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[1] The response of the second-generation Canadian earth
system model (CanESM2) to historical (1850-2005) and
future (2006-2100) natural and anthropogenic forcing is
assessed using the newly-developed representative
concentration pathways (RCPs) of greenhouse gases
(GHGs) and aerosols. Allowable emissions required to
achieve the future atmospheric CO, concentration
pathways, are reported for the RCP 2.6, 4.5 and 8.5
scenarios. For the historical 1850-2005 period, cumulative
land plus ocean carbon uptake and, consequently,
cumulative diagnosed emissions compare well with
observation-based estimates. The simulated historical
carbon uptake is somewhat weaker for the ocean and
stronger for the land relative to their observation-based
estimates. The simulated historical warming of 0.9°C
compares well with the observation-based estimate of 0.76
+ 0.19°C. The RCP 2.6, 4.5 and 8.5 scenarios respectively
yield warmings of 1.4, 2.3, and 4.9°C and cumulative
diagnosed fossil fuel emissions of 182, 643 and 1617 Pg C
over the 20062100 period. The simulated warming of
2.3°C over the 1850-2100 period in the RCP 2.6 scenario,
with the lowest concentration of GHGs, is slightly larger
than the 2°C warming target set to avoid dangerous climate
change by the 2009 UN Copenhagen Accord. The results
of this study suggest that limiting warming to roughly 2°C
by the end of this century is unlikely since it requires an
immediate ramp down of emissions followed by ongoing
carbon sequestration in the second half of this century.
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1. Introduction

[2] The climate model simulations for the fifth assessment
report (ARS) of the Inter-governmental Panel on Climate
Change (IPCC) are based on the newly-developed represen-
tative concentration pathways (RCPs) of radiatively impor-
tant greenhouse gases (GHGs) (http://www.pik-potsdam.de/
~mmalte/rcps/index.htm). Historical (1850-2005) and future
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(2006-2100) simulations based on these RCPs are a key
element of the upcoming fifth Coupled Modeled Intercom-
parison Project (CMIPS5, http://cmip-pcmdi.llnl.gov/cmip5/
forcing.html). The RCPs, which are based on simulations
from a set of integrated assessment models (IAMs), provide
both concentrations and emissions of radiatively important
GHGs, emissions of several aerosols and their precursor
species, and associated land cover change scenarios (http://
luh.unh.edu/). A central focus of the ARS effort involves
next-generation experiments in which earth system models
(ESMs) are run with scenarios of prescribed concentrations
of GHGs that lead to the stabilization of radiative forcing to
different levels at, or sometime after, the end of this century.
Driven with specified concentration of CO, (and other
GHGs) in this way, ESMs yield atmosphere-land and
atmosphere-ocean carbon fluxes that may be used to obtain
an inverse estimate of the anthropogenic emissions required
to achieve a given CO, pathway [Hibbard et al., 2007]. Here,
we summarize the physical and biogeochemical response
of the second-generation Canadian earth system model
(CanESM2) to historical (1850-2005) and future RCP-
based (2006-2100) prescribed CO, and other GHGs forc-
ing, focusing in particular on inverse estimates of allowable
emissions. These results will soon be available as part of the
CMIPS5 project and will contribute to the fifth assessment
report of the IPCC.

2. Model Description and Experimental Set Up

[3] CanESM2 has evolved from the first generation
Canadian earth system model (CanESM1) [Arora et al.,
2009; Christian et al., 2010] of the Canadian Centre for
Climate Modelling and Analysis (CCCma). The atmospheric
component of CanESM2 (CanAM4) has evolved from
the third generation atmospheric general circulation model
(CanAM3) [Scinocca et al., 2008]. It is a spectral model
employing T63 triangular truncation with physical tendencies
calculated on a 128 x 64 (~2.81°) horizontal linear grid. The
physical ocean component of CanESM2 differs from that of
CanESMI1 in that it has higher resolution and improved
physical parameterizations. Changes to the physical atmo-
sphere and ocean components of CanESM2, compared to
CanESM 1, are summarized in the auxiliary information.' The
effects of explosive volcanoes for the 1850-2005 period is
included by prescribing stratospheric aerosol distribution
following the CLIVAR C20C protocol (http://www.iges.org/
c20c/). Solar variability is included for the period 1850—
2005 following CMIP5 recommendations (http:/www.geo.

