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First, AR5 did not fully quantify all components of the historical global carbon budget, critically missing an 
independent assessment of the land carbon sink. Only four components (fossil fuel and industrial emissions, 
land-use change emissions, atmospheric increase and ocean uptake) were estimated from models and 
observations. The fifth term, the land carbon sink was deduced as the residual of the global carbon budget. 
This is a major limitation as it precludes the opportunity to test our understanding of the carbon cycle. In 
CCiCC we will develop a comprehensive global carbon budget (complemented by original oxygen and 13C 
budgets), where each component is estimated independently. The carbon imbalance, i.e. the difference 
between carbon sources (anthropogenic emissions) and sinks (atmosphere, land and ocean), represents a 
measure of the gap in our understanding of the global carbon cycle, which we will work to eliminate3. 
Further understanding of key carbon cycle processes is necessary for reducing uncertainty in climate 
projections and predictions. 
Second, our current partial understanding of the global carbon cycle limits our capability to detect and 
attribute near-term changes in atmospheric CO2, and therefore to correctly attribute such changes to the 
expected response to anthropogenic emissions mitigation or to internal natural variability of the carbon-
climate system (Figure 1a)4. AR5 near-term climate predictions only focused on the climate response over 
the coming decades, assuming atmospheric CO2 follows the Representative Concentration Pathways RCP4.5 
scenario, hardly relevant to the Paris Agreement LTTG. CCiCC will develop tools and methods to predict 
the evolution of the carbon cycle over the coming decade in both atmospheric CO2 and climate, assuming 
anthropogenic emissions follow the United Nations Framework Convention on Climate Change (UNFCCC) 
Nationally determined contributions (NDCs). This new knowledge will facilitate verification of near-term 
emission trends, and provide policy-relevant analysis for the UNFCCC global stocktakes, quantifying the 
impact of emission reductions on CO2 concentrations, which will be essential to inform decisions regarding 
increased ambition. CCiCC will also develop new physically based approaches to relating CO2 emissions 
and non-CO2 climate drivers, developing the concept of “CO2-forcing-equivalent”, allowing non-CO2 forcing 
agents to be incorporated into emission budgets. 
 
 
 
 
 
 
 
 
 
 

 
Third, AR5 provided an assessment of the Transient Climate Response to Cumulative Carbon Emissions 
(TCRE) with such a large uncertainty as to limit its utility in policy decisions. TCRE is a new Earth system 
metric that quantifies the carbon emissions consistent with a given climate target5. TCRE directly links CO2 
emissions to global warming, as opposed to TCR, the transient climate response, that quantifies the global 
warming for a theoretical doubling of CO2 concentration. AR5 assessed that “limiting the warming with a 
66% probability to less than 2°C will require cumulative CO2 emissions to stay below about 790 GtC” (solid 
red arrow Fig. 1b). However, the individual model estimates ranged between about 650 and 1350 GtC, due to 
large uncertainties in climate and carbon feedbacks (dashed red lines Fig. 1b). As important, these estimates 
were based on the RCP8.5 scenario. For ambitious mitigation scenarios, with potentially negative emissions, 
even the sign of the land and ocean carbon feedback is essentially unknown. Reduced uncertainty in the 

Figure 1 (left) Uncertainty on near-term carbon budget. Atmospheric CO2 growth rate (black) vs. simulated 
growth rate from modelled carbon sinks (grey). The grey zones in the future illustrate the lack of 
predictability. It would take about 10 years to detect a 1%/year change in emissions growth rate (ref 4). 
Figure 1 (right) Uncertainty on long-term carbon budget. Global warming as a function of cumulative CO2 
emissions for 1%/year CO2 increase (grey) and RCP (colour) scenarios. Red arrow shows likely cumulative 
emissions to remain below 2°C, dashed lines represent the uncertainty in this estimate (adapted from ref 1). 
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and carbon cycle models with a probability 
of 68% (Fig. 2). This detection delay is too 
long to inform the stocktake of the Paris 
Agreement, which occurs every five years.

Steps to reduce key uncertainties
A step-change in our ability to understand 
and quantify the inter-annual to decadal 
variability in emissions and sinks of CO2 is 
needed before reported emissions can be 
challenged by Earth system observations. 
On top of continuous atmospheric 
measurements essential for verification, we 
propose several ways to better constrain each 
component of the global carbon budget.

Emissions from fossil fuels and industry. 
Global fossil fuel and industry emissions are 
the sum of those countries with declining 
emissions (for example, US and Europe) and 
those countries with rising emissions (for 
example, China and India), indicating the 

importance of tracking country level changes10.  
They are also the sum of the declines in 
coal use, growth in oil and natural gas 
use, and the growth in renewables which 
displaces some fossil fuel use, indicating the 
importance of tracking changes in the energy 
system9,10. Economic growth and new policies 
will play an important role in determining 
short-term emission pathways10. Emission 
uncertainty persists at the country level11, 
limiting our ability to accurately understand 
emission trends and drivers10. Considerable 
improvements are needed in estimating 
recent emission trends and their drivers, 
particularly in rapidly emerging economies 
and developing countries. High-precision 
measurements of 14CO2 could quantify, 
objectively and transparently, the contribution 
of fossil and biogenic CO2 sources12.

