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GC-Carbon 

•  Endorsed at the JSC-37 
•  GC SSC 
•  GC Carbon kick off meeting (Hamburg, November 

2016) 
•  Planned activities for 2017 (and 2018) 
•  Response to JSC-37 requests 



GC-Carbon 
Aim: to understand how biogeochemical cycles and feedbacks 
control CO2 concentrations and impact on the climate system 
 
Guiding questions: 
1.  What are the drivers of land and ocean carbon sinks?  
2.  What is the potential for amplification of climate 

change over the 21st century via climate-carbon cycle 
feedbacks?  

3.  How do greenhouse gases fluxes from highly 
vulnerable carbon reservoirs respond to changing 
climate (including climate extremes and abrupt 
changes)?  
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GC-CARBON ORGANISATION 



GC-Carbon SSC 

Co-chairs: Tatiana Ilyina, Pierre Friedlingstein 
 
SSC: 
Ashley Ballantyne (U. Montana, USA) 
Laurent Bopp (IPSL, France) 
Philippe Ciais (LSCE, France) 
Corinne Le Quéré (Tyndall Centre, UK) 
Gustaf Hugelius (Stockholm U., Sweden) 
Pedro Monteiro (CSIR, South Africa) 
Yingping Wang (CSIRO, Australia) 

 
 
 



GC-CARBON KICK-OFF MEETING 



GC-Carbon kick-off meeting 

•  Meeting held in Hamburg, 21-22 November 2016 
•   35 participants, covering a wide range of expertise 

such as plant physiology, marine biology, 
atmospheric inversions, land and ocean 
biogeochemistry, paleo-climate, Earth system 
modelling, etc  



GC-Carbon kick-off meeting 

•  Format 
–  Intro WCRP GC (David Carlson) 
–  Intro GC-Carbon (Tatiana and Pierre) 
–  Inspirational talks (Nikki Gruber and Chris Jones) 
– 4 Break-out groups (process understanding on land; 

process understanding in the ocean; learning from the 
existing record; and towards improving projections) 

– Report from BG and Synthesis  



 

 
  
    

 

Carbon Feedbacks in the Climate System 
Report from the Kick-off Workshop 

21 - 22 November 2016, Hamburg, Germany  

March 2017 WCRP Publication No.: 6/2017 
 

https://www.wcrp-climate.org/gc-carbon-feedbacks-documents 



GC-Carbon kick-off meeting 

Report from BGs 
–  Processes on Land 

•  CO2 fertilisation and role of nutrients 
•  Carbon turnover time and response to climate change 

–  Processes in the ocean 
•  Ocean mixing, stratification and carbon uptake 
•  Biological pump and carbon export 

–  Learning from existing records 
•  New ocean products for comprehensive spatio-temporal variability 
•  Synthesis of surface and satellite measurements as well as manipulative experiments 
•  Focus on interannual to decadal variability not just mean 

–  Improving projections 
•  Extended climate-carbon feedback framework 
•  Decadal prediction of the carbon cycle 



Planned activities (2017) 

Climate-carbon Feedback framework 
Current β/γ framework is scenario dependent, bases on 
global temperature only, ignores different time-scales, 
and regional responses. 
A workshop is proposed to develop an extended climate-
carbon cycle feedback framework.  
This workshop would bring together mathematicians, 
experts in climate feedbacks, the carbon cycle and Earth 
System feedbacks  
P. Cox (U. Exeter) and T. Froelicher (ETH) will co-
organize.  



Planned activities (2017) 

Decadal prediction of the carbon cycle 
Growing scientific interest in investigating interannual 
(land) to decadal (ocean) predictability of the carbon 
cycle. Potentially highly policy relevant (INDCs 
pledges) 
It is proposed to have initial discussions and a meeting 
between the global carbon (GC-Carbon, GCP) and the 
decadal (GC-NTCP, DCPP) communities to explore the 
feasibility, the scientific and potential societal interests in 
near term predictions of the carbon cycle.  



Planned activities (2018) 
Ocean physics and biogeochemistry 
A workshop is proposed on the ocean boundary layer and its 
impact on the carbon cycle focusing on mixing 
parameterizations in models, variation in stratification from 
data and projected trends with climate change. 
 
Ecosystems turnover time 
A focused meeting is proposed in order to provide robust 
observation-based estimates of vegetation and soil carbon 
fluxes, pools and turn-over times and to design a 14C global 
modelling framework for evaluation of land carbon dynamics.  



