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1. Excellence 
1.1 Objectives  
Carbon-climate feedbacks are leading-order uncertainties in climate projections and in estimates of 
the total carbon budget consistent with the global warming limits agreed in the Paris Agreement.  
CCiCC (Carbon Cycle Interactions in the Coming Century) will resolve large and persistent 
knowledge gaps in the climate sensitivity to carbon dioxide emissions. CCiCC will reduce uncertainty 
in our quantitative understanding of carbon-climate interactions, through innovative integration of 
new models and a wide range of observations to provide new constraints on carbon-climate 
interactions for climate predictions and projections and to support IPCC and policy assessments. 
Based on recent advances in Earth system modelling, the Intergovernmental Panel on Climate Change 5th 
Assessment Report (IPCC AR5) concluded that “Cumulative emissions of CO2 largely determine global 
mean surface warming by the late 21st century and beyond”, unambiguously identifying the causal link 
between anthropogenic emissions of carbon dioxide (CO2) and global warming1. IPCC AR5 further 
summarized that “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, and therefore, e.g. higher emissions in earlier decades imply lower emissions later.” The IPCC 
AR5 also assessed the positive feedback between climate change and the carbon cycle stating: “there is high 
confidence that the feedback between climate and the carbon cycle is positive in the 21st century. As a result 
more of the emitted anthropogenic CO2 will remain in the atmosphere”1. These findings highlight the central 
role of the carbon cycle in the global climate system, although forcing from non-CO2 agents is non-
negligible, in particular for high mitigation scenarios. Anthropogenic CO2 emissions (from fossil fuel and 
land-use) are the primary drivers of climate change via changes in atmospheric CO2 concentration. However, 
the relationship between emissions and concentrations is controlled by uncertain carbon cycle feedbacks – 
the responses of land and ocean carbon sinks to changes in atmospheric CO2 concentration and climate2. 
Uncertainties in carbon cycle feedbacks undermine attempts to constrain the total anthropogenic emissions 
consistent with stabilisation of global warming at a chosen level. Resolving key carbon cycle uncertainties, 
in particular for high mitigation scenarios, will provide greater clarity on necessary mitigation actions 
required to meet the Paris Agreement Long-Term Temperature Goal (LTTG) of “limiting warming to well 
below 2°C, and pursuing efforts to 1.5°C”, hence avoiding negative impacts of climate change.  
There are three persistent knowledge gaps that CCiCC aims to resolve using novel observations together 
with enhanced process understanding and recent improvements in Earth system model development.  
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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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TCRE is needed to provide greater clarity on CO2 emission pathways consistent with the goals of the Paris 
Agreement6. The AR5 estimate was based on a reduced set of Earth System Models (ESMs), with a carbon 
cycle largely unconstrained by observations7. CCiCC will increase understanding and quantification of the 
key carbon cycle processes and feedbacks using historical observations for ESMs evaluation and constraints 
on future projections. CCiCC will make use of post AR5 ESMs and novel emergent constraints8,9 to further 
reduce the uncertainty in carbon and climate projections, affordable cumulative emissions and TCRE. 
CCiCC will (a) make a step change in our understanding of the key processes regulating the interactions and 
feedbacks between the carbon cycle and the physical climate system, (b) use observational constraints and 
improved process understanding to provide multi-model near-term predictions and long-term projections of 
the coupled carbon-climate system, and (c) deliver policy-relevant and observationally constrained carbon 
dioxide emission pathways consistent with the Paris Agreement ambitions. CCiCC will support two central 
elements the UNFCCC Paris Agreement: the 2023 and quinquennial global stocktakes to track progress 
towards the long-term goal; and the mitigation effort to achieve a long-term goal of keeping the increase in 
global average temperature to well below 2°C above pre-industrial levels. 
In order to achieve these goals, CCiCC has the following specific objectives: 
• Improve understanding of the observed global carbon cycle, and identification of the key drivers of land 

and ocean carbon sinks, using novel techniques and regional to global observations. 
• Improve the understanding and representation of interannual to decadal variability in the land and ocean 

carbon cycle in ESMs, allowing attribution of historical atmospheric CO2 increase to anthropogenic 
emissions and variability of the land and ocean carbon sinks. 

• Produce annual predictions of the following year’s global carbon budget (atmospheric CO2 and carbon 
sinks) as an ongoing test of our developing understanding of the global carbon cycle dynamics. 

• Perform decadal predictions of atmospheric CO2, global carbon cycle and climate response, providing 
unique predictions of the outcome of NDCs in time for the UNFCCC 2023 global stocktake and an 
essential precursor to detecting the impact of emission reductions to inform evolving ambition. 