Emissions from land-use change. Whereas 
emissions from land-use change are only 

about 10% of the global anthropogenic 
total, land-use change emissions are highly 
uncertain3. The two dominant fluxes that 
make up the net flux from land-use change 
are emissions from land clearing and 
sinks from regrowth, such as afforestation, 
reforestation, land abandonment and 
shifting cultivation practices13. Major 
improvements in emission estimates will 
come from better estimates of standing 
biomass carbon and changes in carbon 
density across landscapes that include land 
degradation and disturbances currently 
poorly understood or not captured, and from 
better quantification of emissions associated 
with land management such as harvesting, 
afforestation, and shifting cultivation13,14.

Land sink. Variability in the land sink 
is estimated from terrestrial ecosystem 
models driven by observed changes in 
environmental conditions. However, 
understanding of the land sink is limited 
by the lack of spatially explicit observations 
of changes in carbon in vegetation and 
soils13. Major improvements can come 
from systematic benchmarking of these 
models against the increasing availability 
of observations of key components of 
the biosphere (for example, biomass, 
productivity, and leaf area), and also 
taking advantage of emerging constraints 
from atmospheric CO2 data to reduce 
uncertainties in the sensitivity of fluxes to 
climate variability, CO2, and nutrients15,16.

Ocean sink. Our understanding of the 
ocean sink is limited primarily by the 
insufficiency of physical, chemical and 
biological observations that would allow for 
quantitative understanding of the causes of 
inter-annual to decadal variability17–19. To 
reduce the uncertainty in the ocean sink 
and quantify its variability sufficiently so 
as to make a material contribution to the 
five-year-or-less detection goal, two types 
of observations are critical: an optimized 
system of long-term, sustained observations 
to directly monitor the ocean carbon sink, 
and targeted field studies that elucidate 
critical processes driving inter-annual to 
decadal variability. These observations will 
allow both for direct estimation of the sink 
and support improvements in model-based 
estimates.

Now that we see signs of a sustained 
change in emission trajectory away 
from the high growth rates of the 
first decade of this millennium, 
independent verification of global 
emissions takes on a new imperative. 
Providing independent verification in 
the context of the Paris Agreement, with 
its global stocktake every five years, 

Fig. 2 | Our current ability to detect sustained changes in CO2 emissions based on atmospheric CO2 
observations. Observations show a large inter-annual to decadal variability (black), which can be only 
partially reconstructed through the global carbon budget (grey; growth rate diagnosed by difference 
between estimated fossil fuel and industry emissions, and the simulated land and ocean sinks3). Our 
limited ability to fully reproduce the observed variability is quantified through the budget imbalance3 
(the difference between the black and grey lines). The budget imbalance has zero mean over the  
1959–2016 period, but the standard deviation (3 GtCO2 per year) is used here to illustrate variability 
and our current detection delay (grey bands). If CO2 emissions stay flat for the next decades (green; 0% 
annual growth), then it may take 10 years before the estimated atmospheric concentrations would exceed the 
budget imbalance with a probability of 68% or more (and therefore could be detected) compared to a pathway 
of atmospheric concentrations consistent with growth in CO2 emissions (orange, 1% per year similar to the 
emission pledges submitted to the Paris Agreement). This delay increases to 20 years for a 95% probability. If 
emissions declined faster than expected (blue, –1% per year), then a more marked change in atmospheric growth 
would be expected, and a much earlier detection.
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AR5 WG1 SPM:
“Based on ESMs, there is

high confidence that the
feedback between climate

and the carbon cycle is

positive in the 21st century.”

Uncertainty in carbon cycle projections (>300 ppm) is comparable to differences 

across socio-economic scenarios.  

RCP8.5

> 
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0 
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CMIP5
• >40 climate models (AOGCM)

• 10 ESMs (i.e. with BGC components)



GC: Carbon Feedbacks in the Climate System 

Objective: to understand how biogeochemical cycles and feedbacks 
control CO2 concentrations and impact on the climate system
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GC: Carbon Feedbacks in 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)? 

Objective: to understand how biogeochemical cycles and feedbacks 
control CO2 concentrations and impact on the climate system

Ilyina T. and Friedlingstein P. 2016: White Paper on WCRP Grand Challenge



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
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What are the drivers of the land ocean carbon sink? 

Ocean: key mechanisms are identified, but with large uncertainties regarding 
their strength and multi-year variability

Landschützer et al., Science, 2015

Observations

Southern Ocean is responsible for about half 
of the ocean carbon sink and dominates its 
multi-year variability



What are the drivers of the land ocean carbon sink? 

Ocean: key mechanisms are identified, but with large uncertainties regarding 
their strength and multi-year variability

Landschützer et al., Science, 2015

Observations

Li and Ilyina, submitted

ensemble mean

observations
and their uncertainty

100 members MPI-ESM
members with strongest 
increasing/decreasing trends

MPI-ESM (note reversed y-axis)

Southern Ocean is responsible for about half 
of the ocean carbon sink and dominates its 
multi-year variability

Hongmei Li and Ilyina GRL 2018

Poor understanding of origins of variability, 
e.g. due to uncertain relative contribution of 
biological vs. physical processes



24 C. Le Quéré et al.: Global Carbon Budget 2018

Figure 6. CO2 exchanges between the atmosphere and the terres-
trial biosphere as used in the global carbon budget (black with ±1�

uncertainty in grey shading), for (a) CO2 emissions from land-use
change (ELUC), also individually showing the two bookkeeping
models (two brown lines) and the DGVM model results (green)
and their multi-model mean (dark green). The dashed line identi-
fies the pre-satellite period before the inclusion of peatland burn-
ing. (b) Land CO2 sink (SLAND) with individual DGVMs (green);
(c) total land CO2 fluxes (b–a) TS10 with individual DGVMs
(green) and their multi-model mean (dark green).