RESPONSES TO JSC-37 REQUESTS 



JSC requests to GC-Carbon 

Change title to clarify its focus 
– Done.  Title changed from “Biogeochemical cycles and 

climate change” to “Carbon feedbacks in the climate 
system” 



JSC requests to GC-Carbon 

Explicitly describe partnership with leading carbon 
community 
 

GC-Carbon SSC  
Tatiana Ilyina (C4MIP, SCOR/FeMIP, IOC GO2NE) 
Pierre Friedlingstein (GCP annual carbon budget, C4MIP) 
 
Laurent Bopp (IMBER, C4MIP) 
Philippe Ciais (GCP, annual carbon budget) 
Corinne Le Quéré (GCP, annual carbon budget) 
Gustaf Hugelius (Int’l Soil C network, Int’l Permafrost network) 
Pedro Monteiro (CLIVAR) 

 
 
 



JSC requests to GC-Carbon 

Explicitly describe partnership with leading carbon community 
 
In addition Kick off meeting had representatives from  
iLEAPS (A. Arneth) 
AIMES (P. Cox, V. Brovkin) 
LUMIP (V. Brovkin) 
WMO GAW (S. Houweling) 
SOCCOM (N. Gruber) 

 



JSC requests to GC-Carbon 

Develop and elaborate a management plan to emphasize policy 
relevance, and the relevance and future connection/challenge with 
physical science. 
•  Policy relevance 

–  WCRP View ahead document, Marotzke NatureCC (2017).  
Question 1: Where the carbon goes? 

–  IPCC AR5 “Cumulative emissions of CO2 largely determine 
global mean surface warming by the late 21st century and 
beyond.”. Concept of limited carbon budget is now been used 
worldwide 

 





JSC requests to GC-Carbon 

Develop and elaborate a management plan to emphasize 
policy relevance, and the relevance and future connection/
challenge with physical science. 
•  Physical sciences 

– Carbon cycle is controlled by physics both on land and in 
the ocean. Physical biases impact on the carbon cycle.  

– Carbon cycle controls physics (from local: e.g. vegetation 
phenology, transpiration; to global: atmospheric CO2) 

–  See KO meeting report. Several big questions are 
challenges for both carbon and physics. 



GC-Carbon related publications 
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Projected land photosynthesis constrained by 
changes in the seasonal cycle of atmospheric CO2
Sabrina Wenzel1, Peter M. Cox2, Veronika Eyring1 & Pierre Friedlingstein2

Uncertainties in the response of vegetation to rising atmospheric 
CO2 concentrations1,2 contribute to the large spread in projections 
of future climate change3,4. Climate–carbon cycle models generally 
agree that elevated atmospheric CO2 concentrations will enhance 
terrestrial gross primary productivity (GPP). However, the 
magnitude of this CO2 fertilization effect varies from a 20 per cent 
to a 60 per cent increase in GPP for a doubling of atmospheric 
CO2 concentrations in model studies5–7. Here we demonstrate 
emergent constraints8–11 on large-scale CO2 fertilization using 
observed changes in the amplitude of the atmospheric CO2 seasonal 
cycle that are thought to be the result of increasing terrestrial  
GPP12–14. Our comparison of atmospheric CO2 measurements 
from Point Barrow in Alaska and Cape Kumukahi in Hawaii with 
historical simulations of the latest climate–carbon cycle models 
demonstrates that the increase in the amplitude of the CO2 seasonal 
cycle at both measurement sites is consistent with increasing 
annual mean GPP, driven in part by climate warming, but with 
differences in CO2 fertilization controlling the spread among the 
model trends. As a result, the relationship between the amplitude 
of the CO2 seasonal cycle and the magnitude of CO2 fertilization of 
GPP is almost linear across the entire ensemble of models. When 
combined with the observed trends in the seasonal CO2 amplitude, 
these relationships lead to consistent emergent constraints on the 
CO2 fertilization of GPP. Overall, we estimate a GPP increase of 
37 ± 9 per cent for high-latitude ecosystems and 32 ± 9 per cent 
for extratropical ecosystems under a doubling of atmospheric CO2 
concentrations on the basis of the Point Barrow and Cape Kumukahi 
records, respectively.

The aim of this study is to reduce the uncertainty in projected 
large-scale GPP increases, on the basis of the observed trends in the 
CO2 amplitude at two measuring sites by applying an emergent con-
straint8–11. This method utilizes common relationships between observ-
ables, such as the CO2 seasonal cycle, and Earth system sensitivities, 
such as the CO2 fertilization of the terrestrial carbon sink, considering 
the full range of responses from an ensemble of complex Earth system 
models (ESMs).

It has been hypothesized that increasing GPP has been responsible 
for an observed increase in the amplitude of the CO2 seasonal cycle at 
Mauna Loa, Hawaii14, but the sensitivity of the seasonal cycle at this 
high-altitude site to variations in atmospheric circulation has prevented 
confirmation of this theory15. Some recent studies also suggest that 
variations in the Mauna Loa seasonal cycle are partly due to changing 
agriculture12,13. Here we instead analyse the observed changes in the 
amplitude of the CO2 seasonal cycle at Point Barrow, Alaska, a high- 
latitude station much less affected by mid-latitude agriculture, and at Cape 
Kumukahi, which is close to Mauna Loa but consists of ground-based 
measurements that are more directly comparable to the model outputs.