• Develop observationally-constrained estimates of 21st century cumulative CO2 emissions consistent with 
the Paris Agreement aims at limiting warming to 1.5, 2°C, and possible higher temperature targets. 

• Reduce uncertainty in climate and carbon projections by weighting individual ESM projections with 
observations and emergent constraints. 

• Improve understanding of key biogeochemical feedback processes in ESMs. 
• Deliver policy-relevant, adaptive CO2 emission pathways, accounting for Earth system feedbacks, fully 

consistent with Paris Agreement ambitions to limit warming to 1.5 to 2°C, and methodologies for 
updating these in the light of the evolving response. 

To achieve these objectives, we will employ: 
-State-of-the-art ESMs including post-AR5 and post-CMIP6 biogeochemical processes (land carbon cycle: 
nitrogen and phosphorous limitation, natural fires, permafrost and peat carbon response to climate change; 
ocean carbon cycle: high-resolution (eddy-permitting) physical transport, riverine and atmospheric input of 
nutrients, advanced ecosystem models incl. upper trophic levels & explicit bacteria); 
-Novel observations to constrain the contemporary carbon cycle and its variability on interannual to decadal 
timescales (satellite atmospheric CO2, water fluxes and storage on the land, atmospheric and oceanic O2 data, 
neural network-based upscaling of surface ocean pCO2 measurements and land photosynthesis and carbon 
sink); 
-ESM-based decadal predictions including carbon-climate feedbacks and novel techniques for carbon cycle 
initialisation, testing different options to produce initial conditions for land and ocean biogeochemical fields, 
including 3D ocean biogeochemical reconstructions and novel ocean surface pCO2 products, 2D land 
inventories of biomass, soil C and ecosystem turnover time; 
-Novel emergent constraints and weighting methods to reduce uncertainty in future projections of carbon 
cycle feedbacks and climate, focussing in particular on constraining the response to falling emissions to 
inform carbon budgets for ambitious mitigation goals. 
- Building on previous EU projects (in particular EMBRACE and CRESCENDO), enhance the Earth System 
Model Evaluation Tool (ESMValTool) with a recommended set of diagnostics and metrics for evaluation of 
the carbon cycle and climate-carbon feedbacks and constraints on future projections. 
- First use of the novel ScienceBrief ICT platform to synthesise results on carbon-climate interactions and 
keep them up to date, and inform IPCC and other assessments.  
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1.2 Relation to the work programme  
CCiCC is fully in line with the summary and aims of the call ‘Building a low Carbon, Climate resilient 
future: Climate action in support of the Paris Agreement”. In particular, CCiCC will contribute “to further 
relevant scientific knowledge for the implementation of the Nationally Determined Contributions (NDCs) 
and in advance of key PA-related milestones, such as the publication of national mid-century strategies 
(2020), the 6th IPCC assessment cycle (2018-2022) and the first global stocktake in 2023.” CCiCC will 
provide a unique understanding of the possible outcome of the NDCs implementation over the first and 
following global stocktake periods, in terms of expected changes in atmospheric CO2 and associated climate 
change, accounting for the natural interannual to decadal variability of the coupled climate and carbon cycle 
system. CCiCC will directly address the main challenge of the “LC-CLA-08-2018: Addressing knowledge 
gaps in climate science, in support of IPCC reports” call, stating “a better understanding of the key processes 
controlling the climate-Earth system is fundamental in order to further improve climate projections”. Central 
to CCiCC is an improved understanding of the fate of anthropogenic CO2 in the Earth System, the role of 
land and ocean removing CO2 from the atmosphere, in particular the under-explored response to falling 
emissions, and the feedback of climate change on carbon cycle processes on different time scales. CCiCC 
will utilize a model hierarchy to enable a comprehensive exploration of the Earth System. CCiCC will make 
use of state-of-the-art ESMs, accounting for key biogeochemical processes not included at the time of AR5, 
and constrained by recent observations of the carbon and climate system to improve climate and carbon 
projections. 
CCiCC will addresses the specific challenges of the first topic of this call “Improving the understanding of 
key climate processes for reducing uncertainty in climate projections and predictions”, providing a “better 
understanding of key processes, and associated feedbacks, affecting the climate-Earth system over time, in 
order to improve climate projections and predictions and constrain climate sensitivity estimates. CCiCC will 
provide a better quantification of the natural variability of the carbon cycle, from interannual to decadal time-
scales, providing annual to decadal predictions of the global carbon cycle and the climate system in response 
to current and near-term NDCs emissions. CCiCC will improve understanding of the key biogeochemical 
processes responsible for carbon sinks and their response to climate change. CCiCC will also provide better 
projections of cumulative carbon emissions and climate response, using new observations and emergent 
constraints, supporting major international scientific assessments such as the IPCC. CCiCC will directly 
reduce the uncertainty and further constrain the estimates of climate sensitivity to CO2 emissions (TCRE), a 
quantity that “provides added-value to decision and policy makers”. Topically, CCiCC will mainly cover 
“biogeochemical cycles and their evolution under a changing climate”, as well as “dynamic interactions 
between atmosphere, land, ocean and ice”. 
1.3  Concept and methodology 
(a) Concept 
The overall concept underpinning CCiCC is to build on the scientific advances since AR5 and use the latest 
generation of improved Earth System Models constrained by a new wave of observations and recently 
developed initialisation techniques to provide a deeper understanding of the climate and carbon cycle 
interactions on three critical time scales: 
• the present-day perturbation, as a unique test-bed of our capability to attribute the changes in annual 

