1 NOVEMBER 2005

BALA ET AL.

4531

Multicentury Changes to the Global Climate and Carbon Cycle: Results from a
Coupled Climate and Carbon Cycle Model

G. BAaLA, K. CALDEIRA, A. MIRIN, AND M. WICKETT

Atmospheric Science Division, Lawrence Livermore National Laboratory, Livermore, California

C. DELIRE

ISE-M, Université Montpellier 11, Montpellier, France

(Manuscript received 22 March 2005, in final form 12 May 2005)

ABSTRACT

A coupled climate and carbon (CO,) cycle model is used to investigate the global climate and carbon
cycle changes out to the year 2300 that would occur if CO, emissions from all the currently estimated fossil
fuel resources were released to the atmosphere. By the year 2300, the global climate warms by about 8§ K
and atmospheric CO, reaches 1423 ppmv. The warming is higher than anticipated because the sensitivity to
radiative forcing increases as the simulation progresses. In this simulation, the rate of emissions peaks at
over 30 Pg C yr™! early in the twenty-second century. Even at the year 2300, nearly 50% of cumulative
emissions remain in the atmosphere. Both soils and living biomass are net carbon sinks throughout the
simulation. Despite having relatively low climate sensitivity and strong carbon uptake by the land biosphere,
these model projections suggest severe long-term consequences for global climate if all the fossil fuel carbon

is ultimately released into the atmosphere.

1. Introduction

Anthropogenic emissions of CO, from fossil fuels
and land-use change are expected to lead to significant
climate change in the future (Houghton et al. 2001).
Both climate change and elevated CO, impact land and
ocean carbon uptake. Photosynthesis by land plants is
expected to increase with increased atmospheric CO,
content (the so-called CO, fertilization effect) when
water and nutrients are available (Curtis 1996; Koch
and Mooney 1996; Mooney et al. 1999; Owensby et al.
1999), leading to increased terrestrial carbon uptake.
Increased global temperatures are expected to increase
heterotrophic respiration rates (Lloyd and Taylor
1994), diminishing or even reversing the net CO, flux
from the atmosphere to the land biosphere (Cox et al.
2000; Friedlingstein et al. 2001; Cramer et al. 2001; Joos
et al. 2001). Global warming is expected to reduce up-
take of carbon by oceans (Sarmiento and Le Quere
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1996; Sarmiento et al. 1998), because CO, is less soluble
in warmer water and increased stratification would in-
hibit downward transport of anthropogenic carbon.
Here, we use a three-dimensional coupled ocean—
atmosphere climate—carbon cycle general circulation
model to study the feedbacks between the physical cli-
mate system and the carbon cycle. Cox et al. (2000) and
Friedlingstein et al. (2001) described the first such mod-
els that represented the three-dimensional dynamical
response of earth’s climate and carbon system to CO,
emissions. Cox et al. (2000) showed a very large posi-
tive feedback between the carbon cycle and the climate
whereas Friedlingstein et al. (2001) showed a much
weaker feedback. A feedback analysis by Friedlingstein
et al. (2003) indicated that the differences between the
model results were due primarily to Southern Ocean
circulation and land biosphere response to global
warming. However, land response to climate change
was the dominant difference between the two model
simulations of the twenty-first century. In the HadCM3
model (Cox et al. 2000, 2004; Betts et al. 2004), the land
biosphere became a net source of CO, to the atmo-
sphere, partly due to the dieback of the huge Amazo-
nian forest, whereas in the Institut Pierre-Simon
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Laplace (IPSL) model (Friedlingstein et al. 2001), the
land biosphere remained a net sink of CO, from the
atmosphere.

Zeng et al. (2004) performed a fully coupled carbon-
climate simulation and several sensitivity runs for the
period of 1860-2100 with prescribed Intergovernmental
Panel on Climate Change (IPCC) Special Report on
Emission Scenarios (SRES) A1B emission scenario.
Their results also indicated a positive feedback to glob-
al warming from the interactive carbon cycle, with an
additional increase of 90 ppmv in the atmospheric CO,,
and 0.6-K additional warming. However, the changes in
various carbon pools were more modest, due largely to
the multiple limiting factors constraining terrestrial
productivity and carbon loss. They suggest that the
large differences among the models are manifestations
of some of the poorly constrained processes such as the
global strength of the CO, fertilization effect and the
turnover time and rates of soil decomposition.