Between 1974 and 2013 the global mean atmospheric CO2 concen-
tration increased by about 75 p.p.m. by volume (p.p.m.v.) and therefore 
by about the same amount at Point Barrow (BRW: 71.3° N, 156.6° W), 

Alaska, and at Cape Kumukahi (KMK: 19.5° N, 155.6° W), Hawaii, 
(Extended Data Fig. 1). On top of this increasing CO2 trend, the uptake 
and release of carbon by the terrestrial biosphere throughout the  
year causes a seasonal cycle of CO2: high concentrations occur in the 
Northern Hemisphere winter when there is a net release of CO2 from 
the land due to the decomposition of organic matter in the soil, and 
lower values are observed in summer when Northern Hemisphere  
photosynthesis results in a drawdown of CO2 (ref. 16). A change in the rate of  
photosynthesis (for example, due to CO2 fertilization) or decomposition  
(due to temperature variability, for instance) will therefore change the 
amplitude of CO2 as measured in the atmosphere. In addition, changes 
in the phase lag between photosynthesis and decomposition, due to the 
effects of summer drying on photosynthesis or the effects of autumn 
warming on decomposition17, can also change the amplitude of the 
CO2 seasonal cycle.

The observed CO2 amplitude at BRW increased from about 
13 p.p.m.v. to 18 p.p.m.v. over the available observational record from 
1974 to 2013, and from about 8 p.p.m.v. to 9 p.p.m.v. over the length of 

1Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Physik der Atmosphäre, Oberpfaffenhofen, Germany. 2College of Engineering, Mathematics & Physical Sciences, University of 
Exeter, Exeter EX4 4QE, UK.
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Figure 1 | Comparison of CO2 seasonal amplitudes for CMIP5 historical 
simulations and observations. a, c, Annual mean atmospheric CO2 versus 
the amplitudes of the CO2 seasonal cycle at BRW (a) and KMK (c) for 
observations (black) and CMIP5 historical simulations (colours). Markers 
show the values for the individual years and the lines show the linear best 
fit for each model and for the observations. b, d, Histogram showing the 
corresponding gradient of the linear correlations for BRW (b) and KMK (d).  
Linear trends are derived for the period 1860–2005 from historical 
simulations for the models, for 1974–2013 for the BRW observations and 
for 1979–2015 for the KMK observations.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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0.13% ±  0.03% per p.p.m.v. for high latitudes and 0.11% ±  0.03% 
per p.p.m.v. for the extratropics), but with significantly reduced  
uncertainties. Models without nitrogen limitations span the full range 
of CO2 fertilization (20%–60%), whereas the current models that 
include nitrogen limitations appear to underestimate CO2 fertilization 
(20%–25%), especially for the extratropical domain. These emergent 
constraints therefore give a consistent picture of a substantial CO2-
fertilization effect and point to the need for further improvements in 
the treatment of nutrient limitations in ESMs.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Emergent constraints on the relative increase of large-scale 
GPP for a doubling of CO2. a, c, Correlations between the sensitivity of 
the CO2 amplitude to annual mean CO2 increases at BRW (x axis) and 
the high-latitude (60° N–90° N) CO2 fertilization on GPP at 2 ×  CO2 (a) 
and the same for KMK and extratropical (30° N–90° N) GPP (c). The grey 
shading shows the range of the observed sensitivity. The red line shows 
the linear best fit across the CMIP5 ensemble together with the prediction 
error (orange) and error bars show the standard deviation for each data 
point. b, d, The probability density histogram for the unconstrained CO2 
fertilization of GPP (black) and the conditional PDF arising from the 
emergent constraints (red) for BRW (b) and KMK (d).
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Projected land photosynthesis constrained by 
changes in the seasonal cycle of atmospheric CO2
Sabrina Wenzel1, Peter M. Cox2, Veronika Eyring1 & Pierre Friedlingstein2

Uncertainties in the response of vegetation to rising atmospheric 
CO2 concentrations1,2 contribute to the large spread in projections 
of future climate change3,4. Climate–carbon cycle models generally 
agree that elevated atmospheric CO2 concentrations will enhance 
terrestrial gross primary productivity (GPP). However, the 
magnitude of this CO2 fertilization effect varies from a 20 per cent 
to a 60 per cent increase in GPP for a doubling of atmospheric 
CO2 concentrations in model studies5–7. Here we demonstrate 
emergent constraints8–11 on large-scale CO2 fertilization using 
observed changes in the amplitude of the atmospheric CO2 seasonal 
cycle that are thought to be the result of increasing terrestrial  
GPP12–14. Our comparison of atmospheric CO2 measurements 
from Point Barrow in Alaska and Cape Kumukahi in Hawaii with 
historical simulations of the latest climate–carbon cycle models 
demonstrates that the increase in the amplitude of the CO2 seasonal 
cycle at both measurement sites is consistent with increasing 
annual mean GPP, driven in part by climate warming, but with 
differences in CO2 fertilization controlling the spread among the 
model trends. As a result, the relationship between the amplitude 
of the CO2 seasonal cycle and the magnitude of CO2 fertilization of 
GPP is almost linear across the entire ensemble of models. When 
combined with the observed trends in the seasonal CO2 amplitude, 
these relationships lead to consistent emergent constraints on the 
CO2 fertilization of GPP. Overall, we estimate a GPP increase of 
37 ± 9 per cent for high-latitude ecosystems and 32 ± 9 per cent 
for extratropical ecosystems under a doubling of atmospheric CO2 
concentrations on the basis of the Point Barrow and Cape Kumukahi 
records, respectively.