atmospheric CO2 to changes in drivers versus response of the natural system to climate variability; 
• the near-term future, from next year to the coming decade, as the critical time window to inform 

sequential implementation of the Paris Agreement; 
• the full 21st century, as the central time frame to ensure success of the Paris Agreement 
Recent H2020 projects (e.g. EMBRACE, CRESCENDO) have led to substantial developments of the 
biogeochemical and biophysical components of European ESMs (e.g. Land: nitrogen and phosphorous cycle, 
permafrost; Ocean: high-resolution ocean transport, organic remineralisation from bacterial and zooplankton 
processes, variable stoichiometry). Many of the most recent developments have not been integrated into 
default CMIP6 ESMs configurations or even tested over the historical period. CCiCC will build on these 
post-CMIP6 models developments to investigate the climate-carbon interactions, improve our understanding 
of processes, and reduce uncertainties. CCiCC will perform simulations with three main European ESMs 
(MPI-ESM, IPSL-ESM, and EC-Earth ESM) and two ESMs developed in the US (NCAR CESM2.0 and 
GFDL ESM2M). Offline simulations (land and ocean physico-biogeochemical models) will be performed in 



5 
CCICC  

addition to support the analysis. CCiCC will also include cost-efficient Earth System Model of Intermediate 
Complexity (EMICs): Bern3D-LPX, Bern and FAIR IRF impulse response function models. 
(b) Methodology 
CCiCC will be divided into three substantial science work packages (WP1-3), a synthesis and dissemination 
work package (WP4) and a management work package (WP5) as briefly described below. 
WP1 Understanding the contemporary carbon cycle (Lead: LeQuéré & Sitch) 
Partners: UEA, UNEXE, BSC, CEA, CICERO, DLR, ENS, ETH, MPI, UBremen, UBern 
Objective: make a step-change in our understanding of the carbon cycle over the historical period, as an 
essential prerequisite of reliable near-term predictions and long-term projections. This will be achieved by 
developing and making use of novel observations and data products to constrain the land and ocean carbon 
fluxes and their drivers, combined with forced carbon cycle model simulations over the past 120 years and 
fully coupled ESMs simulations over the last 30 years to improve our understanding of underlying processes, 
particularly focusing on the response of natural carbon fluxes to anthropogenic CO2, seasonal to decadal 
climate variability, and climatic extremes. 
Task 1.1 New Observational constraints on the global carbon cycle 
New atmospheric observational constrains on the land and ocean carbon fluxes. The global carbon budget 
has been exceptionally useful in identifying the limitations of our current understanding of carbon cycle 
processes3. We will use a similar mass-balance approach with atmospheric oxygen and 13C observations to 
provide new process-based validation metrics for our models. We will combine existing and new 
atmospheric observations of O2, CO2 and 13C from multiple stations including continuous measurements to 
infer the land and ocean origin of these atmospheric signals, and use the global carbon budget mass-balance 
approach to validate the model simulations and improve the processes (see Task 1.4). We will also use 
station data for atmospheric CO2, O2, 13C, as well as new satellite xCO2 column retrieval in established and 
improved atmospheric inversions to provide detailed, spatially-explicit estimates of land and ocean carbon 
sinks and underlying processes over 1990-2018 (and later) period. 
Improved data-based products. We will provide extended and improved data-based products, for ocean and 
land carbon, to identify key processes and support models evaluation. For the ocean, we will use a neural 
network-based approach10, over the time period 1982-2018 (and later), uniquely up-scaling the number of 
observations including a range of shipboard and biogeochemistry Argo float CO2 observations from remote 
regions not used to-date. This will maximize the available data constraints, particularly of the decadal 
climate variability. For the land, we will reconstruct land water storage and evapo-transpiration (ET) over 
time period 1990-2018 from ground observations and satellite11, together with recent observation of 
Carbonyl Sulfide (COS) atmospheric budget and Solar Induced Fluorescence (SIF) data to further improve 
large-scale spatial and temporal dynamic of terrestrial Gross Primary Productivity (GPP)12 and its interaction 
with the hydrological cycle. We will also develop improved neural network-based up-scaling of GPP 
accounting for forest ages for reconstruction of the forest carbon sink.  
Task 1.2 Forced reconstruction of the last 120 years of global carbon cycle 
A series of land and ocean carbon cycle simulations will be done with the land and ocean models 
components of the CCiCC ESMs, forced by observed climate forcing or atmospheric re-analysis. The 
models will be evaluated using the observations of Task 1.1 and other existing observations and constraints3. 
Multiple simulations will be performed using the latest (and evolving) model improvements. Land models 
will follow the TRENDY protocol (e.g. CRU-NCEP, WATCH climate forcing), ocean models will follow 
the CMIP6 OMIP protocol (e.g. CORE2 and JRA forcing, but also ERA-20C and NCEP). High-resolution 
ocean models will be used in eddy-permitting and eddy-resolving configurations, for shorter 30-year 
simulations, building on the work of the EU/H2020 CRESCENDO project. We will perform a 
comprehensive evaluation of these new CCiCC simulations, also assessing the CMIP6 historical 
simulations, to further improve process understanding. This task will contribute to the ESMValTool13 
development by adding a recommended and agreed set of process-oriented diagnostics and performance 
metrics to enhance the evaluation of the carbon cycle and its interactions with the physical climate.  
Task 1.3 ESMs reconstructions of contemporary carbon cycle and climate over the last 30 years 
We will develop novel techniques for carbon cycle initialisation and assimilation/nudging for ESMs decadal 
simulations, including assimilation of physical climate data, and testing initialisation of carbon cycle state 
(3D biogeochemical reconstructions for the ocean; 2D vegetation and soil carbon). We will provide new 
CCiCC ESM reconstruction with assimilation of the observed state of the climate system, forced with 
anthropogenic CO2 emissions over the last 30 years, assessing the role of internal variability versus forced 