Figure 7. Comparison of the anthropogenic atmosphere–ocean
CO2 flux showing the budget values of SOCEAN (black; with ±1�

uncertainty in grey shading), individual ocean models (blue), and
the two ocean pCO2-based flux products (dark blue; see Table 4).
Both pCO2-based flux products were adjusted for the pre-industrial
ocean source of CO2 from river input to the ocean, which is not
present in the ocean models, by adding a sink of 0.78 GtC yr�1 (Re-
splandy et al., 2018), to make them comparable to SOCEAN. This
adjustment does not take into account the anthropogenic contribu-
tion to river fluxes (see Sect. 2.7.3).

3.2 Global carbon budget for the last decade

(2008–2017)

The global carbon budget averaged over the last decade
(2008–2017) is shown in Figs. 2 and 9. For this time period,
87 % of the total emissions (EFF + ELUC) were from fossil 5

CO2 emissions (EFF) and 13 % were from land-use change
(ELUC). The total emissions were partitioned among the at-
mosphere (44 %), ocean (22 %), and land (29 %), with a re-
maining unattributed budget imbalance (5 %).

3.2.1 CO2 emissions 10

Global fossil CO2 emissions grew at a rate of 1.5 % yr�1 for
the last decade (2008–2017). China’s emissions increased
by +3.0 % yr�1 on average (increasing by +0.64 GtC yr�1

during the 10-year period), dominating the global trends,
followed by India’s emissions increase by +5.2 % yr�1 (in- 15

creasing by +0.25 GtC yr�1), while emissions decreased in
the EU28 by �1.8 % yr�1 (decreasing by �0.17 GtC yr�1),
and in the US by 0.9 % yr�1 (decreasing by �0.18 GtC yr�1).
In the past decade, fossil CO2 emissions decreased signifi-
cantly (at the 95 % level) in 25 countries: Aruba, Barbados, 20

Croatia, Czech Republic, North Korea, Denmark, France,
Greece, Greenland, Iceland, Ireland, Malta, the Netherlands,
Romania, Slovakia, Slovenia, Sweden, Switzerland, Syria,
Trinidad and Tobago, Ukraine, the United Kingdom, the US,
Uzbekistan, and Venezuela. Notable was Germany, whose 25

emissions did not decrease significantly.

Earth Syst. Sci. Data, 10, 1–53, 2018 www.earth-syst-sci-data.net/10/1/2018/

Land: the main barriers relate to understanding of the actual processes 
driving the sinks 

LeQuéré et al., ESSD, 2018 Zaehle et al., New Phyt., 2014

Fair global agreement between land carbon models 
and estimate from global carbon budget

But large uncertainty at the process level, 
e.g. plant response to CO2 increase

considered the past land use, as well as the historic evolution of
atmospheric CO2 concentration and N deposition, and site-spe-
cific meteorological driver data from during the FACE experi-
ments were used throughout the spin-up. The forest vegetation
of the plots was initialized such that the forests had the correct
age and structure, as far as considered by the model, at the begin-
ning of the eCO2 treatment. Details of the spin-up phase varied
among models because of differences in model structure (A. P.
Walker et al., unpublished). Inherently different assumptions of
the models regarding soil C residence times and ecosystem N loss
rates, as well as pre-FACE grassland productivity and N fixation,
led to a notable spread in the initial amounts of modelled C and
N pools, net N mineralization rates and thus NPP, despite the
common initialization protocol.

Model outputs were provided at hourly or daily time steps, as
appropriate. These outputs contained estimates of the various C,
N and water fluxes and pools.

Results

Overall response to eCO2

Observed ambient NPP and inferred fNup at Duke FACE were
both slightly larger than at ORNL FACE (Figs 2, 3a,b), implying
that the whole-plant NUE was similar between the sites (Fig. 4)
at 121! 2 g C g"1 N in the ambient plots (1997–2005 mean)
for Duke FACE and 129! 13 g C g"1 N at ORNL. This simi-
larity between sites is in contrast with an earlier study (Finzi
et al., 2007), because the corrections in biomass estimates by
McCarthy et al. (2010) resulted in a downward adjustment in the
estimate of NUE at Duke Forest.

The interquartile range of the model ensemble included the
observed ambient NPP at both sites. However, there was

significant spread across the models, resulting to a large extent
from different model spin-ups, which led to different levels of N
constraints on plant production. Only a few of the models
(GDAY, OCN) captured the decline in NPP in the ORNL
ambient plots related to declining soil N availability over the
course of the experiment (Norby et al., 2010; Garten et al.,
2011). Although the models, on average, matched the inferred,
observation-based fNup at Duke Forest, they overestimated
fNup at ORNL (Fig. 3). On average, the models slightly underes-
timated NUE at Duke and more strongly at ORNL FACE
(Fig. 4). The primary cause for the underestimation was a high
bias in the simulation of the fractional (C) allocation to fine roots
at both sites (M. G. De Kauwe et al., unpublished). At ORNL
FACE, this difference was accentuated by higher modelled than
observed N concentration of the fine roots (average 1.4% mod-
elled vs 0.7% observed).