The aim of this study is to reduce the uncertainty in projected 
large-scale GPP increases, on the basis of the observed trends in the 
CO2 amplitude at two measuring sites by applying an emergent con-
straint8–11. This method utilizes common relationships between observ-
ables, such as the CO2 seasonal cycle, and Earth system sensitivities, 
such as the CO2 fertilization of the terrestrial carbon sink, considering 
the full range of responses from an ensemble of complex Earth system 
models (ESMs).

It has been hypothesized that increasing GPP has been responsible 
for an observed increase in the amplitude of the CO2 seasonal cycle at 
Mauna Loa, Hawaii14, but the sensitivity of the seasonal cycle at this 
high-altitude site to variations in atmospheric circulation has prevented 
confirmation of this theory15. Some recent studies also suggest that 
variations in the Mauna Loa seasonal cycle are partly due to changing 
agriculture12,13. Here we instead analyse the observed changes in the 
amplitude of the CO2 seasonal cycle at Point Barrow, Alaska, a high- 
latitude station much less affected by mid-latitude agriculture, and at Cape 
Kumukahi, which is close to Mauna Loa but consists of ground-based 
measurements that are more directly comparable to the model outputs.

Between 1974 and 2013 the global mean atmospheric CO2 concen-
tration increased by about 75 p.p.m. by volume (p.p.m.v.) and therefore 
by about the same amount at Point Barrow (BRW: 71.3° N, 156.6° W), 

Alaska, and at Cape Kumukahi (KMK: 19.5° N, 155.6° W), Hawaii, 
(Extended Data Fig. 1). On top of this increasing CO2 trend, the uptake 
and release of carbon by the terrestrial biosphere throughout the  
year causes a seasonal cycle of CO2: high concentrations occur in the 
Northern Hemisphere winter when there is a net release of CO2 from 
the land due to the decomposition of organic matter in the soil, and 
lower values are observed in summer when Northern Hemisphere  
photosynthesis results in a drawdown of CO2 (ref. 16). A change in the rate of  
photosynthesis (for example, due to CO2 fertilization) or decomposition  
(due to temperature variability, for instance) will therefore change the 
amplitude of CO2 as measured in the atmosphere. In addition, changes 
in the phase lag between photosynthesis and decomposition, due to the 
effects of summer drying on photosynthesis or the effects of autumn 
warming on decomposition17, can also change the amplitude of the 
CO2 seasonal cycle.

The observed CO2 amplitude at BRW increased from about 
13 p.p.m.v. to 18 p.p.m.v. over the available observational record from 
1974 to 2013, and from about 8 p.p.m.v. to 9 p.p.m.v. over the length of 

1Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Physik der Atmosphäre, Oberpfaffenhofen, Germany. 2College of Engineering, Mathematics & Physical Sciences, University of 
Exeter, Exeter EX4 4QE, UK.
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Figure 1 | Comparison of CO2 seasonal amplitudes for CMIP5 historical 
simulations and observations. a, c, Annual mean atmospheric CO2 versus 
the amplitudes of the CO2 seasonal cycle at BRW (a) and KMK (c) for 
observations (black) and CMIP5 historical simulations (colours). Markers 
show the values for the individual years and the lines show the linear best 
fit for each model and for the observations. b, d, Histogram showing the 
corresponding gradient of the linear correlations for BRW (b) and KMK (d).  
Linear trends are derived for the period 1860–2005 from historical 
simulations for the models, for 1974–2013 for the BRW observations and 
for 1979–2015 for the KMK observations.
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the KMK record (1979–present). To understand and interpret these 
changes, we make a comparison to ESM simulations that are available 
via the Coupled Model Intercomparison Project Phase 5 (CMIP5)18. 
We analyse seven ESMs that provided outputs from both a fully cou-
pled historical simulation forced with anthropogenic CO2 emissions 
for the period 1850–2005 and a biogeochemically (BGC) coupled 
simulation that excludes climate change effects and has a prescribed 
atmospheric CO2 concentration starting from a preindustrial value 
for 1850 of around 285 p.p.m.v. and then increasing at 1% per year 
until quadrupling (hereafter referred to as 1%BGC). The compa-
rison between the historical and 1%BGC runs provides information 
on the relative influence of CO2 fertilization and climate change  
on GPP.

Figure 1a, c compares the observed change in the amplitude of the 
seasonal CO2 cycle (black markers) to that simulated by each of the 
seven CMIP5 models in their historical simulations. For consistency 
with our subsequent analysis, we have plotted the CO2 amplitude  
against the annual mean CO2 at BRW and KMK. The models sim-
ulate the CO2 amplitudes under the present-day CO2 concentration 
(approximately 400 p.p.m.v.) over a range of 12–30 p.p.m.v. at BRW 
(Fig. 1a) and 3–13 p.p.m.v. at KMK (Fig. 1c). Most models simulate 
an increase in the CO2 amplitude over time, but the magnitude of this 
increase varies considerably from model to model, as shown by the 
linear regression lines in Fig. 1a, c.