6 
CCICC  

response. Using the novel observations from Task 1.1, we will perform an evaluation of these simulations, 
together with those from the CMIP6 decadal climate prediction project (DCPP component A)14.  
Task 1.4 Attribution of changes in the contemporary carbon cycle  
We will perform multiple simulations with forced and fully coupled ESM models to detect and attribute the 
changes in land and ocean carbon sinks to drivers, by conducting simulations with and without changes in 
atmospheric CO2, land-use, nitrogen/dust deposition, and climate (trends, variability and extremes), and 
applying state-of-the-art detection and attribution methods. We will assess the skills of models in 
reproducing regional to global trends in the carbon sink, the response to internal climate variability (e.g. 
ENSO, NAO, SAM), and the response to climatic extremes (e.g. Amazon droughts, volcanic eruptions). We 
will produce annual estimates of global carbon, oxygen and 13C budgets combining both direct observations 
of atmospheric CO2, data-based emissions of fossil fuel and land-use change, and CCiCC model-based 
estimates of carbon sinks constrained by observations. 
WP2 Predicting the carbon cycle and climate for the global stocktake to the horizon of 2030 (Lead: 
Bernardello & Ilyina) 
MPI, BSC, CEA, ENS, UOxford, UNEXE 
Objective: improve understanding of decadal prediction of the climate-carbon cycle system, in the context of 
the global stocktake, accounting for forced response and natural variability. We will design CO2 emission 
driven ESM-based predictions. This will allow anticipating and explaining the near-term evolution of 
atmospheric CO2 increase and climate response in time for the first global stocktake in 2023, assuming 
anthropogenic emissions follow the NDCs ambitions. 
Task 2.1 Potential predictability of the carbon cycle components on 1-to-10 years 
We will start with a proof of concept in establishing prediction skills in a perfect model framework15, such 
that addressing potential predictability for CCiCC’s ESMs as a measure of the persistence of the memory of 
initial conditions for each model. Thereby, we will develop a mechanistic understanding of the sources of 
predictability of variations of the carbon cycle with assessment of uncertainties. We will perform a series of 
10 year-long prediction ensembles initialized from ESMs control simulations to assess the potential 
predictability of land carbon, ocean carbon, and atmospheric CO2. 
Task 2.2 Predictability of the carbon cycle components on 1-to-10 years 
We will perform a series of ESMs decadal hindcast predictions initialized from a realistic state of climate, 
carbon stocks and fluxes, obtained from ESMs reconstructions produced in Task 1.3. These simulations will 
be driven by historical CO2 emission, and hence simulating atmospheric CO2 concentrations. This will allow 
quantification of the predictive skills of ESMs regarding the prediction of variations in the land and ocean 
carbon sinks, as well as atmospheric CO2, by comparing predicted to observed estimates from WP1. 
Task 2.3 Prediction of next year full global carbon cycle 
We will then design original decadal forecasts, with ESMs initialised with present-day state of the carbon 
and climate system. ESMs will be driven by CO2 and non-CO2 emissions, using The Global Carbon Project 
(GCP) CO2 emission prediction for next year, merged with NDCs emissions for the following decade. The 
Year 1 of the ensemble ESMs forecast will be our first attempt towards establishing a semi-operational 
system for predictions of atmospheric CO2 growth rate for the next year, along with estimates of land and 
ocean carbon sinks, allowing for near real-time evaluation of the predictive skill. This prediction/evaluation 
will be repeated every year of the CCiCC project. 
Task 2.4 Forecast of atmospheric CO2 and climate response over the stocktake period 
We will extend the analysis of CCiCC decadal forecasts (Task 2.3) to year 2030, assessing the impact of 
NDCs emissions on atmospheric CO2, carbon sinks and climate response, also quantifying the uncertainty. 
The forecast to 2030 will produce maps of atmospheric CO2 over the time period up year 2030 showing the 
expected changes in CO2 distribution. This will be used to inform the development of observations-based 
monitoring systems in collaborative projects (e.g. the EU project CHE and its successors). 
Task 2.5 Assessment of forced response vs. natural variability 
We will repeat the ESMs decadal forecasts, as in Task 2.3, but using SSP2-4.5 CO2 emissions, as a baseline 
unmitigated scenario. Comparing these two sets of simulations will allow us to assess the skills to detect and 
attribute changes in atmospheric CO2 and climate response due the implementation of the UNFCCC NDCs. 
WP3 Projecting the required mitigation effort (Lead: Eyring & Frölicher) 
DLR, UBern, CEA, ENS, ETH, MPI, UBremen, UOxford, UNEXE 
Objective: observationally-constrain long-term projections of the climate-carbon cycle system in the context 
of climate targets and remaining carbon emissions compatible with the ambitions of the Paris Agreement. 
