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Rationale 

•  Why should we care about the carbon cycle? 
•  What’s in current ESMs? 
•  How do they perform? 
•  Are we getting any better? 
•  What are the lessons for IAMs? 



Fate of Anthropogenic CO2 Emissions (2000-2009) 

1.1 PgC y-1 

+ 7.7 PgC y-1 

2.4 PgC y-1 

27% 

4.1 PgC y-1 

47% 

26% 
2.3 PgC y-1 

Peters et al., 2011, Friedlingstein et al., 2010,  Le Quéré et al. 2009, Canadell et al. 2007 



Carbon cycle feedbacks 

Land and ocean 
uptakes are driven by 
atmospheric CO2 and 
climate (land surface 
temperature, soil 
water content, ocean 
temperature, salinity, 
oceanic circulation, 
surface winds,…)   



Carbon cycle feedbacks 

•  Climate-carbon cycle 
feedback 
–  Positive feedback 

•  CO2 concentration-
carbon cycle feedback 
–  Strong negative feedback 

-ve +ve 



Basic structure of GFDL’s Earth System Model 



Outlaw at the time of AR4 
In IPCC AR4 
•  OAGCM models driven by CO2 

concentration 
•  C4MIP models driven by CO2 

emissions 

General findings: 
•  Large uncertainty in CO2 

projections 
•  Adds uncertainty on climate 

projections 
•  Positive climate-carbon cycle 

feedback leads to larger warming. 

Meehl et al., 2007 



Within CMIP5 and AR5 

•  CMIP5 has 2 suites of 
experiments: near-term and 
long-term. 

•  For long term, most are 
driven by CO2 concentration, 
allowing GCMs and ESMs to 
participate 

•  Some ESM specific 
experiments for carbon cycle 
feedbacks evaluation  

Taylor et al., 2011 



Within CMIP5 and AR5 

•  20C for model evaluation. 
•  RCPN.N for future C-cycle 

projections, compatible 
emissions 

•  1%CO2 for feedback analysis 
•  E-driven historical and 

RCP8.5 for projections of 
climate and C-cycle  

Taylor et al., 2011 



Within CMIP5 and AR5 

•  In CMIP3 : 0 ESMs (?) 
•  In C4MIP: 7 ESMs 
•  For CMIP5: ~10 groups, ~18 

models versions. 

Taylor et al., 2011 
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ESM carbon cycle evaluation 

OBS. Anav et al., 2012 
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Soil Carbon content 

Also, models evaluation  on LAI, GPP, MLD, NPP, DIC CO2,…  
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ESM carbon cycle evaluation 

Anav et al., 2012 
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Soil Carbon content 

If the pools are off (in particular the soil carbon pool), it quite likely that you land 
sinks will be off (hence the CO2, hence the ocean sink,…) 
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ESM carbon cycle evaluation 

Anav et al., 2012 
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Soil Carbon content 

•  Some models (MPI-ESM) 
severely overestimate soil 
carbon and land sink.  

•  Reasons for “missing the 
target” 
–  too slow soil turnover time 

(especially for arid 
ecosystems) 
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ESM carbon cycle evaluation 

Anav et al., 2012 
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Soil Carbon content 

•  Some models (CESM, 
NorESM) severely 
underestimate soil carbon and 
land sink. These two ESMs 
share the same land model 
(CLM). Only CMIP5 models 
with interactive Nitrogen cycle 
(which should be a plus…) 

•  Reasons for “missing the 
target” 
–  too fast soil turnover time 
–  Nitrogen limits ecosystems 

response to CO2 



RCP forcing to ESMs 

3.2 Land use

A crucial element of the new scenarios is land use. Land use influences the climate system
in many different ways including direct emissions from land-use change, hydrological
impacts, biogeophysical impacts (such as changes in albedo and surface roughness), and the
size of the remaining vegetation stock (influencing CO2 removal from the atmosphere).
Historically, cropland and anthropogenic use of grassland have both been increasing, driven
by rising population and changing dietary patterns. There are far fewer land-use scenarios
published in the literature than emission or energy-use scenarios. Moreover, far less
experience exists with scenario projections (Rose et al. 2011; Smith et al. 2010). Most
projections focus on a shorter time period (up to 2030 or 2050) and show an increasing
demand for cropland and pasture.