Figure 1b, d compares the gradient of these linear regression lines. 
The observations (black bar) suggest an increase in the CO2 amplitude 
of about 0.05 p.p.m.v. per 1 p.p.m.v. increase in annual mean CO2 at 
BRW and 0.008 p.p.m.v. per 1 p.p.m.v. at KMK. The models show a 
large range in this gradient of about 0.02–0.11 p.p.m.v. per 1 p.p.m.v. 
at BRW and 0–0.04 p.p.m.v. per 1 p.p.m.v. at KMK. Models with major 
high-latitude vegetation greening (for example, HadGEM2-ES) give 
large increases in the CO2 amplitude, whereas models with strong 
nitrogen limitations on plant growth (CESM1-BGC, NorESM1-ME) 

typically show weaker or even slightly negative trends (Fig. 1d). Overall, 
weaker trends of around 0.02 p.p.m.v. per 1 p.p.m.v. are favoured by 
four out of the seven CMIP5 models at BRW (Fig. 1b).

The CO2 amplitude at BRW is well correlated with annual mean 
high-latitude GPP in each model, indicating that the dominant cause of 
the increasing amplitude is increasing GPP (Extended Data Fig. 2). The 
CMIP5 models agree reasonably well on the gradient of this relation-
ship (0.13–0.22 GtC yr−1 per p.p.m.v.), which suggests that the observed 
increase of 5 p.p.m.v. in the CO2 amplitude at BRW is consistent with an 
increase of 0.65–1.1 GtC yr−1 in high-latitude GPP from 1974 to 2013. 
Changes in the annual mean GPP in the 1%BGC simulations show a 
slightly smaller rate of increase with CO2, implying that high-latitude 
warming is adding to the increase in CO2 amplitude that is simulated 
in the historical runs (Extended Data Fig. 3). However, the simulated 
overall increase in the CO2 amplitude due to both climate change and 
CO2 increase (in the historical simulations) is nearly proportional  
to that due to CO2 fertilization alone (from the 1%BGC runs), as shown 
by the best-fit straight line in Extended Data Fig. 3. As a result, the 
simulated increase in the CO2 amplitude remains strongly correlated 
with the strength of the CO2 fertilization across the model ensemble. 
This opens up the possibility of an emergent constraint8–11 on CO2 
fertilization.

Figure 2 shows the extent of CO2 fertilization in these same models 
at the time of doubling of CO2 in the 1%BGC runs. The fractional 
increase in high-latitude (60° N–90° N) GPP due to the doubling of the 
CO2 concentrations in these models varies from 20% to 60%, with four 
of the seven models giving values of less than 25% (Fig. 2b). There is 
a clear similarity to the histograms showing the sensitivity of the CO2 
amplitude at BRW and KMK to CO2 (Fig. 1b, d).

The linear relationship between the CO2 fertilization effect on the CO2 
amplitude at BRW and the relative GPP increase at the time of CO2 dou-
bling for the CMIP5 models is shown in Fig. 3a, with a correlation coef-
ficient of r =  0.98 (P =  0.0005; for KMK r =  0.96, P =  0.0004). Models 
that simulate a large trend in the CO2 amplitude at BRW also predict  
a large high-latitude GPP increase in the future. The combination  
of the observed trend in the CO2 amplitude and this model-based  
linear relationship creates an emergent constraint8–11 on the magnitude 
of CO2 fertilization of large-scale high-latitude ecosystems in the real 
world. In the absence of this constraint, the prior probability density 
function (PDF) for the CMIP5 model spread is shown as the black  
histogram in Fig. 3b, implying a modal CO2 fertilization effect 
of a 20%–25% increase in GPP due to a doubling of CO2 at BRW. 
The observed range of the CO2 fertilization effect at BRW allows a  
conditional PDF to be calculated by convolving the probability contours 
around the best-fit straight line in Fig. 3a with the uncertainty in the 
observed changes of the BRW CO2 amplitude to annual mean CO2 
concentration10,11. This emergent constraint implies a reduced range of 
uncertainty for the CO2 fertilization effect for high-latitude land, with 
a central estimate of 37% ±  9% that is also higher than those suggested 
by the unweighted CMIP5 models.

We use the same method for the KMK data–model comparison 
(Fig. 3c, d), but in this case we compare the CO2 amplitude at KMK 
with the mean GPP in the entire extratropical Northern Hemisphere 
(30° N–90° N). We again find that the sensitivity of the CO2 amplitude 
to the annual mean CO2 has an approximately linear relationship with 
the magnitude of the CO2 fertilization of GPP (Fig. 3c). This provides 
an emergent constraint on the CO2 fertilization of extratropical GPP 
of 32% ±  9% due to doubling CO2, which overlaps with the estimate 
of CO2 fertilization that we derived for BRW (37% ±  9%), providing 
further evidence of robust constraints.