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We will develop emergent constraints on the carbon cycle to obtain observation-based improved 
understanding of the carbon cycle dynamics to reduce uncertainty on transient climate response to 
cumulative emissions, and provide original weighting of multi-model and large ensemble climate 
projections.  
Task 3.1 TCRE reassessment including non-CO2 emissions  
We will start with a reassessment of TCRE in the CMIP6 simulations (largely C4MIP and ScenarioMIP) that 
provides an initial revision on the AR5 estimates using novel simulations and scenarios. Then, we will 
develop and apply an enhanced methodology that applies the TCRE concept to non-CO2 emissions from a 
broad range of scenarios (e.g. RCPs and SSPs) expressed as cumulative CO2-forcing-equivalent (not CO2-
equivalent) emissions16. The method will be included in the ESMValTool, contributing to a sustainable effort 
for an enhanced analysis system for complex ESMs, extending the concept of cumulative emissions budgets 
to non-CO2 drivers. 
Task 3.2 Emergent constraints for carbon and biogeochemical feedbacks.  
We will develop new emergent constraints on land and ocean carbon cycle feedbacks and climate sensitivity 
using CMIP6 historical, future simulations (C4MIP and ScenarioMIP) and additional CCiCC ESM 
simulations (1%/year CO2 increase) together with novel observations from Task 1.1. We will test the 
robustness of these emergent constraints across different ensembles (e.g. CMIP5 versus CMIP6) and 
scenarios. The focus will be on both temporal (seasonal to decadal) and spatial (e.g. latitudinal) patterns in 
observations and relation with future characteristics of the carbon-climate system. Robust emergent 
constraints on land and ocean responses to climate and CO2, and on climate response to CO2, will be 
combined to provide new constraints on TCRE. 
Task 3.3 Observationally constrained estimates of CO2 projections, TCRE and TCR  
In order to constrain uncertainties in CO2 projections and climate sensitivity, different weighting approaches 
based on model performance and interdependence will be explored. Using a multiple diagnostic regression 
method17, we will develop a formal process-oriented statistical model to weight CO2 projections based on 
their ability to reproduce key processes of the historical carbon cycle and climate, from observation analysed 
in WP1. By looking at observational constraints on individual feedbacks and processes, we will produce 
constraints on climate system metrics of greatest relevance to policymakers, TCRE, but also transient climate 
response, which can be derived from TCRE and the airborne fraction of CO2. 
Task 3.4 Exploration of adaptive CO2 scenarios meeting the Paris Agreement climate ambitions. 
Few of the CMIP6 scenarios have emissions mitigations that are consistent with the Paris Agreement. We 
plan to go beyond this limitation by exploring adaptive CO2 scenarios with CCiCC models. In these 
scenarios, CO2 emissions will be revised every decade in order to ensure global warming remain below 
1.5°C or 2°C (and higher targets). Adaptive scenarios allow adapting the mitigation effort along the way, 
according to the realised warming to date, similarly to what will probably happen in the real world. We will 
explore adaptive scenarios allowing or preventing from small overshoot to occur, also accounting for the 
effect of non-CO2 forcing. Simulations with adaptive scenarios will be first performed with simple models 
(Bern and FAIR model) to test adaptive control methods, before being performed by CCiCC ESMs. 
Cumulative emissions and land/ocean sinks from these adaptive experiments will be analysed and compared 
among ESMs, also including the weighting methods of Task 3.3, providing our best estimate of the future 
CO2 emissions compatible with the Paris Agreement LTTG.  
WP4 Synthesis, dissemination, and policy dialogue (Lead Jimenez & Peters) 
BSC, CICERO, UEA, UOxford, UNEXE 
Objective: assess and synthesise CCiCC scientific findings to foster a broader understanding of climate-
carbon interactions by decision and policy makers; and facilitate knowledge transfer on how near-term and 
long-term CO2 emissions affect mitigation actions, NDCs and long-term ambitions.  
Task 4.1. Knowledge transfer to support major international scientific assessments 
Besides the standard scientific dissemination of results (scientific publications and conferences) there is a 
pressing need for a wider contextualisation of the research findings to support scientific assessments such as 
IPCC, IPBES or the Global Carbon Budget. ScienceBrief.org is an innovative ICT platform that is being 
developed with the support of CCiCC researchers. ScienceBrief Carbon Cycle will be launched in Summer 
2018 (http://sciencebrief.org), and will enable the most advanced community-based synthesis of carbon cycle 
publications, helping identify knowledge gaps. We will build on ScienceBrief, incorporating new findings on 
the carbon cycle including those from CCiCC (expected from late 2019), and work with IPCC authors to 
support the assessment of carbon cycle research in AR6 and post-AR6 IPCC assessments, relevant IPBES 