Elevated CO2 increased NPP in the initial (first) year of the
experiments by 25! 9% and 25! 1% at Duke and ORNL
FACE, respectively, according to the measurements (Figs 2c,d,
5a,b). Most models simulated an initial (first year) increase in
NPP as a result of eCO2 that was close to the observations. Nota-
ble exceptions were CABLE and CLM4, which systematically
underestimated the initial response at both sites, as well as
EALCO and ISAM, which overestimated the response for Duke
FACE (Fig. 5a,b). Nonetheless, no model simulated the underly-
ing changes in fNup and NUE correctly for both sites. At Duke
Forest, according to the measurements, the increase in NPP was
associated with a strong increase in fNup. The models generally
underestimated the observed increase in fNup and overestimated
the increase in NUE. At ORNL, according to the measurements,
the initial increase in NPP was associated with nearly equal
increases of fNup and NUE (Fig. 5). Some models simulated a
change in NUE in agreement with the observations (DAYCENT,
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What are the drivers of the land ocean carbon sink? 

Individual models



What is the potential for amplification of climate change over 
the 21st century via climate-carbon cycle feedbacks? 

Ocean: How changes in climate, ocean circulation, and biogeochemical mechanisms 
will affect the ocean’s capacity to sequester carbon?

Since many ocean models do not reliably
simulate the seasonal phase and amplitude
of air-sea CO2 fluxes [Jiang et al., 2014;
Majkut et al., 2014], we performed a sensitivity
test in which the CMIP5 CO2 fluxes were
replaced with climatological CO2 fluxes
[Takahashi et al., 2009]. The resulting
APOTaka seasonal cycles show a clearer inter-
model spread, with APOobs tending to fall
somewhere between IPSL and CESM and
the GFDL models (Figures 1b, 1d, and 1f
and S1, right). These results illustrate that
APOmodel is sensitive to the air-sea CO2 flux
component, as discussed further below.

3.2. Present and Future APO and the
Southern Ocean Carbon Sink

The four top-performing models (CESM,
ESM2M, ESM2G, and IPSL) with respect to
the APOmodel seasonal cycle at SPO predict

a present-day carbon sink of 0.75 ± 0.2 Pg C/yr in the Southern Ocean (defined from 35°S–75°S). In compar-
ison, the full eight CMIP5 model set predicts a larger uptake of 0.92 ± 0.3 Pg C/yr. The two models (MPI-ESM
and NorESM1) that predict the largest Southern Ocean carbon uptake (1.3 Pg C/yr) are the least consistent
with the observed seasonal cycle in APO (Figure 2). These results hold when plotting the CMIP5 carbon sink
against either the phase or amplitude of the APO seasonal cycle.

The present-day CMIP5 Southern Ocean carbon sink is a statistically significant predictor (R=0.85, p=0.008)
of the future Southern Ocean carbon sink in 2100 projected under RCP8.5 (Figure 3). Among CESM, ESM2M,
and ESM2G, the three top-performing models with respect to present-day APO seasonal phasing, the mean
future Southern Ocean sink circa 2100 under RCP8.5 is 2.0 ± 0.1 Pg C/yr. In contrast, the mean future sink pro-
jected by MPI-ESM, NorESM1, and HadGEM2 (models that perform less well with respect to present-day APO)
is 2.6 ± 0.2 Pg C/yr. However, IPSL, the top-performing model on APO amplitude, also projects a relatively
large future sink of 2.8 Pg C/yr.

While the CMIP5 models forecast large changes in the future Southern Ocean carbon sink, they project little
change in the O2 or N2 components of the APO seasonal cycle under RCP8.5 (Figure S2) The GFDL models
project the largest decrease in the O2 seasonal amplitude, but this corresponds to only a!8% change relative
to the present day. In all models, there is little change in the O2 cycle phasing. The lack of strong changes in
the O2 component may reflect future productivity increases in some regions of the Southern Ocean but
decreases in others [Steinacher et al., 2010; Bopp et al., 2013].

In contrast to the O2 component, many models project large changes in the phase and amplitude of the
oceanic CO2 flux component, which in turn has a substantial impact on APO. These models project a break-
down in carbonate buffering as the ocean acidifies, with an associated decrease in the timescale of air-sea
CO2 exchange [Doney et al., 2009; Hauck and Völker, 2015]. However, as discussed below, the models projecting
the strongest amplification of the oceanic CO2 seasonal cycle in the future (Figure S2) are those that exaggerate
the seasonal cycle in present-day surface ocean pCO2 relative to observations.

3.3. Seasonality in CO2 Fluxes and Relevance to APO and the Carbon Sink

As shown in Figures 1 and S1, the model APO seasonal cycle is sensitive to the CMIP5 air-sea CO2 fluxes. In
some models with small O2/N2 seasonal amplitudes (IPSL and MRI), the oceanic CO2 term is in phase with
O2/N2 and thus acts to increase APO (Figure S3). Conversely, in models with large O2/N2 seasonal amplitudes
(MPI-ESM, NorESM1, and HadGEM2), the oceanic CO2 seasonal cycle is also large and out of phase with O2/N2,
acting to decrease APO (Figure S3). The net effect leads to convergence in the APO amplitude among the
models, despite large differences in underlying CO2 and O2 components. As discussed below, the CMIP5

Figure 3. Annual mean CO2 uptake in the Southern Ocean integrated
over 75°S–35°S for 8 CMIP5models, comparing present-day 1997–2004
results and 2092–2099 projections under the RCP8.5 scenario.