For comparison, the Free Air CO2 Enrichment (FACE) experi-
ments suggest an increase in net primary productivity of about 23% 
when averaged across four sites with approximately 1.5 times the pre- 
industrial CO2 concentration1, which is about 0.16% per p.p.m.v. Our 
larger-scale constraint therefore implies a similar central estimate of 
CO2 fertilization on large scales and in the future, (approximately 
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Figure 2 | Comparison of simulated annual mean GPP at a doubling of 
CO2 in the 1%BGC simulations. a, c, Annual global mean CO2 increase 
versus the annual mean GPP in the CMIP5 1%BGC simulations for high-
latitude (60° N–90° N) GPP (a) and extratropical (30° N–90° N) GPP (c).  
Markers show the values for the individual years and lines show the linear 
best fit for each model. b, d, Histogram showing the relative change in 
the high-latitude (b) and extratropical (d) GPP due to a doubling of 
atmospheric CO2 (see Methods).
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Accelerating net terrestrial carbon uptake during
the warming hiatus due to reduced respiration
Ashley Ballantyne1*, William Smith2, William Anderegg3, Pekka Kauppi4, Jorge Sarmiento5,
Pieter Tans6, Elena Shevliakova7, Yude Pan8, Benjamin Poulter9, Alessandro Anav10,
Pierre Friedlingstein10, Richard Houghton11 and Steven Running1

The recent ‘warming hiatus’ presents an excellent opportunity to investigate climate sensitivity of carbon cycle processes. Here
we combine satellite and atmospheric observations to show that the rate of net biome productivity (NBP) has significantly
accelerated from�0.007±0.065 PgC yr�2 over thewarming period (1982 to 1998) to 0.119±0.071 PgC yr�2 over thewarming
hiatus (1998–2012). This acceleration in NBP is not due to increased primary productivity, but rather reduced respiration that
is correlated (r = 0.58; P = 0.0007) and sensitive (� =4.05 to 9.40 PgC yr�1 per �C) to land temperatures. Global land
models do not fully capture this apparent reduced respiration over the warming hiatus; however, an empirical model including
soil temperature and moisture observations better captures the reduced respiration.

The terrestrial biosphere removes approximately one-quarter
of anthropogenic carbon (C) emissions from the atmosphere1;
however, considerable uncertainty in climate predictions

is due to poorly constrained terrestrial carbon cycle processes
that may lead to positive or negative carbon–climate feedbacks2.
Observations suggest that much of the variability in the global
C cycle arises from the terrestrial biosphere response to tropical
climate variability3–6. However, attributing this response to specific
terrestrial processes remains challenging because increased tropical
temperatures can suppress primary productivity7 and/or promote
respiration8, both of which reduce net terrestrial C uptake. Biases
have also been identified in the C cycle of Earth System Models
(ESMs) that may compromise their climate predictions5,9,10, but
diagnosing the specific C cycle processes contributing to these biases
is exceedingly di�cult. Thus, disentangling the climate sensitivity of
terrestrial productivity and respiration is imperative for advancing
our knowledge of global C cycle processes and their potential
feedbacks on future climate predictions2.

We combine atmospheric CO2 measurements with satellite
observations in a complementary way to isolate the main terrestrial
C cycle processes:

NBP=GPP�TER (1)

Net biome productivity (NBP) is estimated as the residual ter-
restrial carbon sink from atmospheric CO2 measurements, while
accounting for emissions from fossil fuels and land use, and ac-
counting for ocean C uptake. Gross primary productivity (GPP)

is approximated from satellite observations10 and total ecosystem
respiration (TER) is calculated as the di�erence, that is, GPP–NBP,
with each term being a positive number. Although there are numer-
ous C loss pathways from ecosystems11,12, the sum of autotrophic
respiration by plants, and heterotrophic respiration by microbes
(that is, TER) is the dominant C loss pathway at the global scale.
To estimate NBP uncertainty we use a novel ‘el camino’ approach
to simulate the spatial and temporal autocorrelation of errors in
atmospheric measurements and emissions, these simulations are
then combined to estimate C uptake uncertainty and statistics are
performed on all combinations of simulations13 (see Methods). By
separating NBP into its component processes of GPP and TER, we
can thus investigate how the climate sensitivity of these processes
has changed from the warming period (1982–1998) to the warming
hiatus (1998–2012)14,15.

Has net terrestrial C uptake changed during the warming
hiatus? The rate of land surface warming decreased from a signif-
icantly increasing trend of 0.031 ± 0.012 �Cyr�1 (Mann–Kendall,
P value = 0.0045) during the warming period to an insignificant
trend of 0.009 ± 0.008 �Cyr�1 (Mann–Kendall, P value = 0.235)
during the warming hiatus (Fig. 1a). This decadal change in the rate
of land surface warming has been accompanied by an acceleration
of NBP from �0.007 ± 0.065 (PgC yr�2 (median ± � ) during the
warming period to 0.119± 0.071 PgC yr�2 over the warming hiatus
(Fig. 1b). Furthermore, trend analyses that include simulated error
estimates show a significant increase in NBP trends during the
warming hiatus (two-tailed t-test; t-statistic= 5.39; P value< 0.01;
DF= 29), with 54% of the simulated trends in NBP negative during