8 
CCICC  

assessments, and annual Global Carbon Budget updates. ScienceBrief will thus keep international 
assessments of carbon-climate interactions up to date and widely highlight the significance of CCiCC results 
post AR6.  
Task 4.2 Providing added-value to decision and policy makers 
The CCiCC team has extensive experience in interacting with decision and policy makers. Interactions have 
been at the scientific level (e.g. IPCC), negotiations level (e.g. UNFCCC, SBSTA), with national policy 
makers (e.g. government ministries and departments), and with journalists who are the ultimate scientific 
translators as media is a key source of information for decision and policy makers. Task 4.2 will engage with 
decision and policy makers to add value by translating the emerging scientific consensus (Task 4.1) into 
usable formats: practitioners summaries of scientific deliverables, placing emerging scientific developments 
into the context of existing knowledge, info-graphics, and policy briefs. The task will also ensure interaction 
and dialogue with decision and policy makers, and respond rapidly as new knowledge emerges.  
Task 4.3. Communication and broad audience dissemination 
Selected material from Tasks 4.1 and 4.2 will be further adapted for a general audience and used to create 
outreach pieces in diverse formats (e.g. opinion editorials, interviews, videos, info-graphics) besides social 
media actions leveraging the existing profiles of researchers in the project.  
Task 4.4. Communication and dissemination management 
Task 4.4 will manage general communication tasks such as the creation and periodic revision of a 
communication, dissemination and user engagement plan; the creation of a recognizable visual identity for 
all project materials; design of a website and set up of social media; produce online and printed PR materials; 
and support media liaison for the project. 
WP5 Management (Lead Friedlingstein) 
UNEXE, WP Lead Partners 
Management includes provision for the overall project management, interfacing with the Commission and 
third parties, reporting to the Commission, ensuring projects objectives are met and deliverables achieved, 
managing project risks. The Project Coordinator (PC), supported by a Project Manager (PM), will lead 
administrative and financial management. The scientific coordination and strategy will be ensured by the 
Project Steering Committee, composed of the PC, PM, and the WP Leaders (WPLs), with the guidance of the 
Project International Advisory Board (IAB). The IAB will be composed of 3 international senior scientists 
with recognised expertise in the field. 
1.4 Ambition 
CCiCC will have eight ambitious objectives that are beyond the state-of-the-art: 
1) Improve understanding of the observed global carbon cycle, and identification of the key drivers of land 
and ocean carbon sinks, using novel techniques and regional to global observations 
The amount of new available global data — atmospheric (e.g. satellite xCO2, COS), oceanic (e.g. surface 
ocean pCO2, autonomous Argo floats), and terrestrial (e.g. SIF, Evapo-Transpiration) — will further improve 
in the coming years. These data, combined with improved inversion techniques and statistical upscaling 
algorithms (e.g. land or ocean data neural networks), will provide unique observational constraints on the 
global carbon cycle and fill the gap between observations and ESMs.  
2) Improve the understanding and representation of interannual to decadal variability in the land and ocean 
carbon cycle in ESMs, allowing attribution of historical atmospheric CO2 increase to anthropogenic 
emissions and variability of the land and ocean carbon sinks. 
The ocean CO2 sink shows much stronger variations than previously recognised on decadal timescales, 
challenging our ability to detect long-term trends in the strength of the oceanic carbon sink10,18. Nonetheless, 
this low-frequency variability provides a source of potential predictability for the global stocktake over the 