Geophysical Research Letters 10.1002/2015GL067584

NEVISON ET AL. CMIP5 APO AND SOUTHERN OCEAN CARBON FLUX 2081

Nevison et al, GRL, 2016

ESMs with overestimated seasonal C-uptake
project larger future C-uptake in the South. Ocean



What is the potential for amplification of climate change over 
the 21st century via climate-carbon cycle feedbacks? 

Ocean: How changes in climate, ocean circulation, and biogeochemical mechanisms 
will affect the ocean’s capacity to sequester carbon?

Ito et al., GRL, 2015

Decreasing buoyancy driven 
carbon storage in the Southern 
Ocean

Increasing biology driven S.O. 
carbon storage

MITgcm RCP8.5

Since many ocean models do not reliably
simulate the seasonal phase and amplitude
of air-sea CO2 fluxes [Jiang et al., 2014;
Majkut et al., 2014], we performed a sensitivity
test in which the CMIP5 CO2 fluxes were
replaced with climatological CO2 fluxes
[Takahashi et al., 2009]. The resulting
APOTaka seasonal cycles show a clearer inter-
model spread, with APOobs tending to fall
somewhere between IPSL and CESM and
the GFDL models (Figures 1b, 1d, and 1f
and S1, right). These results illustrate that
APOmodel is sensitive to the air-sea CO2 flux
component, as discussed further below.

3.2. Present and Future APO and the
Southern Ocean Carbon Sink

The four top-performing models (CESM,
ESM2M, ESM2G, and IPSL) with respect to
the APOmodel seasonal cycle at SPO predict

a present-day carbon sink of 0.75 ± 0.2 Pg C/yr in the Southern Ocean (defined from 35°S–75°S). In compar-
ison, the full eight CMIP5 model set predicts a larger uptake of 0.92 ± 0.3 Pg C/yr. The two models (MPI-ESM
and NorESM1) that predict the largest Southern Ocean carbon uptake (1.3 Pg C/yr) are the least consistent
with the observed seasonal cycle in APO (Figure 2). These results hold when plotting the CMIP5 carbon sink
against either the phase or amplitude of the APO seasonal cycle.

The present-day CMIP5 Southern Ocean carbon sink is a statistically significant predictor (R=0.85, p=0.008)
of the future Southern Ocean carbon sink in 2100 projected under RCP8.5 (Figure 3). Among CESM, ESM2M,
and ESM2G, the three top-performing models with respect to present-day APO seasonal phasing, the mean
future Southern Ocean sink circa 2100 under RCP8.5 is 2.0 ± 0.1 Pg C/yr. In contrast, the mean future sink pro-
jected by MPI-ESM, NorESM1, and HadGEM2 (models that perform less well with respect to present-day APO)
is 2.6 ± 0.2 Pg C/yr. However, IPSL, the top-performing model on APO amplitude, also projects a relatively
large future sink of 2.8 Pg C/yr.

While the CMIP5 models forecast large changes in the future Southern Ocean carbon sink, they project little
change in the O2 or N2 components of the APO seasonal cycle under RCP8.5 (Figure S2) The GFDL models
project the largest decrease in the O2 seasonal amplitude, but this corresponds to only a!8% change relative
to the present day. In all models, there is little change in the O2 cycle phasing. The lack of strong changes in
the O2 component may reflect future productivity increases in some regions of the Southern Ocean but
decreases in others [Steinacher et al., 2010; Bopp et al., 2013].

In contrast to the O2 component, many models project large changes in the phase and amplitude of the
oceanic CO2 flux component, which in turn has a substantial impact on APO. These models project a break-
down in carbonate buffering as the ocean acidifies, with an associated decrease in the timescale of air-sea
CO2 exchange [Doney et al., 2009; Hauck and Völker, 2015]. However, as discussed below, the models projecting
the strongest amplification of the oceanic CO2 seasonal cycle in the future (Figure S2) are those that exaggerate
the seasonal cycle in present-day surface ocean pCO2 relative to observations.

3.3. Seasonality in CO2 Fluxes and Relevance to APO and the Carbon Sink

As shown in Figures 1 and S1, the model APO seasonal cycle is sensitive to the CMIP5 air-sea CO2 fluxes. In
some models with small O2/N2 seasonal amplitudes (IPSL and MRI), the oceanic CO2 term is in phase with
O2/N2 and thus acts to increase APO (Figure S3). Conversely, in models with large O2/N2 seasonal amplitudes
(MPI-ESM, NorESM1, and HadGEM2), the oceanic CO2 seasonal cycle is also large and out of phase with O2/N2,
acting to decrease APO (Figure S3). The net effect leads to convergence in the APO amplitude among the
models, despite large differences in underlying CO2 and O2 components. As discussed below, the CMIP5

Figure 3. Annual mean CO2 uptake in the Southern Ocean integrated
over 75°S–35°S for 8 CMIP5models, comparing present-day 1997–2004
results and 2092–2099 projections under the RCP8.5 scenario.

Geophysical Research Letters 10.1002/2015GL067584
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ESMs with overestimated seasonal C-uptake
project larger future C-uptake in the South. Ocean

In future projections:



What is the potential for amplification of climate change over 
the 21st century via climate-carbon cycle feedbacks? 