The limited experience in global land-use modeling as part of integrated assessment
work is also reflected in the RCP development process. Compared to emission modeling,
definitions of relevant variables and base year data differ more greatly across the IAMs for
the land use components. This, along with the importance of retaining continuity at grid cell
level with historical data, required more extensive harmonization activities (i.e. minimizing
the difference between historical reconstruction and future projections, and preserving as
much information from IAMs as possible). As a first step, general agreement on the 2005
global land-use definitions and values was reached. Prior to harmonization, inconsistencies
in definitions of cropland, pasture, and wood harvest resulted in significant discrepancies
between IAM values for their initial year (2005), and the HYDE 3.1 or FAO final year
values (also 2005). With consistent definitions and reanalysis, these inconsistencies were
reduced to <12% for 2005 between HYDE 3.1, FAO and the IAMs, except for RCP8.5
(MESSAGE) pasture (Hurtt et al. 2011). Subsequently, the IAM decadal changes in land
use were aggregated over a 2°×2° grid, and these changes were applied sequentially to the
2005 land-use distribution of HYDE3.1. As a basic rule, future land use for the RCPs was
based on the absolute changes in the IAM output, combined with 2005 historical data. The
resulting 2°×2° grids were then disaggregated into 0.5°×0.5° grids.

The RCPs cover a very wide-range of land-use scenario projections. This is illustrated
by the trends shown in Fig. 5 (i.e. after harmonization). The use of cropland and grasslands
increases in RCP8.5, mostly driven by an increasing global population. Cropland also
increases in the RCP2.6, but largely as a result of bio-energy production. The use of
grassland is more-or-less constant in the RCP2.6, as the increase in production of animal
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Fig. 5 Land use (crop land and use of grass land) across the RCPs. Grey area indicates the 90th percentile of
scenarios reported in the literature (taken from Smith et al. 2010). Vegetation is defined as the part not
covered by cropland or antropogenically used grassland
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3.4 Concentrations of greenhouse gases

The greenhouse gas concentrations in the RCPs closely correspond to the emissions trends
discussed earlier (Fig. 9). For CO2, RCP8.5 follows the upper range in the literature
(rapidly increasing concentrations). RCP6 and RCP4.5 show a stabilizing CO2 concentra-
tion (close to the median range in the literature). Finally, RCP2.6 has a peak in CO2

concentrations around 2050, followed by a modest decline to around 400 ppm CO2, by the
end of the century. For CH4 and N2O, the order in which the RCPs can be placed are also a
direct result of the assumed level of climate policy. The trends in CH4 concentrations
are more pronounced, as a result of the relatively short lifetime of CH4. Emission
reductions, as in the RCP2.6 and RCP4.5, therefore, may lead to an emission peak much
earlier in the century. For N2O, in contrast, a relatively long lifetime and a modest
reduction potential imply an increase in concentrations, in all RCPs. For both CH4 and
N2O, the concentration levels correspond well with the range in the literature. Further
information on the calculations of concentration can be found in Meinshausen et al.
(2011b)

The combination of trends in greenhouse gases and those in atmospheric pollutants
translate to changes in concentrations affecting the overall development of radiative forcing.
As shown in Fig. 10, the RCPs, as specified in the original selection criteria, cover the
trends and level of radiative forcing values of scenarios in the literature very well. Total
radiative forcing is determined by both positive forcing from greenhouse gases and negative
forcing from aerosols. The most dominant factor, by far, is the forcing from CO2. As a
result, both for the RCPs and in the overall literature, 2100 radiative forcing levels are
correlated with cumulative 21st century CO2 emissions (see middle panel of Fig. 10). Thus,
it is not surprising that the RCPs are consistent with the literature, both in terms of total
forcing and cumulative CO2 emissions (over the course of the century).