Using an interactive climate and carbon cycle model,
Govindasamy et al. (2005) studied the enhancement of
the carbon cycle feedback with climate sensitivity to
greenhouse gas radiative forcing (amount of global
warming per doubling of atmospheric CO, concentra-
tions). In that investigation, in the high climate sensi-
tivity case, year 2100 global warming was 8 K and land
carbon uptake was 29% of total CO, emissions; in the
zero climate sensitivity case, there was little warming
and land uptake was 47% of total emissions. The atmo-
spheric CO, concentration increased 48% more in the
run with 8-K global climate warming than in the case
with no warming. These results indicated that carbon
cycle amplification of climate warming would be
greater if there were higher climate sensitivity to in-
creased atmospheric CO, content.

Using the same model, Thompson et al. (2004) at-
tempted to bracket the uncertainty in terrestrial uptake
arising from uncertainty in the land-biosphere-CO,
fertilization effect. They performed one simulation in
which the land-biosphere model was very sensitive to
CO, fertilization and another simulation in which the
land uptake was restrained by limiting CO, fertilization
at present-day levels. The fertilization-limited run was
designed to represent the possibility that the CO, fer-
tilization effect could saturate rapidly, perhaps because
of nutrient limitations. Through year 2100, the land was
a very strong sink of carbon in the CO,-fertilized simu-
lation, but it became a source of carbon to the atmo-
sphere in the fertilization-limited simulation. The pre-
dicted atmospheric CO, at year 2100 differed by 336
ppmv between the two cases. In the fertilization-limited
run, the vegetation biomass was stable, but the soil car-
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bon pool was shrinking because of climate change-
induced increases in heterotrophic respiration.

Mathews et al. (2005) investigated the climate—
carbon feedbacks in the University of Victoria (Uvic)
climate—carbon cycle model. Several results from their
modeling study are complimentary to the results from
the work by Govindasamy et al. (2005), notably the
increase in carbon—climate feedback with climate sen-
sitivity, and persistence of the terrestrial carbon sink
over the twenty-first century. In their model, the posi-
tive feedback between the carbon cycle and climate was
found to be relatively small, resulting in an increase in
simulated CO, of 60 ppmv in the coupled simulation at
the year 2100. Including non-CO, greenhouse gas forc-
ing and increasing the model’s climate sensitivity in-
creases the effect of this feedback to 140 ppmv.
Mathews et al. (2005) also suggest differences in the net
primary productivity (NPP) response to climate
changes and hence an additional contributor to the
spread of feedbacks simulated by models.

Previous coupled modeling studies without the car-
bon cycle component have mostly investigated doubled-
CO,, quadrupled-CO,, and other CO,-stabilization sce-
narios. The recent coupled climate and carbon cycle
models have focused on projections of climate change
and the carbon cycle feedback over the twenty-first
century (Cox et al. 2000; Friedlingstein et al. 2001,
Govindasamy et al. 2005; Zeng et al. 2004). The recent
modeling studies suggest that carbon cycle conse-
quences of global warming are likely to amplify the
effect of CO, emissions, because increased respiration
rates at higher temperatures would induce carbon loss
from the land biosphere to the atmosphere. These mod-
els have not been used previously to study the multi-
century impact of large-scale fossil fuel emissions on
climate and the carbon cycle out to the year 2300. Re-
cent coupled modeling studies have suggested that the
climate sensitivity to radiative forcing increases with
time in long integrations (Senior and Mitchell 2000;
Gregory et al. 2004), suggesting that warming in multi-
century simulations will be larger than anticipated from
the results of single-century simulations.

In this study, we address the global climate and car-
bon cycle changes out to the year 2300 that would occur
if CO, emissions from all the currently estimated fossil
fuel resources were released to the atmosphere. We use
the coupled climate and carbon cycle model of Thomp-
son et al. (2004). The major purpose is to investigate the
time evolution of climate and its sensitivity to green-
house gas radiative forcing, the time evolution of the
carbon cycle feedback with climate, and the fate of
emissions of all available fossil fuels in such a long
simulation. Our simulations indicate that eventual at-
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mospheric release of CO, from all fossil fuel resources
could produce about 8-K warming of global and annual
mean surface temperature by the year 2300. We note
that our results are from a single modeling study, and
validation using other coupled climate and carbon cycle
models is required.

