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WCRP Grand Challenge: GC-Carbon
•Contribution to CMIP6

•GC-Carbon has played a major role in contributing to C4MIP and 
ZECMIP, as well as to DCPP simulations including the carbon cycle

•GC-Carbon pushed CMIP6 beyond its “boundaries” with emission 
driven large ensemble simulations (historical and SSPs) as well as 
emission driven decadal predictability simulations

•Several relevant publications
•12 GC-Carbon related publications, see GC-Carbon report

1. 
Highlights 
for JSC 
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Figure 2. (a) Atmospheric CO2 concentration anomaly and (b) Zero Emissions Commitment following cessation of emissions under the
experiment where 1000 PgC was emitted following the 1% experiment (A1). ZEC is the temperature anomaly relative to the estimated
temperature at the year of cessation. ZEC has been smoothed with a 20 year moving window.
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Figure 3. (a) Change in atmospheric CO2 concentration, (b) change in temperature, and (c) ocean heat uptake following cessation of emis-
sions for the A1 experiment (1000 PgC following 1%) for 1000 years following cessation of emissions.
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WCRP Grand Challenge: GC-Carbon
•Contribution to IPCC AR6

•Climate-carbon cycle feedbacks (a,b,g)
•TCRE and compatible emissions
•Carbon cycle response in high and low warming worlds
•Predictability of carbon sinks and atmospheric CO2
•Two carbon cycle figures in the SPM (current version)

•Several relevant publications
•12 GC-Carbon related publications, see GC-Carbon report

1. 
Highlights 
for JSC 
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Figure 1. The difference in diagnostic atmospheric CO2 concentration between CO2 emission reductions scenario RCP2.6
(green) and currently most likely scenario for the near-term RCP4.5 (red) appears after the start of CO2 emission reductions in
2020 (vertical dashed gray line). Both scenarios are detrended with the combined scenario mean forcing, see the otherwise
identical figure S4 without detrending. Individual ensemble members are shown in faded colors. The forced response (solid green
and red) in atmospheric CO2 follows the prescribed atmospheric CO2 forcing derived from the a simplified climate model with
emissions from integrated assessment models (Meinshausen et al 2011). The variation of global mean (black) and Mauna Loa
(gray) atmospheric CO2 observations by NOAA/ESRL (Dlugokencky and Tans 2019), mostly fall within the ensemble standard
deviation (dotted green and red).

atmospheric CO2 Meinshausen et al (2011). While
this is consistent with the forcing applied to the
the climate system in MPI-ESM, this leads to small
differences between in the compatible emissions of
concentration-drivenRCPs and actual CO2 emissions
as discussed by Jones et al (2013) and demonstrated
for MPI-ESM (figure S9).

3. Probability of CO2 emission reductions
causing changes in atmospheric CO2
growth trend

We first assess the frequency distributions of five-
year trends in atmospheric CO2. These distributions
over the period 2016-2020 in RCP2.6 and RCP4.5
are nearly indistinguishable (figures 1, 2(a) and (d)).
The most recent 2015–2019 observations-based
estimate for global atmospheric CO2 (Dlugokencky
and Tans 2019) trend is in the upper tercile and
thereby captured by our model (figures 2(a) and (d),
S7). Comparing the distributions before and after
CO2 emission reductions onset in 2020 in RCP2.6,
we find overlapping distributions with a tendency
towards lower trends after CO2 emission reduc-
tions (figures 2(a) and (b)). The ensemble mean
responds to CO2 emission reductions with a decrease
in trend of 1 ppm over 5 years. The trend reduces
in 70 ensemble members, resulting in PRCP2.6 =
70% (figure 2(c)). This implies that with a 30%

probability, atmospheric CO2 growth will strengthen
despite emissions reductions. In RCP4.5, the dis-
tributions of atmospheric CO2 trends before and
after 2020 look similar because the emissions rise
steadily. Hence, only roughly half of the ensemble
members show a reduced trend, with PRCP4.5 = 48%
(figure 2(d)–(f)).

The atmospheric CO2 may increasemore strongly
despite the onset of CO2 emission reductions, when
the global carbon cycle triggered by internal climate
variability releases more CO2 than CO2 emission
reductions save. For instance, this is possible when the
tropical forests react to higher temperature and less
precipitation caused by a strong El Niño event (Jones
et al 2001, Zeng et al 2005). The releasedCO2 from the
tropical biosphere persists in the atmosphere and can
overwhelm the reduction of anthropogenic emissions
(figure 1). These stronger atmospheric CO2 growth
trends despite CO2 emission reductions might occur
for trend comparisons around the CO2 emission
reductions start of up to ten years (figure 3).