Land: How changes in climate, atmospheric composition, land use will affect the land’s 
capacity to sequester carbon?

CMIP3/C4MIP emulation with MAGICC6 is 811–
1170ppm. As discussed above, the lower range of the
CMIP5 ESMs is due to one single model, MRI-ESM1,
which already severely underestimates the present-day
atmospheric CO2 concentration. Not including this model
would mean that the lower end of the MAGICC6 range is
significantly lower than the lower end of theCMIP5ESMs.
The warming ranges simulated by the CMIP5 ESMs

and by the CMIP3/C4MIP model emulations are quite
similar (Figs. 2b and 2d). The first set of models displays
a full range of 2.58–5.68C, while the latter set has a 90%
probability range of 2.98–5.98C.

5. Twenty-first-century land and ocean carbon cycle

To further understand the difference in simulated
atmospheric CO2 over the twenty-first century, we
analyzed the carbon budget simulated by the models, as
already done for the historical period. In the E-driven
runs, the ESMs simulate the atmospheric CO2 concen-
tration as the residual of the prescribed anthropogenic

emissions minus the sum of the land and ocean carbon
uptakes—these latter two fluxes being interactively
computed by the land and ocean biogeochemical com-
ponents of the ESMs. Figure 4 shows the cumulative
land and ocean carbon uptakes simulated by the CMIP5
ESMs. Any difference in simulated atmospheric CO2

comes from differences in the land or ocean uptakes.
The models show a large range of future carbon up-

take, both for the land and for the ocean (Figs. 4a and
4b). However, for the ocean, 10 out of the 11 models
have a cumulative oceanic uptake ranging between 412
and 649PgC by 2100, the exception being INM-CM4.0
with an oceanic uptake of 861PgC. As discussed in the
historical section, the reasons for this large simulated
uptake are unknown. The simulated land carbon fluxes
show a much larger range, from a cumulative source of
165PgC to a cumulative sink of 758PgC. Eight models
simulate that the land acts as a carbon sink over the full
period. Land is simulated to be a carbon source by two
models, CESM1-BGC and NorESM1-ME, both sharing
the same land carbon cycle model, and byMIROC-ESM.

FIG. 4. Range of (a) cumulative global air to ocean carbon flux (PgC), (b) cumulative global air to land carbon flux
(PgC) from the 11ESMsE-driven simulations, (c) the annual global air to ocean carbon flux, and (d) annual global air
to land carbon flux. Color code for model types is as in Fig. 1.
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CMIP5 ESMs
RCP8.5

ESMs +
Nitrogen

ESMs
no LUC

Future land sink in RCP scenario very uncertain. 
Not even sure about the sign !

FIG. 6. Comparison of the integrated flux-based carbon–concentration (bA, bL, and bO) and carbon–climate
(gA, gL, and gO) feedback parameters across the nine participating models for the (a),(d) atmosphere; (b),(e) land;
and (c),(f) ocean components.
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FIG. 6. Comparison of the integrated flux-based carbon–concentration (bA, bL, and bO) and carbon–climate
(gA, gL, and gO) feedback parameters across the nine participating models for the (a),(d) atmosphere; (b),(e) land;
and (c),(f) ocean components.
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Arora et al., J. Clim, 2013

Large uncertainty on land carbon 
response to CO2 (b) and climate (g)

ESMs



Uncertainty in near-term CO2 changes                 

Peters et al., Nature Climate Change 2017

2 
CCICC  

First, AR5 did not fully quantify all components of the historical global carbon budget, critically missing an 
independent assessment of the land carbon sink. Only four components (fossil fuel and industrial emissions, 
land-use change emissions, atmospheric increase and ocean uptake) were estimated from models and 
observations. The fifth term, the land carbon sink was deduced as the residual of the global carbon budget. 
This is a major limitation as it precludes the opportunity to test our understanding of the carbon cycle. In 
CCiCC we will develop a comprehensive global carbon budget (complemented by original oxygen and 13C 
budgets), where each component is estimated independently. The carbon imbalance, i.e. the difference 
between carbon sources (anthropogenic emissions) and sinks (atmosphere, land and ocean), represents a 
measure of the gap in our understanding of the global carbon cycle, which we will work to eliminate3. 
Further understanding of key carbon cycle processes is necessary for reducing uncertainty in climate 
projections and predictions. 
Second, our current partial understanding of the global carbon cycle limits our capability to detect and 
attribute near-term changes in atmospheric CO2, and therefore to correctly attribute such changes to the 
expected response to anthropogenic emissions mitigation or to internal natural variability of the carbon-
climate system (Figure 1a)4. AR5 near-term climate predictions only focused on the climate response over 
the coming decades, assuming atmospheric CO2 follows the Representative Concentration Pathways RCP4.5 
scenario, hardly relevant to the Paris Agreement LTTG. CCiCC will develop tools and methods to predict 
the evolution of the carbon cycle over the coming decade in both atmospheric CO2 and climate, assuming 
anthropogenic emissions follow the United Nations Framework Convention on Climate Change (UNFCCC) 
Nationally determined contributions (NDCs). This new knowledge will facilitate verification of near-term 
emission trends, and provide policy-relevant analysis for the UNFCCC global stocktakes, quantifying the 
impact of emission reductions on CO2 concentrations, which will be essential to inform decisions regarding 
increased ambition. CCiCC will also develop new physically based approaches to relating CO2 emissions 
and non-CO2 climate drivers, developing the concept of “CO2-forcing-equivalent”, allowing non-CO2 forcing 
agents to be incorporated into emission budgets. 
 