2. Model

To investigate the long-term impacts of climate
change due to anthropogenic emissions, we use the In-
tegrated Climate and Carbon (INCCA), the coupled
climate and carbon cycle model (Thompson et al. 2004;
Govindasamy et al. 2005). The physical ocean-
atmosphere model is the National Center for Atmo-
spheric Research (NCAR) Department of Energy
(DOE) Parallel Climate Transitional Model (PCTM)
model (Meehl et al. 2004; Washington et al. 2000),
which is a version of the NCAR Community Climate
Model (CCM) version 3.2 model (Kiehl et al. 1996)
coupled to the Los Alamos National Laboratory
(LANL) Parallel Ocean Program (POP) dynamic
ocean model (Dukowicz and Smith 1994; Maltrud et al.
1998). The climate model is coupled to a terrestrial
biosphere model, the Integrated Biosphere Simulator
version 2 (IBIS2; Foley et al. 1996; Kucharik et al. 2000)
and an ocean biogeochemistry model based on the
Ocean Carbon cycle Model Intercomparison Project
(OCMIP) biotic protocols (Thompson et al. 2004; Na-
jjar and Orr 1999). The horizontal resolution of the
land and atmosphere models is approximately 2.8° lati-
tude X 2.8° longitude. The ocean model has a horizon-
tal resolution of (2/3)°. The atmosphere and ocean
models have 18 and 40 levels in the vertical, respec-
tively.

Land surface biophysics, terrestrial carbon flux, and
global vegetation dynamics are represented in a single,
physically consistent modeling framework within
IBIS2. IBIS2 simulates surface water, energy, and car-
bon fluxes on hourly time steps and integrates them
over the year to estimate annual water and carbon bal-
ance. The annual carbon balance of vegetation is used
to predict changes in the leaf area index and biomass
for each of 12 plant functional types (8 types of trees, 2
types of shrubs, and 2 types of grasses), which compete
for light and water using different ecological strategies.
IBIS2 uses physiologically based formulations of pho-
tosynthesis (Farquhar et al. 1980; Collatz et al. 1992),
stomatal conductance (Collatz et al.1991), and respira-
tion (Amthor 1984). IBIS2 also simulates carbon cy-
cling through litter and soil organic matter. When
driven by observed climatological datasets, the model’s
near-equilibrium runoff, NPP, and vegetation catego-
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ries show a fair degree of agreement with observations
(Foley et al. 1996; Kucharik et al. 2000).

The ocean biogeochemistry model is based on the
OCMIP biotic protocols (Najjar and Orr 1999). This
model predicts air-sea CO, fluxes; biogenic export of
organic matter and calcium carbonate; and distribu-
tions of dissolved inorganic carbon, phosphate, oxygen,
alkalinity, and dissolved organic matter. In the OCMIP
protocol, export of biogenic materials is computed to
maintain observed upper-ocean nutrient concentra-
tions. However, because our simulations involve
changes in ocean circulation, we cannot assume that
surface nutrient concentrations remain stationary.
Therefore, the OCMIP export formulation for biogenic
materials is replaced with a formulation based on that
of Maier-Reimer (1993).

The physical climate model PCTM does not use flux
correction. However, when we coupled IBIS2 to
PCTM, precipitation biases in the climate model led to
vegetation distribution errors that, in turn, amplified
the precipitation biases. This erroneous feedback re-
sulted in unacceptable vegetation distribution in the
control simulation, particularly in the Amazon. We ap-
plied a “precipitation correction” scheme that main-
tains global conservation of water and energy to rem-
edy the errors in the vegetation distribution, as dis-
cussed in Govindasamy et al. (2005).