These probabilities of trend reduction of the
two scenarios can be converted into probabilities
of trend reduction being caused by CO2 emission
reductions (see section 2.1). If asked in advance in
2015, the answer would be that a policy change from
RCP4.5 to RCP2.6 representing CO2 emission reduc-
tions starting in 2020 are sufficient to cause a five-
year trend reduction in atmospheric CO2 growth by
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Figure 3. Probabilities of trend reduction in diagnostic atmospheric CO2 between periods of varying trend length before and after
CO2 emission reductions start in 2020. PRCP2.6 (green) shows the probability of trend reduction in CO2 emission reductions
scenario RCP2.6. PRCP4.5 (red) shows the probability of trend reduction in the currently most likely scenario for the near-term
RCP4.5. PS (pale blue) show the probability that a change from RCP4.5 to RCP2.6 causes the respective trend reduction in a
sufficient causation sense. PN (blue)show the probability that a change from RCP4.5 to RCP2.6 causes the respective trend
reduction in a necessary causation sense. PNS (dark blue) shows the probability that change from RCP4.5 to RCP2.6 causes the
respective trend reduction in a sufficient and necessary causation sense. Error bars show the 1% and 99% confidence intervals
based on bootstrapping with replacement. Dotted lines show 99% confidence interval for time of virtual certainty in trend
reduction or causation (D{S,N}). Results for policy-relevant five-year trends are highlighted in the gray box.

causation is certain, PS = 1 in 2030 see (1), neces-
sary causation and causation both necessary and suf-
ficient coincide, PN = PNS; compare (2) and (3) with
PRCP2.6 = 1. Virtual certainty in P{N,NS} is hindered
by PRCP4.5 above 1%. Due to the slow increase in
emissions in the 2030 s, internal variability allows
a few members to have increasing trends. Taking a
less strict threshold of 95% certainty like in Tebaldi
and Friedlingstein (2013), we obtain DN = DNS =
16 years. This time-scale of CO2 emission reduc-
tions detection in a necessary causation sense DN

is a bit longer than the similarly defined estimate
based on IPSL-CM5A-LR (Tebaldi and Friedling-
stein 2013, table 1). Our analysis also shows that
whether this policy change from RCP4.5 to RCP2.6
can be identified as the cause of reduced atmo-
spheric CO2 trends after 10 or 16 years depends on
the causation attribute. The differently defined emis-
sion reduction detection protocol of Schwartzman
and Keeling (2020) finds a similar detection delay of
9± 4 years for comparable 2% net annual emissions
reduction.

4. Summary and conclusions

In the context of potential future CO2 emission
reductions, we ask whether atmospheric CO2 growth
trend reductions in the near term can be attributed

to a policy change. We focus on one specific pathway
of CO2 emission reductions interpreted as a policy
change from scenario RCP4.5without near-termCO2

emission reductions to emissions reduction scenario
RCP2.6 designed to achieve for the Paris targets
representing 3% net annual CO2 emission reductions
until 2030.We apply a causation framework compris-
ing two perspectives of policy elaboration (Hannart
et al 2016, Marotzke 2019). We diagnose atmospheric
CO2 variations compatible with the natural carbon
sinks variations and compare growth trends of atmo-
spheric CO2 before and after the onset of CO2 emis-
sion reductions in 2020 in RCP2.6. While 5-year
trends reduce in 70% of all realizations in the CO2

emission reductions scenario RCP2.6 (consequen-
tially implying increasing trends despite of CO2 emis-
sion reductions by 30%), there is 48% probability of
trend reductions in RCP4.5. This translates into CO2

emission reductions from RCP4.5 to RCP2.6 being
sufficient to cause a five-year trend reduction before-
hand by 42% and in hindsight necessary by 31%. The
probability that this policy change is both necessary
and will suffice to bring the desired outcome con-
sidering five-year trends is only 22%. These prob-
abilities are far from certain for up to a decade. It
takes ten or 16 years of CO2 emission reductions from
RCP4.5 to RCP2.6 to virtually certainty cause a trend
reduction in a sufficient or necessary causation sense,
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WCRP Grand Challenge: GC-Carbon
•Contribution to GCP

•Strong interaction between GC-Carbon and Global Carbon Project
•Global Carbon Budget 2020, Friedlingstein et al., ESSD 2020
•Shaping future directions of global carbon budget assessment 
(metrics for mitigation, carbon sinks efficiency)

•Several relevant publications
•12 GC-Carbon related publications, see GC-Carbon report

1. 
Highlights 
for JSC 

Friedlingstein et al., ESSD, 2020



WCRP Grand Challenge: GC-Carbon

• Near term
•

• TCRE assessment, including ongoing study on emergent 
constraints on TCRE and a broader community assessment 

• Development of robust carbon annual to decadal prediction of the 
global carbon cycle to support the annual Global Carbon Budgets

• New work on mitigation metrics, carbon sinks efficiency to feed in 
GCB.

• C4MIP workshop, Autumn 2021

• Longer term

• Unclear…
• Where is the home for Carbon in the new WCRP structure? 
• How to keep the GC-Carbon momentum in the new structure?

2. Future 
of the GC