 
 
 
 
 
 
 
 
 

 
Third, AR5 provided an assessment of the Transient Climate Response to Cumulative Carbon Emissions 
(TCRE) with such a large uncertainty as to limit its utility in policy decisions. TCRE is a new Earth system 
metric that quantifies the carbon emissions consistent with a given climate target5. TCRE directly links CO2 
emissions to global warming, as opposed to TCR, the transient climate response, that quantifies the global 
warming for a theoretical doubling of CO2 concentration. AR5 assessed that “limiting the warming with a 
66% probability to less than 2°C will require cumulative CO2 emissions to stay below about 790 GtC” (solid 
red arrow Fig. 1b). However, the individual model estimates ranged between about 650 and 1350 GtC, due to 
large uncertainties in climate and carbon feedbacks (dashed red lines Fig. 1b). As important, these estimates 
were based on the RCP8.5 scenario. For ambitious mitigation scenarios, with potentially negative emissions, 
even the sign of the land and ocean carbon feedback is essentially unknown. Reduced uncertainty in the 

Figure 1 (left) Uncertainty on near-term carbon budget. Atmospheric CO2 growth rate (black) vs. simulated 
growth rate from modelled carbon sinks (grey). The grey zones in the future illustrate the lack of 
predictability. It would take about 10 years to detect a 1%/year change in emissions growth rate (ref 4). 
Figure 1 (right) Uncertainty on long-term carbon budget. Global warming as a function of cumulative CO2 
emissions for 1%/year CO2 increase (grey) and RCP (colour) scenarios. Red arrow shows likely cumulative 
emissions to remain below 2°C, dashed lines represent the uncertainty in this estimate (adapted from ref 1). 

comment

and carbon cycle models with a probability 
of 68% (Fig. 2). This detection delay is too 
long to inform the stocktake of the Paris 
Agreement, which occurs every five years.

Steps to reduce key uncertainties
A step-change in our ability to understand 
and quantify the inter-annual to decadal 
variability in emissions and sinks of CO2 is 
needed before reported emissions can be 
challenged by Earth system observations. 
On top of continuous atmospheric 
measurements essential for verification, we 
propose several ways to better constrain each 
component of the global carbon budget.

Emissions from fossil fuels and industry. 
Global fossil fuel and industry emissions are 
the sum of those countries with declining 
emissions (for example, US and Europe) and 
those countries with rising emissions (for 
example, China and India), indicating the 

importance of tracking country level changes10.  
They are also the sum of the declines in 
coal use, growth in oil and natural gas 
use, and the growth in renewables which 
displaces some fossil fuel use, indicating the 
importance of tracking changes in the energy 
system9,10. Economic growth and new policies 
will play an important role in determining 
short-term emission pathways10. Emission 
uncertainty persists at the country level11, 
limiting our ability to accurately understand 
emission trends and drivers10. Considerable 
improvements are needed in estimating 
recent emission trends and their drivers, 
particularly in rapidly emerging economies 
and developing countries. High-precision 
measurements of 14CO2 could quantify, 
objectively and transparently, the contribution 
of fossil and biogenic CO2 sources12.

Emissions from land-use change. Whereas 
emissions from land-use change are only 

about 10% of the global anthropogenic 
total, land-use change emissions are highly 
uncertain3. The two dominant fluxes that 
make up the net flux from land-use change 
are emissions from land clearing and 
sinks from regrowth, such as afforestation, 
reforestation, land abandonment and 
shifting cultivation practices13. Major 
improvements in emission estimates will 
come from better estimates of standing 
biomass carbon and changes in carbon 
density across landscapes that include land 
degradation and disturbances currently 
poorly understood or not captured, and from 
better quantification of emissions associated 
with land management such as harvesting, 
afforestation, and shifting cultivation13,14.

Land sink. Variability in the land sink 
is estimated from terrestrial ecosystem 
models driven by observed changes in 
environmental conditions. However, 
understanding of the land sink is limited 
by the lack of spatially explicit observations 
of changes in carbon in vegetation and 
soils13. Major improvements can come 
from systematic benchmarking of these 
models against the increasing availability 
of observations of key components of 
the biosphere (for example, biomass, 
productivity, and leaf area), and also 
taking advantage of emerging constraints 
from atmospheric CO2 data to reduce 
uncertainties in the sensitivity of fluxes to 
climate variability, CO2, and nutrients15,16.

Ocean sink. Our understanding of the 
ocean sink is limited primarily by the 
insufficiency of physical, chemical and 
biological observations that would allow for 
quantitative understanding of the causes of 
inter-annual to decadal variability17–19. To 
reduce the uncertainty in the ocean sink 
and quantify its variability sufficiently so 
as to make a material contribution to the 
five-year-or-less detection goal, two types 
of observations are critical: an optimized 
system of long-term, sustained observations 
to directly monitor the ocean carbon sink, 
and targeted field studies that elucidate 
critical processes driving inter-annual to 
decadal variability. These observations will 
allow both for direct estimation of the sink 
and support improvements in model-based 
estimates.