3.5 Concentration of air pollutants

For tropospheric ozone (driven by the changes in NOx, VOC, OC and methane emissions,
along with changes in climate conditions), there is a clear difference between the RCPs.
For RCP8.5, radiative forcing from tropospheric ozone, according to the CAM3.5
calculations, increases by an additional 0.2 W/m2 by 2100 (Lamarque et al. 2011). In
contrast, there is a decrease in radiative forcing, for RCP4.5 and RCP2.6, of 0.07 and 0.2W/m2,

2000 2025 2050 2075 2100
300

400

500

600

700

800

900

1000

C
O

2 
co

nc
en

tr
at

io
n 

(p
pm

)

2000 2025 2050 2075 2100
0

100

200

300

400

500

 RCP2.6
 RCP4.5
 RCP6
 RCP8.5N 2

O
 c

on
ce

nt
ra

tio
ns

 (
pp

b)

2000 2025 2050 2075 2100
0

1000

2000

3000

4000

5000

C
H

4 
co

nc
en

tr
at

io
n 

(p
pb

)

Fig. 9 Trends in concentrations of greenhouse gases. Grey area indicates the 98th and 90th percentiles
(light/dark grey) of the recent EMF-22 study (Clarke et al. 2010)
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emissions and air pollutants. The range of air pollution projections, generally, is smaller than
that found in the literature. This is mostly due to the RCPs’ shared assumption of stringent air
pollution policies increasing proportionally with income (van Ruijven et al. 2008). As such,
one may conclude that the RCPs show a range of plausible development pathways for air
pollutants and policy interventions, but they are not fully representative of the literature on air
polluting emissions, as the set does not include scenarios which assume that very little or no
reduction of emissions will be achieved. This may limit the use of the RCPs for specific air
pollution applications.

The emissions in the RCPs have been downscaled to 0.5°×0.5° grids per sector
(Masui et al. 2011; Riahi et al. 2011; Thomson et al. 2011; Van Vuuren et al. 2011a)—
allowing their use in atmospheric climate and chemistry models (Fig. 8). The results show
that for most gases, emissions are concentrated in specific areas (e.g. Eastern United
States, Western Europe, Eastern China and India). Moreover, a general trend can be noted
across all RCPs and gases, indicating that emissions tend to become relatively more
concentrated in currently low-income regions.
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Fig. 7 Emissions of SO2 and NOx across the RCPs. Grey area indicates the 90th percentile of the literature
(only scenarios included in Van Vuuren et al. 2008b, i.e. 22 scenarios; the scenarios were also harmonized for
their starting year—but using a different inventory). Dotted lines indicate SRES scenarios. The different
studies use slightly different data for the start year

Fig. 8 Emission pattern for 2100, for CH4 across the four RCPs

22 Climatic Change (2011) 109:5–31

Van Vuuren et al., 2011 
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Change in ocean carbon 

•  Overall, fair agreement 
between models 

•  one known outlier 
(INMCM4), already off 
for historical uptake 

•  scenario spread is larger 
than models spread. 



Change in land carbon 

•  Models don’t always agree 
on the sign of the change  

•  some “known outlier 
(INMCM4, no land use) 

•  models spread is larger than 
scenario spread… 

•  Land use is partly 
responsible for this. 
Unclear how ESMs differ 
in their LUC estimate (no 
appropriate diagnostic) 



We can’t just blame land use… 
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 1133 
 1134 
F igure 2: Simulated temperature change (panel a, b and c), cumulative atmosphere-land CO2 flux 1135 
(panels d, e and f) and cumulative atmosphere-ocean CO2 flux (panels g, h and i) from the fully-, 1136 
radiatively- and biogeochemically-coupled 1% CO2 increase simulations for the nine participating 1137 
models. 1138 
 1139 

1140 

Temperature change ( C)

Cumulative atmosphere-land CO2 flux (Pg C)

Cumulative atmosphere-ocean CO2 flux (Pg C)

1% CO2 increase 
(no land use) 
Same story : ocean 
models agree land 
models don’t… 
Models with 
Nitrogen largely 
explain the spread 
here. 



Back to RCPs, compatible 
emissions 

•  ESMs Allow to compute 
compatible emissions for 
ech RCP: 

 

•  Broadly comparable with 
the IAMs RCP emissions  

•  Models average is slightly 
lower for RCP4.5 and 
above 

 

9 

 

some of the issues and challenges of defining and quantifying uncertainty in land-use 

emissions. 

In the Appendix we show that regardless of difficulties in diagnosing the land-use 

emission component, the simulations can be used to diagnose the fossil-fuel component 

of the compatible emissions and compare with IAM/RCP values. 