1Department of Ecosystem and Conservation Science, University of Montana, 32 Campus Drive, Missoula, Montana 59801, USA. 2School of Natural
Resources and the Environment, University of Arizona, 1064 East Lowell Street, Tucson, Arizona 85721, USA. 3Department of Biology, University of Utah,
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Fluids Dynamics Laboratory, 201 Forrestal Road, Princeton, New Jersey 08540-6649, USA. 8US Department of Agriculture Forest Service, Newtown
Square, Pennsylvania 19073, USA. 9NASA Goddard Space Flight Center, Greenbelt, Maryland 20771, USA. 10College of Engineering, Mathematics and
Physical Sciences, University of Exeter, North Park Road, Exeter EX4 4QF, UK. 11Woods Hole Research Center, 149 Woods Hole Road, Falmouth,
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Figure 1 | Changes in trends of land surface temperatures and terrestrial C cycle processes over three decades. a–d, Land surface temperature
anomalies41–43 (a), net biome productivity (NBP; b)13, gross primary productivity (GPP; c)44, and total ecosystem respiration (TER ; d) are plotted with
uncertainty (1� ; shaded areas). Median trend lines from 4,500 simulations are plotted for the warming period from 1982 to 1998 (solid lines) and the
warming hiatus (blue window) from 1998 to 2012 (dashed lines). e–h, Density functions of trend anomalies normalized to the entire era of common
observation are plotted for temperature (e), NBP (f), GPP (g) and TER (h), where unfilled densities with solid lines represent trend anomalies over the
warming period and grey filled densities with dashed lines represent trend anomalies over the warming hiatus.

thewarming period and 96%of the simulated trends inNBPpositive
during the warming hiatus (Fig. 1f and Table 1). Thus, rates of
net terrestrial C uptake have clearly accelerated from the warming
period to the warming hiatus.

What terrestrial C cycle processes caused this increase in net
terrestrial C uptake during the warming hiatus? The acceleration
of NBP can be explained only by an increasing trend in C uptake
through GPP and/or a decreasing trend in C loss mainly through
TER. Trends in GPP estimated from satellite observations show
that GPP has actually levelled from 0.328 ± 0.602 PgC yr�2 during
the warming period to 0.042 ± 0.730 PgC yr�2 over the warming
hiatus (Fig. 1c). This levelling o� of GPP is still evident when
meteorological variables required to calculate GPP are held constant
or independent estimates of global GPP up-scaled from flux towers
are considered (Supplementary Fig. 3). Total respiration rates
appear to have decreased from 0.335 ± 0.605 PgC yr�2 during
the warming period, with 72% of the simulated trends positive,
to �0.077 ± 0.734 PgC yr�2 during the warming hiatus, with
54% of the simulated trends negative (Fig. 1h; P value < 0.01;
Table 1). Therefore, we conclude that the apparent acceleration
in net terrestrial C uptake over the warming hiatus is most
likely due to diminished respiratory losses rather than increased
photosynthetic gains.

What terrestrial C cycle processes are most sensitive to climate?
To diagnose climate sensitivity, we investigated the correlation
coe�cient and the slope (� ) of the relationship between terrestrial
C cycle processes and land temperature anomalies over the
last three decades. Our results indicate that land temperature
is significantly more correlated with TER than with GPP or
NBP (Supplementary Table 1). While there are no statistically
strong correlations between land temperature anomalies and NBP
(Supplementary Table 1), we see that �NBP is consistently negative
and varies between �2.92 PgC yr�1 per �C during the warming
period and �5.31 PgC yr�1 per �C during the warming hiatus,
suggesting that positive temperature anomalies at inter-annual
to decadal timescales tend to suppress net terrestrial C uptake
(Fig. 2a). In contrast, there are significant relationships between

land temperature and GPP over the entire period of observation
(r = 0.51; P value = 0.0035; DF = 30) and the warming period
(r = 0.55; P=0.0226; DF = 16), but not over the warming hiatus
(Supplementary Table 1). However, the climate sensitivity of GPP
has changed from positive �GPP = 6.48 PgC yr�1 per �C during the
warming period to slightly negative �GPP =�1.26 PgC yr�1 per �C
during the warming hiatus (Fig. 2b). A strong correlation is
observed between TER and land temperature anomalies (r=0.57;
P=0.0007; DF = 30) and this relationship is even stronger
during the warming period (r = 0.73; P = 0.0009; DF = 16),
but becomes insignificant during the warming hiatus (r = 0.32;
P=0.24; DF = 14) (Supplementary Table 1). While the correlation
coe�cients are not statistically distinguishable between these
periods, the temperature sensitivity of total respiration (that is,
�TER) is consistently positive from the warming period 9.40 PgC yr�1

per �C through the warming hiatus 4.05 PgC yr�1 per �C, indicating
a strong and persistent positive terrestrial respiration response to
warm temperature anomalies (Fig. 2c). These findings suggest that
total ecosystem respiration is more sensitive to inter-annual to
decadal scale temperature variability than primary productivity at
the global scale and thus is likely to be the dominant process
explaining much of the observed temperature sensitivity of the
global C cycle5.

How well do global land surface models perform at simulating
terrestrial ecosystem respiration? Comparisons of total respiration
estimated from observations with total respiration simulated by
models of varying complexity reveal key di�erences that may
help improve models (Fig. 3a). Our analysis revealed a significant
decrease in cumulative change in TER between the warming period
and the warming hiatus (Fig. 3b). The TRENDY ensemble of
dynamic global vegetation models (DGVMs) that use historical
climate data to calculate TER16 also show a significant decrease in
cumulative respiration change over the warming hiatus (Fig. 3b),
albeit not as pronounced as our TER estimates. In contrast, the
Coupled Model Intercomparison Project (CMIP5)17 simulations, in
which respiration is calculated from prognostic climate variables,
actually show a slight increase in cumulative TER over the warming
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Table 1 |Trend statistics for processes in the global C cycle and their change during the warming period and warming hiatus.