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL046270.
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fu-berlin.de/en/met/ag/strat/forschung/SOLARIS/Input _data/
CMIPS _solar_irradiance.html) and is extended into the
future by repetition of the last solar cycle (1997-2008).

[4] The ocean and land carbon cycle components of
CanESM2 are essentially the same as those in CanESM1 and
are represented by the Canadian Model of Ocean Carbon
(CMOQC) [Christian et al., 2010, and references therein] and
the Canadian Terrestrial Ecosystem Model (CTEM) [4rora
et al., 2009; Arora and Boer, 2010], respectively (see
auxiliary information). Land use change (LUC) emissions
are interactively modelled on the basis of changes in land
cover [Arora and Boer, 2010] which yields land-atmosphere
CO, fluxes that are consistent with historical changes in crop
area. This approach is superior to the direct injection of LUC
emissions into the atmosphere (e.g. similar to fossil fuel
emissions) with no corresponding changes at the land sur-
face, which does not take into account the associated albedo
changes or the reduced capacity of the biosphere to sequester
carbon. This is especially important when natural vegetation
is replaced with croplands. The historical land cover is
reconstructed following Arora and Boer [2010] on the basis
of historical changes in crop area provided in the CMIP5
dataset. A similar approach is used for future land cover based
on changes in crop area associated with each RCP scenario.

[s] The vertically integrated globally-averaged carbon
budget equation for the atmosphere as modeled here is

%:EF—FO—FL:(EF +Ervc) — Fo — Fra (1)
where H , is the global atmospheric carbon burden (Pg C), Fp
and F; are the atmosphere-ocean and atmosphere-land CO,
fluxes (Pg C/yr), respectively, and E is the anthropogenic
fossil fuel emissions (Pg C/yr). The modeled atmosphere-
land CO, flux (F; = F;, — E;yc) is made up of the natural
component (F;,) and the interactively modeled anthropo-
genic land use change emissions (E; ). For specified con-
centrations simulations, the time evolution of H, (and hence
dH, / df) is known and using modeled values of Fp and F,
the time evolution of Ef, i.e. the diagnosed fossil fuel
emissions, can be estimated. Arora and Boer [2010] argue
that net LUC emissions (£, ) are more accurately estimated
as the difference in £ between fully coupled ESM simula-
tions with and without LUC, although a first-order guess is
obtained by calculating the amount of biomass deforested.

[6] A 700 year preindustrial control simulation with spec-
ified atmospheric CO, concentration of 284.7 ppm and 1850
land cover serves as the basis for launching historical simu-
lations. An ensemble of five historical (1850-2005) simula-
tions is performed, which are initialized at 50 year intervals
from the preindustrial control. The historical simulation is
forced by anthropogenic changes (in CO, and non-CO,
GHGs, aerosols and land cover) as well as the natural vari-
ability due to solar variability and explosive volcanoes. Five-
member ensemble simulations for the 2006-2100 period
are performed for each of the three RCPs (2.6, 4.5, 8.5) which
are continuations of the five historical simulations.