coming decade. We will use novel observation-based marine sink estimates to improve our process 
understanding of the oceanic CO2 sink response to climate variability. Novel observations over land (e.g. 
COS and SIF for GPP, ET and water storage for NBP) will provide better constraints on spatial distribution 
and process attribution of land sinks anomalies on ENSO time-scales19. Improved observational records and 
process understanding of the carbon sink will allow to separate the expected long term increase in response 
to anthropogenic emissions, and the shorter term departure due to natural variability on interannual to 
decadal timescales. 
3) Produce annual predictions of the following year’s global carbon budget (atmospheric CO2 and carbon 
sinks), as an ongoing test of our developing understanding of the global carbon cycle.  
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Apart from simple regression on atmospheric CO2 growth rate20, no attempt has been made so far to predict 
next year’s global carbon budget. Likewise, existing prediction systems are tailored for skilful forecasts of 
the physical climate variables. Here we will design a prediction system based on CCiCC ESMs initialized by 
observations capable of predicting next year atmospheric CO2 along with the land and ocean carbon sinks. 
Near-real time comparison with CO2 observations will allow to assess and continue to improve our 
representation of the land and ocean carbon cycle sensitivity to climate anomalies. This is the first step 
towards establishing a semi-operational system for predictions of atmospheric CO2. 
4) Perform decadal predictions of atmospheric CO2, global carbon cycle and climate response, providing 
unique predictions of the outcome of NDCs in time for the UNFCCC 2023 global stocktake 
Similarly to objective 3 above, there are no ESM-based predictions of the carbon cycle consistent with the 
UNFCCC NDCs. Our decadal predictions will allow us to assess the success of NDCs implementations in 
terms of expected atmospheric CO2 and climate response, accounting for the natural variability of the carbon 
and climate system, providing unique policy relevant information for the global stocktake. These predictions 
will indicate potential early warning of systematic errors in emission reporting, or carbon cycle response. 
5) Develop observationally-constrained estimates of 21st century cumulative CO2 emissions consistent with 
the Paris Agreement aims at limiting warming to 1.5 to 2°C and possible higher climate targets 
AR5 estimate of remaining carbon budget relied on all CMIP5 ESMs irrespective of their performance7, 
leading to large uncertainty in TCRE and remaining carbon budget. In a striking contrast with climate 
sensitivity that has not shown significant reduction of uncertainty progressed over the last 50 years21, we 
expect advances on carbon cycle feedbacks to be significant over the period of the CCiCC project. CCiCC 
will deliver a significant reduction in uncertainty in TCRE and cumulative CO2 emissions, via the use of 
novel observations and emergent constraints to assess models performances. 
6) Reduce uncertainty in climate and carbon projections by weighting individual ESM projections with 
observations and emergent constraints. 
AR5 climate projections were largely unconstrained by observations. As for the previous objective, we will 
use historical carbon cycle observations and emergent constraints to weight projections in order to reduce 
uncertainty on future atmospheric CO2, carbon sinks (and associated impacts), and climate projections. 
7) Improve understanding of key biogeochemical feedback processes in Earth System Models. 
CCiCC ESMs, including several post-CMIP6 land and ocean biogeochemical processes, will perform future 
simulations in order to fully assess carbon and biogeochemical feedbacks.  
8) Provide adaptive CO2 emission pathways, consistent with the current UNFCCC NDCs, limiting warming 
to 1.5 to 2°C, with and without overshoot, accounting for Earth system feedbacks. 
