016), signaling biases in the models. It is worthwhile to work on the timing of the individual fluxes GPP
and RECO in the biosphere models, but also in data‐based estimates, so that the increase in ASC can be used as an
additional, previously unavailable, independent, and robust constraint of absolute GPP.

Data Availability Statement
Gross primary productivity and net ecosystem exchange from Jung et al. (2011) can freely be downloaded from
the Data Exchange Portal of the Max Planck Institute of Biogeochemistry, Jena, Germany (www.bgc‐jena.mpg.
de/geodb/). To access the data, choose the project BGI after accepting the data usage agreement. The version used
in this manuscript was acquired from the iLAMB project (https://github.com/rubisco‐sfa/ILAMB‐Data/). Net
carbon sinks from the TRENDY v7 terrestrial biosphere models were provided by the Global Carbon Project
(www.globalcarbonproject.org), are stored at and can freely be downloaded from the Global Carbon Budget Data
following the links provided at https://globalcarbonbudgetdata.org/closed‐access‐requests.html. Access to ver-
sions before TRENDY v10 are provided on demand by Mike O'Sullivan of the University of Exeter, UK. Model
code of the atmospheric transport model TM3 can be obtained by contacting Christian Rödenbeck of the Max
Planck Institute for Biogeochemistry, Jena, Germany. He also provides model forcing files using NCEP rean-
alysis data from NOAA's Physical Sciences Laboratory (https://psl.noaa.gov/).
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