3. Results

3.1. Physical Climate

[7] Figure la shows time series of the specified atmo-
spheric CO, concentration while Figures 1b and 1c show the
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simulated response of globally averaged screen (2m) tem-
perature and precipitation rates in the control, historical, and
RCP-based simulations. The physical surface climate ex-
hibits fairly stationary behavior with virtually no drift in the
simulated temperature and precipitation in the control sim-
ulation. The ensemble-averaged temperature increase over
the historical 1850-2000 period is 0.9°C which compares
well the observation-based estimate of 0.76 + 0.19°C
[Intergovernmental Panel on Climate Change (IPCC),
2007, Figure TS.6]. The net temperature increase over the
historical period is determined primarily by a balance
between the warming caused by increased GHGs and the
cooling associated with increasing aerosols, whose emis-
sions and modelled concentrations plateau near 1980 and
then begin to decline (not shown). Explosive volcanoes
introduce variability in the simulated historical record as
seen by temperature and precipitation reductions around
1883, 1963, and 1991 associated with the Krakatau, Agung
and Pinatubo eruptions. The modeled hydrological-cycle
strengthens along with an increase in temperature, and
warmer temperatures are associated with higher precipita-
tion both for the historical and future periods. For the RCP
2.6, 4.5 and 8.5 scenarios, globally-averaged screen tem-
perature increases by 1.4, 2.3 and 4.9°C, and precipitation
increases by 3.6%, 4.5% and 7.8%, over the 2006-2100
period, respectively. The change in precipitation rates are
consistent with the competing influences of enhanced
GHGs, which reduces the intensity of the hydrologic cycle,
and enhanced surface temperatures, which along with higher
available energy strengthen the hydrological cycle.

3.2. Biogeochemical Quantities

[8] Simulated atmosphere-land (F;) and atmosphere-
ocean (Fp) CO, fluxes, and their cumulative values since
1850, are shown in Figure 2 for all simulations. Unlike the
physical climate system variables, F; and F exhibit a small
drift (0.053 and —0.067 Pg C/yr, respectively) as seen in the
cumulative CO, fluxes plot for the control simulation
(Figures 2b and 2d). The variability of F7 is higher than that
for F, consistent with other studies [e.g., Bousquet et al.,
20001].

[9] The simulated ensemble-averaged land and ocean
CO,; uptake for the 1850-2005 period are compared with
observation-based estimates in Table 1 taking into account
the slight drift in the control simulation. The observed
change in atmospheric carbon burden (AH ) and cumulative
fossil fuel emissions ( [Er df) are based on the CMIP5 data
set. Observation-based estimates of cumulative ocean carbon
uptake (AHy = [F, dr) for the 1850-2005 period are based
on Sabine and Feely [2007] up to 1999 and extended to 2005
using values from Denman et al. [2007]. The observed
cumulative uptake by land, which is difficult to observe
directly, is estimated as the residual (AH; = f Erdt— AH,—
AH,) and includes the LUC effect. The simulated historical
cumulative ocean uptake AHy (106 Pg C) in the model is
somewhat lower than the observation-based estimate of
141 £ 27 Pg C. However, this value may be overestimated by
as much as ~7% [Matsumoto and Gruber,2005]. In addition,
the observed inventory includes non-trivial contributions
from marginal basins and continental shelves which are
essentially unresolved and therefore under represented in our
model. Simulated change in land carbon AH; = f F; dt
(which includes the effect of E;yc, see equation (1)) of
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Figure 1. (a) CO, concentrations used for the control, historical and the three future RCP-based simulations. (b) Simulated
globally-averaged screen (2m) temperature and (c) global mean precipitation rate are also shown for all simulations. The
thin lines from control simulation are from the same 700 year long simulation but start at different points along the control
simulation corresponding to the points in time from which the individual historical simulations were initialized.