AR5 or CMIP6 scenarios are not ideal to support to UNFCCC as they prescribe GHGs emissions (or 
concentrations) at the outset, independent of the climate response. CCiCC will develop new adaptive 
scenarios where emissions are revised, depending on the remaining warming before meeting a climate target, 
mimicking the real world periodic stocktake process. These adaptive simulations will provide the optimum 
remaining carbon emissions consistent with the ambitions of the Paris Agreement. 
2. Impact 
2.1 Expected impacts  
CCiCC will: 
• support major international scientific assessments such as the IPCC; 
CCiCC has specific tasks (WP4) to prepare the project outputs for assessment reports. With this structure in 
place, the science of CCiCC will smoothly and directly feed into the IPCC AR6 (acknowledging for the 
strict AR6 timelines) and post-AR6 IPCC assessments. CCiCC partners have strong past experience as IPCC 
authors in IPCC SAR (Joos), TAR (Joos, LeQuéré), AR4 (Ciais, Cox, Friedlingstein, Le Quéré, Joos), SREX 
(Seneviratne), AR5 (Bopp, Brovkin, Ciais, Cox, Eyring, Friedlingstein, Le Quéré). CCiCC partners are AR6 
authors/editors for WG1 (Brovkin, Cox, Eyring, Seneviratne, Zaehle), WG2 (Bopp) and WG3 (Peters) and 
special reports (SR1.5: Allen, Seneviratne; SROCC: Frölicher, Gruber; SRCCL: Davin). The high 
international standing of the CCiCC consortium will ensure our work is communicated across the main 
international science bodies, contributing to on-going research, as well as engendering new ones. CCiCC 
partners include the chair of the WCRP/CMIP Panel, co-chairs of Future Earth/AIMES, WCRP/GEWEX, 
WCRP/Grand Challenge ‘Carbon feedbacks in the climate System’, as well as steering committee members 
of the Global Carbon Budget of GCP, WCRP/WGCM, WCRP Modelling Advisory Council, as well as of 
several CMIP6-Endorsed Model Intercomparison Projects (AerChemMIP, C4MIP, LUMIP, LS3MIP, OMIP, 
ScenarioMIP).  
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• increase confidence in climate change projections; 
AR5 climate projections suffered from large uncertainty on carbon cycle feedbacks, in part due to the lack of 
observational constraints, leading to large uncertainty in TCRE and cumulative emissions. CCiCC will aim 
to reduce this uncertainty, having ESMs being confronted against novel observations, tested on their 
predictive skills, and constrained and weighted for future projections. CCiCC ESMs will include new 
processes such as nitrogen and phosphorous limitation on land, permafrost carbon, variable lability and 
stoichiometry for organic carbon, all controlling the strength of carbon cycle feedbacks. 
• provide added-value to decision and policy makers;   
CCiCC will provide state-of-the-art predictions of atmospheric CO2 and climate response for the UNFCCC 
agreed NDCs emissions, providing evidences of the possible outcomes of the Paris Agreement ambitions in 
advances of the coming global stocktake meetings. CCiCC will provide robust estimates, constrained by 
observations, of remaining carbon budgets consistent with the 1.5°C and 2°C climate stabilisation objectives 
of the Paris Agreement. WP4 has specific tasks designed to place the outputs of CCiCC in context with 
existing knowledge, and translate the new knowledge to a language that facilitates an effect dialogue with 
decision and policy makers. 
• sustain Europe's leadership in climate science.   
CCiCC will include the main European climate modelling groups and the leading European groups on 
climate-carbon cycle science. CCiCC will uniquely secure Europe’s leadership in Earth System science by 
developing new observation-based constraints on carbon fluxes, building and using next generation ESMs. 
These ESMs with augmented representation of biogeochemical processes will provide an improved 
understanding of the carbon cycle and climate interactions for the contemporary, near-term predictions and 
long-term projections. 
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