Period of common observations (1982–2012) Warming period (1982–1998) Warming hiatus (1998–2012)

Trend (PgC yr�2) P values Trend (PgC yr�2) s.d. Trend (PgC yr�2) s.d.
GPP 0.136† 0.006 0.328 ±0.602 0.042 ±0.730
NBP⇤ 0.026† 0.010 �0.007 ±0.065 0.119† ±0.071
TER 0.110† 0.005 0.335 ±0.605 �0.077† ±0.734
Reported are Mann–Kendall trend statistics and their Sen’s slopes with standard deviations for gross primary productivity (GPP), net biome productivity (NBP), and total ecosystem respiration (TER).
Trend statistics are calculated from 4,500 simulations with error of GPP, NBP and TER; median values of trend statistics are reported for the period of common of observation (1982–2012), the warming
period (1982–1998), and the warming hiatus (1998–2012). ⇤Trend statistics for NBP are reported for the entire period of direct atmospheric observations (1959–2012). Processes with significant Sen’s
slopes are indicated by ‘†0 . Significant di�erences in trends are indicated in bold where NBP shows a significant increase during the warming hiatus (two-tailed; t-statistic = 5.39; P value < 0.01;
DF = 29), GPP shows no significant increase (one-tailed; t-statistic = 1.19; P value > 0.10; DF = 27), and TER shows a significant decrease (one-tailed; t-statistic = 1.80; P value < 0.05; DF = 27).
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Figure 2 | Climate sensitivity of terrestrial carbon cycle processes over the
last three decades. a, Plot showing net biome productivity (NBP), where
�NBP represents the temperature sensitivity of NBP over the warming
period (red) and the warming hiatus (blue). b, Plot showing gross primary
productivity (GPP), where �GPP represents the temperature sensitivity of
GPP over the warming period (red) and the warming hiatus (blue). c, Plot
showing terrestrial ecosystem respiration (TER), where �GPP represents the
temperature sensitivity of TER over the warming period (red) and the
warming hiatus (blue). Open circles represent median values of 4,500
simulations of carbon cycle process and median annual values from 3
di�erent land temperature records42,43,45 over the warming period (red
open circles) and the warming hiatus (blue open circles including 1998).
Transparent confidence intervals (±1 � ) are plotted around carbon cycle
temperature sensitivity slopes.

hiatus (Fig. 3b). The fact that suppressed respiration rates over
the warming hiatus were simulated by DGVMs but not accurately
simulated by ESMs suggests that the temperature sensitivity of
respiration may be fairly well represented in land surface models
but that the inability of ESMs to capture quasi-decadal temperature
variability15 may lead to biases in predictions of net terrestrial C
mass balance on decadal timescales.

The DGVM simulations do show suppressed cumulative
respiration over the warming hiatus; however, they do not show
the slight decline evident in our TER estimates. This suggests that
environmental factors important in regulating respiration may
not be properly included in DGVM simulations. In fact, DGVM
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Figure 3 | Total respiration estimated from observations and simulated
frommodels. a, Z-scores of total respiration calculated from observations
(red solid line) and total respiration predicted empirically from global soil
moisture and temperature data sets (red dashed line), compared with nine
CMIP5 simulations (thin black lines), seven dynamic global vegetation
TRENDY simulations (thin blue lines), and thick mean lines. b, Cumulative
change in total respiration for the warming period (1984 through 1998) and
the warming hiatus (1998 through 2012), where all estimates are
normalized to comparable 15-year intervals and normalized to mean values
at the start of each interval. A significant decrease in cumulative total
respiration occurred for observed estimates (⇤red bars; t-statistic = 17.3;
P value = 0.0065; DF = 26) and modelled estimates from the TRENDY
ensemble (⇤⇤blue bars, t-statistic = 2.9; P value = 0.0258; DF = 6),
whereas no significant change in CMIP5 ensemble simulations occurred
(P value = 0.6306; t-statistic = 0.5; DF = 8). Error bars represent
bootstrapped standard deviations for model simulations and the standard
error across estimates from observations, with simulated error (N=4,500).

simulations of TER show strong correlations with temperature
in most regions of the globe (Supplementary Fig. 8a), suggesting
that DGVM simulations of TER are perhaps overly sensitive to
temperature, especially in the tropics (Supplementary Fig. 8b),
and not sensitive enough to other environmental variables known
to control respiration18. While DGVMs show a fairly consistent
TER response to changes in carbon supply through GPP and
temperature, they tend to di�er in their sensitivity of TER to
soil moisture19, which is a prognostic variable in DGVMs. To
diagnose the sensitivity of TER to C supply, soil temperature and
soil moisture, we adapted an empirical model of soil respiration to
the global scale (see Methods). If we consider the well-established
model of soil respiration (Rs)8 as a function of soil C and soil
temperature (Methods Rtemp

s (equation (4))), we see a fairly strong
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