21 Pg C is positive (i.e. carbon uptake by land), and differs
from the observation-based residual estimate of —11 +47 Pg C
in Table 1. This quantity has large uncertainties as also seen in
Table 7.1 of Denman et al. [2007]. Possible reasons for higher
modeled land uptake include a stronger response to temper-
ature reductions associated with volcanic eruptions, lower
simulated LUC emissions, and a stronger CO, fertilization
effect. Two-thirds of the 1850-2005 simulated land carbon
uptake has already occurred by about 1940 (Figure 2b) and in
simulations with only solar variability and explosive volca-
noes (not shown) the ensemble-averaged land uptake is
around 23 Pg C suggesting that modeled land uptake in
response to temperature reductions associated with volcanic
eruptions may be too strong. Simulated deforested biomass in
CanESM2 is 65 Pg C over the historical period, or only about
half of that estimated by Houghton [2008] and therefore could
also contribute to higher than observed land uptake (see
Arora and Boer [2010] for discussion about uncertainty in
historical LUC emissions). The combined land and ocean
carbon uptake of 127 Pg C, however, compares well with
the observation-based estimate of 130 + 20 Pg C and, con-
sequently, so do the diagnosed cumulative fossil fuel emis-

sions for the 1850-2005 period (327 Pg C compared to 330 +
20 Pg C observed). The diagnosed emissions during the
1990s (5.2 Pg C/yr) are somewhat lower than observation-
based estimate of 6.4 + 0.4 Pg C/yr (Figure 2e) because of
lower carbon uptake by both the land (0.3 compared to 1.0 £
0.6 Pg C/yr observed [IPCC, 2007]) and the ocean (1.6 com-
pared to 2.2 + 0.4 Pg C/yr observed [/PCC, 2007]).

[10] For the 20062100 period, simulated ocean carbon
uptake is higher than land carbon uptake in all scenarios.
Cumulative ocean and land carbon uptake and changes in
specified atmospheric carbon burden for this period are
summarized in Table 1. Ocean carbon uptake in the three
RCP scenarios responds primarily to atmospheric CO,
concentration with the highest (lowest) uptake occurring for
the RCP 8.5 (2.6) scenario. Future land carbon uptake,
however, exhibits somewhat different behaviour. Over the
2006-2100 period, while land becomes a source of carbon
in the RCP 2.6 scenario, it remains a sink in the RCP 4.5
and 8.5 scenarios with similar cumulative uptake (Table 1).
Even though higher CO, concentration in the RCP 8.5
scenario yields higher net primary productivity (NPP) than
in the RCP 4.5 scenario (not shown), the higher NPP in the
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Figure 2. (a) Atmosphere-land flux and (b) its cumulative values and (c) atmosphere-ocean CO, flux and (d) its cumu-
lative values for the control, historical and the three future RCP-based simulations In Figures 2c and 2d the thin lines rep-
resent individual ensemble members and the thick line their average. For atmosphere-land CO, flux and its cumulative
values (Figures 2a and 2b), which exhibits large interannual variability, only ensemble-averaged values are shown for clar-
ity. (¢) Ensemble-averaged diagnosed fossil fuel emissions for the historical and future period for the three RCPs and
(f) their cumulative values. Emissions from the RCP data set are also shown in Figures 2¢ and 2f.

RCP 8.5 scenario is compensated by higher heterotrophic
respiration due to much warmer temperatures over land. The
net result is a similar atmosphere-land CO, flux in the RCP
4.5 and 8.5 scenarios (Figure 2b and Table 1).

[11] LUC related changes in the land carbon budget are
simulated interactively, based on changes in crop area, so the

diagnosed emissions represent only fossil fuel emissions
(EF). Cumulative values of deforested biomass are summa-
rized in Table 1. In any case, except for RCP 2.6, crop area
changes over the 2006-2100 period represent only a small
fraction of the historical 1850-2005 change leaving fossil
fuel emissions as the dominant driver of environmental
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Table 1. Specified Change in Atmospheric CO, Burden, Simulated Changes in Land and Ocean Carbon, and Diagnosed Fossil Fuel