For the combined atmosphere-land-ocean system the rate of change of carbon 

may be written as 

 

F

OLATot
E

dt
dC

dt
dC

dt
dC

dt
dC                                                (1) 

 
where

OLATot CCCC  is the sum of carbon in the Atmosphere, Land and Ocean 

components (the latter including seafloor sediments), and 
F

E  is an external addition of 

carbon into the atmosphere such as from anthropogenic fossil-fuel burning. The equations 

for the atmosphere, land and ocean are  
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where 

AOL
FFF )(  are the fluxes between the atmosphere and the underlying 

land and ocean, taken to be positive into the components. The atmosphere-land CO2 flux 

is made up of natural atmosphere-land CO2 flux ( NATL
F , ) and anthropogenic land use 

change (
LU C

E ) components and total emissions (
T

E ) are thus given by 
LU CFT

EEE .  



Back to RCPs, compatible 
emissions 

•  “Broad agreement” is quite 
remarkable knowing that some 
of these models do LUC some 
don’t; some have Nitrogen, 
some don’t,… 

•  Remember that  

               
 
and [CO2] is given  
•  Agreement is not that 

impressive after all… 
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Back to RCPs, compatible 
emissions 

 
•  RCP2.6 does not always 

require negative emissions.  

RCP2.6 compatible emissions 



Change in airborne fraction 

•  AF increase for the 
RCP8.5 (consistent to 
what was found before 
with SRESA2), but AF 
decreases in RCP2.6 or 
4.5. 

•  AF trends are primarily 
driven by trends in 
emissions (i.e. in [CO2] 
growth rate) 

•  Future change in AF is 
not a “metric” of 
carbon cycle feedback  
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 684 

Figure 4. Range of (a) simulated atmospheric CO2 (ppm) and (b) global surface temperature 685 

change (K) from the 7 ESMs emission driven (black lines) and concentration driven (red lines) 686 

simulations.  Also shown is the full range of (c) simulated atmospheric CO2 (ppm) and (d) global 687 

surface temperature change (K) simulated by  MAGICC6 when emulating all 19 CMIP3 climate 688 

models and 10 CMIP climate-carbon cycle models. The red curve in panels (c) and (d) is the 689 

baseline estimate from MAGICC6, using the CMIP3 multi-models average for climate sensitivity 690 

and the emulation of the BERN-CC model for the carbon cycle.  691 
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RCP8.5 driven by CO2 emissions. 
ESMs calculate both atmospheric 
CO2 and climate change 
Simulated CO2 is generally larger 
than the prescribed CO2 given by 
MAGICC6.  
Larger warming when ESMs use 
prescribed emissions (black) than 
when using prescribed CO2 
concentration (red) 
 
But, mainly due to 2 models that 
over-predict CO2 for present-day… 
Not sure what to conclude ! 

ESMs forced by emissions 
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ESMs simulate larger  
atmospheric CO2 than the 
prescribed CO2 given by 
MAGICC6. Also MAGICC6 
CO2 range has a much lower 
lower bound (820 vs 920) 

ESMs and IAMs 
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 702 

Figure 6. Same as Figure 4, for the annual global air to land carbon flux and annual global air to 703 

ocean carbon flux. 704 
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 702 

Figure 6. Same as Figure 4, for the annual global air to land carbon flux and annual global air to 703 

ocean carbon flux. 704 
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Figure 6. Same as Figure 4, for the annual global air to land carbon flux and annual global air to 703 

ocean carbon flux. 704 
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!

MAGICC6 was tuned to all CMIP3 
GCMs for climate  and C4MIP models 
for carbon. That includes a ”suspicious”  
C4MIP model… 

MAGICC6 

MAGICC6 
C4MIP tuning 



!

Present-day land and ocean uptakes for 
that ”suspicious”  C4MIP model… 
 
We might have wanted not to use it for 
tuning… 
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Conclusions 

•  ESMs historical land carbon pools and fluxes are still embarrassingly all 
over the place.  

•  Obviously, not enough tuning/validation has been done in the model 
development phase (lack of time ?) 

•  It is quite tempting not to treat all of them equally for model projections 
•  CMIP5 ESMs are not significantly better than C4MIP models 
•  More processes are included (land use change, nitrogen cycle) J but this 

artificially enhances the models spread L 

•  CMIP5 projections of compatible emissions are broadly consistent with the 
IAMs estimates  

•  Still, don’t blindly trusts ESMs, we also have better (and worst) models… 
•  Any IAMs tuning on ESMs behaviour needs to have this in mind.  