Now that we see signs of a sustained 
change in emission trajectory away 
from the high growth rates of the 
first decade of this millennium, 
independent verification of global 
emissions takes on a new imperative. 
Providing independent verification in 
the context of the Paris Agreement, with 
its global stocktake every five years, 

Fig. 2 | Our current ability to detect sustained changes in CO2 emissions based on atmospheric CO2 
observations. Observations show a large inter-annual to decadal variability (black), which can be only 
partially reconstructed through the global carbon budget (grey; growth rate diagnosed by difference 
between estimated fossil fuel and industry emissions, and the simulated land and ocean sinks3). Our 
limited ability to fully reproduce the observed variability is quantified through the budget imbalance3 
(the difference between the black and grey lines). The budget imbalance has zero mean over the  
1959–2016 period, but the standard deviation (3 GtCO2 per year) is used here to illustrate variability 
and our current detection delay (grey bands). If CO2 emissions stay flat for the next decades (green; 0% 
annual growth), then it may take 10 years before the estimated atmospheric concentrations would exceed the 
budget imbalance with a probability of 68% or more (and therefore could be detected) compared to a pathway 
of atmospheric concentrations consistent with growth in CO2 emissions (orange, 1% per year similar to the 
emission pledges submitted to the Paris Agreement). This delay increases to 20 years for a 95% probability. If 
emissions declined faster than expected (blue, –1% per year), then a more marked change in atmospheric growth 
would be expected, and a much earlier detection.
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Near-term changes in emissions may not be detectable 
in atmospheric CO2 observations over several years 

due to natural variability and process uncertainty



Near-term predictability horizons for CO2 fluxes in a multi-model 
framework

Predictability of 2-3 years is expected in initialized ESM-based prediction systems 
for CO2 fluxes and variations in atmospheric CO2 growth rate

Ilyina et al., in prep. 

� Observational product (only for air-sea CO2 flux)
� Global Carbon Budget estimates

� ESM assimilation simulation

Air-sea CO2 flux Air-land CO2 flux Anomalous atmospheric CO2



Large uncertainty in CO2 emissions compatible with a given climate target 

Uncertainty
• Carbon feedbacks 

(CO2 emissions       
è CO2 concentration)

• Climate feedbacks 
(CO2 concentrations 
è climate response)

AR5 WG1 SPM:
“Cumulative total emissions of
CO2 and global mean surface
temperature response are
approximately linearly related.
Any given level of warming is
associated with a range of
cumulative CO2 emissions.”

Budget for the 2�C target is about 700GtC to 1300GtC. 
Given 550 GtC emitted so far, that’s 15 to 75 years of current 
emissions.  

Rogelj et al. Nature, 2019
Matthews et al. in prep.

Implications for climate projections



Relationship between the TCRE and the total and remaining 
carbon budgets

Matthews et al. in prep.
Rogelj et al. Nature, 2019
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lower emissions 
allowed
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TCRE = α / (1 + β + α*γ)

Transient climate response to cumulative carbon emissions

P. Friedlingstein, C. Jones, et al., in prep.



b : concentration carbon cycle feedback – Negative Feedback

Carbon cycle feedbacks

bL
bO gL

gO

g : climate carbon cycle feedback – Positive Feedback

• most feedbacks known (or suspected) for decades
• no or little direct observations
• basic or insufficient understanding of processes
• uncertain magnitude



Process-oriented climate-carbon cycle feedback framework

A core science objective of the WCRP Grand Challenge ‘Carbon feedbacks in the climate system’, 
is to advance our understanding of feedbacks between the climate and the carbon cycle. At the 
Grand Challenge kick-off workshop held in Hamburg in 2016, extension of the current carbon cycle 
feedback framework was identified as a topic that requires rapid action. This specifically refers to ex-
tending the existing carbon feedback framework (concentration-carbon response β, climate-carbon 
response γ), to recognize different timescales (especially for the ocean) and to reduce the scenario-
dependence of the diagnosed feedback parameters. In addition, it was felt that an improved frame-
work should go beyond global temperature as measure of feedback, for example including the water 
cycle, and also enabling more informative analysis of regional feedbacks.
This workshop will develop an extended carbon cycle feedback framework, and test this new fra-
mework against available CMIP5 simulations, and against CMIP6 simulations at a later stage. The 
outcome of the workshop will be the outline of a position paper on ‘An extended climate-carbon 
cycle feedback framework to analyse Earth System Models projections’.
.......................................................................................................................................................
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• Current b/g framework (Friedlingstein et al., 2006) is 
scenario dependent, based only on global temperature, 
ignores different time-scales, and regional responses.

• A process-oriented climate-carbon cycle feedback 
framework has been developed at the GC workshop:  

• Determine sources of uncertainty to analyse where the 
uncertainty stems from

Vivek Arora, et al., in prep.



Gaps in coupling between ESM components
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• Including atmospheric chemistry of 
CH4 and N2O for interactive gas 
cycles in ESMs 

• Improving representation of 
aerosol-cloud interactions (e.g. 
cloud microphysics, aerosols 
radiative properties)



Summary

• Challenges in projecting climate-carbon cycle interactions and 
feedbacks are associated with knowledge gaps in process 
understanding and with the role of multi-year variability.

• Opportunities arise from the development of new comprehensive 
observational products, hybrid modeling using ML, process-
oriented experiments, large ensembles, initialized prediction 
systems, high resolution model.

• Improving coupling between existing components will enable the 
full spectrum of climate-relevant interactions within the Earth 
system.