Emissions for the 18502005 and 2006-2100 Periods®

Observation-Based Model-Simulated

18502005

Change in atmospheric CO, burden (AH,) 200 200 (specified)
Change in ocean carbon (AHy) 141 + 27 106
Change in land carbon (estimated as residual of other quantities) (AH}) —11 + 47 21
Change in land plus ocean carbon (AH; + AH,) 130 £ 20 127
Cumulative fossil fuel plus biofuel emissions ( [Er df) 330 + 20 327 (diagnosed)
RCP 2.6 RCP 4.5 RCP 8.5
2006-2100
Specified change in atmospheric CO, burden (AH,) 85 334 1177
Change in ocean carbon (AH,) 123 203 336
Change in land carbon (AH}) —26 106 104
Change in land plus ocean carbon (AH, + AH)) 97 309 440
Cumulative deforested biomass 60 7 33
Cumulative diagnosed fossil fuel emissions ( [Er df) 182 643 1617
Cumulative fossil fuel emissions from RCPs ( [Er df) 321 785 1918
1850-2100
Cumulative diagnosed fossil fuel emissions ( [Er dr) plus deforested biomass 634 1042 2042
Cumulative diagnosed fossil fuel emissions ([Ef df) 509 970 1944
Cumulative historical observation-based plus future RCP-based fossil fuel 640 1104 2237

emissions ([Er df)

“Modeled values are corrected for the drift in the control simulation. Values for the 18502005 period are compared with observation-based values. The
20062100 period values are shown for the three RCPs. Cumulative diagnosed fossil fuel emissions (plus deforested biomass) values are also shown for
the full 1850-2100 period. Units are Pg C. The uncertainty in change in the ocean carbon values for the historical period is based on [Sabine and Feely
2007] for estimates up to 1999 so in principle could be higher than +27 Pg C. The cumulative emissions for the historical period are the sum of 319.5 Pg C
of fossil fuel emissions and 10.5 Pg C of biofuel emissions which are estimated as explained by 4rora et al. [2009]. The uncertainty in fossil fuel emissions
is £6% based on http://www.globalcarbonproject.org/carbonbudget/08/hl-full.htm.

change in the future. Ensemble-averaged drift-corrected
diagnosed fossil fuel emissions, and their cumulative values,
for the historical period and the three future RCPs are
shown in Figures 2e and 2f. The control simulation drifts in
F; and F are of opposite sign and nearly cancel each other.
Consequently, the drift correction for diagnosed emissions
is small (—=0.01 Pg C/yr). Diagnosed fossil fuel emissions
(EF) are compared with those provided in the RCP data set
itself, i.e. for emissions driven simulations (dotted lines
in Figures 2e and 2f). Cumulative diagnosed fossil fuel
emissions ( [Er df) from CanESM2 and the RCP data set,
for the 2006-2100 period, are summarized in Table 1.
CanESM2 diagnosed fossil fuel emissions are lower than
those in the RCP data set for all scenarios. This is consistent
with the inclusion of explicit carbon-climate feedbacks in
our simulations, which reduce the sink capacity of the land
and the ocean. Such feebacks are absent in the integrated
assessment models (IAMs) which use simplified carbon
cycle models. It is anticipated that the diagnosed emissions
from participating models in the CMIP5 will vary over a
wide range of values due to the relative strengths of their
carbon-climate feedbacks. Of all the RCP scenarios, RCP
2.6 is the most aggressive, in terms of required emissions
reduction, with atmospheric CO, concentration of just
above 420 ppm in 2100 (i.e. only ~33 ppm higher than the
2009 value of 387 ppm). Both CanESM2 derived and RCP-
based fossil fuel emissions for this scenario suggest that
emissions must start decreasing immediately and that
emissions must become negative by roughly 2060 and
remain so (i.e. ongoing carbon sequestration). A similar
pattern of decreasing emissions is obtained by Roeckner
et al. [2010] for a RCP 2.6 like scenario (their E1 sce-
nario) but with much higher cumulative emissions primarily

due to their stronger land carbon sink over the 21st century,
than CanESM2. This is likely associated with lower tem-
perature sensitivity of soil carbon in their model [4rora and
Matthews, 2009].

4. Discussion and Conclusions

[12] The concept of proportionality between temperature
change caused by CO, increase and cumulative carbon
emissions has recently gained attention [Matthews et al.,
2009] as a potentially useful policy tool. Values for this
CO, induced temperature change per unit cumulative CO,
emissions (i.e. the carbon-climate response, CCR) vary in
the range 1.0 — 2.1 °C/Eg C (1 Eg = 10"® g) for C*MIP
models [Matthews et al., 2009]. For CanESM2 in the
standard experiment where CO, increases at 1% per year
(compounded) to a level four times that of the preindustrial
climate (not shown), the CCR at the end of the simulation is
1.7 °C/Eg C, consistent with C*MIP models. However, for
the results presented here the temperature change per unit
cumulative CO, emissions (diagnosed fossil fuel emissions
plus amount of deforested biomass), for the 1850-2100
period, is 3.6, 3.1 and 2.8 °C/Eg C for the RCP 2.6, 4.5
and 8.5 scenarios. The reason for these larger values in
CanESM2 is that the effects of non-CO, GHGs and aerosols,
which were excluded in the C4MIP, are included in our si-
mulations (as part of their specification in the RCP data set).
In CanESM2, the combined impact of non-CO, GHGs and
aerosols is negligible over the historical period 1850-2000.
Over the period 2001-2100, however, the impact of non-
CO, GHGs dominates that of aerosols resulting in an addi-
tional warming of 0.6, 0.8 and 1.7 °C in the RCP 2.6, 4.5 and
8.5 scenarios, respectively. This additional warming reduces
the sink capacity of the land and the oceans resulting in
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lower fossil-fuel carbon emissions determined for a given
CO, concentration pathway. The significant impact of non-
CO, GHGs and aerosols limits the ability of CCR to quantify
future allowable emissions.

[13] The cumulative emissions (diagnosed fossil fuel
emissions plus deforested biomass) over the 1850-2100
period for the RCP 2.6 scenario in CanESM2 are 634 Pg C
(Table 1). The corresponding warming is 2.3°C over this
period, which is slightly larger than the 2°C threshold set by
the 2009 UN Copenhagen Accord to avoid dangerous climate
change. Diagnosed cumulative carbon emissions in studies
ignoring the effect of non-CO, GHGs are, as expected,
higher. For example, Allen et al. [2009] estimate cumulative
emissions of 1000 Pg C for 2°C warming above pre-industrial
using the Hadley Centre Simple Carbon-Climate-Cycle
Model assuming that the future temperature responses of
aerosols and non-CO, GHGs cancel each other. Since
observation-based estimates of cumulative fossil fuel plus
LUC emissions up to 2005 are 476 = 78 Pg C (CMIP5 fossil
fuel emissions plus Houghton’s LUC emissions with +50%
uncertainty), our results suggest there is little room (~160 +
80 Pg C) to limit the warming in 2100 to the 2.3°C associated
with the RCP 2.6 concentration scenario. It would require an
immediate and rapid ramp down of emissions, followed by
negative emissions (sequestration) in the later half of this
century (Figure 2e). Based on CanESM2 results, achieving
the 2°C warming target, as opposed to 2.3°C obtained for
RCP 2.6, requires a further reduction in cumulative emissions
of roughly 180 Pg C (i.e. the additional 0.3°C divided by
CanESM2’s CCR value of 1.7 °C/Eg C). This implies that we
have already surpassed the cumulative emission limit and so
emissions must ramp down to zero immediately. The
unprecedented reduction in fossil-fuel emissions implied by
either of these scenarios suggests that it is unlikely that
warming can be limited to the 2°C target agreed to in the 2009
Copenhagen Accord.

[14] Acknowledgments. The authors thank John Fyfe, Nathan
Gillett, and one anonymous reviewer for providing useful comments.
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