3. Experiments

We developed a year 1870 “preindustrial” initial con-
dition with more than 200 yr of fully coupled equilibra-
tion before the start of experiments. During the first
half of this spinup period, changes in soil carbon pools
were accelerated by a factor of 40. Before this coupled
spinup, the individual components PCTM, IBIS2, and
the ocean biogeochemistry had been individually spun
up. We perform two model simulations starting from
the preindustrial initial conditions: a “control” case
with no change in forcing for the period 1870-2300, and
an “A2 scenario” case in which both the amount of CO,
in the atmosphere and the impact of that radiative forc-
ing on the climate system are calculated based on the
IPCC SRES (Nakicenovic and Swart 2000) A2 emission
scenario (Houghton et al. 2001). Because the model has
weaker climate sensitivity (Houghton et al. 2001), we
choose A2, an aggressive emission scenario, in order to
obtain a stronger climate change signal in the twenty-
first century.

In the control case, climate drift for the period 1900
2300 is a —0.62-K (~ —0.15 K century ') change in
mean surface temperature (Table 1), a 3.8 ppmv in-
crease in atmospheric CO, concentration, and an in-
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TABLE 1. Changes in global- and annual-mean model results in coming centuries for the A2 scenario (e.g., decade of 1991-2000 minus
1891-1900 refers to the twentieth-century climate change). Percentage changes are computed relative to the decade of 1891-1900. All
variables except CO, have been corrected for the drift in the control. For the TOA flux, changes are relative to the nineteenth century
(e.g., decade of 2191-2200 minus 1891-1900 refers to the twenty-second-century climate change).

Surface Water vapor Sea ice Sea ice

temperature Precipitation (kg m™?) extent volume CO, TOA flux

Period (K) (%) (%) (%) (%) (ppmv)  (Wm™)
Twentieth century 0.80 1.6 1.12 (5.3) -7.4 —28.6 77 0.46
Twenty-first century 2.70 4.1 4.03 (19.0) —25.1 -50.6 344 1.39
Twenty-second century 3.18 4.8 4.85 (22.8) —42.6 -27.1 621 1.40
Twenty-third century 1.15 1.9 1.86 (4.1) -15.0 -14.1 99 0.82
Total change 7.83 124 11.86 (52.2) —90.1 —120.4 1141 0.82

crease of 8 gigatons of carbon (Gt C) in soil carbon. The
drifts in sea ice area and volume for this 400-yr period
are +15.3% and +40%, respectively. Relative to the
size of the perturbation in our experiments, the drift in
global mean temperature over 400 yr is small, yet sea
ice is sensitive to this drift. In contrast, the carbon cycle
model drift is over two orders of magnitude smaller
than carbon cycle changes predicted in the A2 simula-
tion.

In the A2 case, CO, emissions (Fig. 1) are specified
at historical levels for the period 1870-2000 (see dataset
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F1G. 1. Rate of (top) fossil fuel, land-use change, and total emis-
sions and (bottom) cumulative emissions used in our simulations.
Total emission rates reach peak values around the year 2120.

online at http://cdiac.esd.ornl.gov/ndps/ndp030.html)
and at SRES A2 levels for the period 2000-2100
(Houghton et al. 2001). For the period 2100-2300, emis-
sions follow a logistic function for the burning of the
remaining fossil fuel resources (assuming 5270 Gt C in
1750; Caldeira and Wickett 2003; Metz et al. 2001).
Non-CO, greenhouse gas concentrations are specified
at historical levels for 1870-2000 and SRES A2 levels
for 20002100 (Houghton et al. 2001) and are fixed at
2100 levels thereafter. Land-use emissions are taken
from Houghton (2003) for the historical period and
from the SRES A2 scenario for the period 2000-2100
and set to zero thereafter. There is no change in aerosol
forcing. In this scenario, total emissions reach 30.8 Gt C
yr~ ! around the year 2120 from present-day values of 8
Gt C yr'. The cumulative emission for the entire pe-
riod 1870-2300 is 5404 Gt C. Total emissions in the
twentieth, twenty-first, twenty-second, and twenty-
third centuries are 385, 1791, 2558, and 644 Gt C, re-
spectively; the rate of emissions peak in the twenty-
second century for this scenario and the emission rates
decline sharply in the twenty-third century.

4. Results

a. Global climate change

The evolution of nondrift-corrected global and an-
nual means of surface temperature and atmospheric
CO, concentration is shown in Fig. 2. The modeled CO,
concentration increases from the preindustrial value of
289 to 366 ppmv in the year 2000, suggesting that the
modeled CO, is in good agreement with observations
(Houghton et al. 2001). The surface temperature in-
creases from 1870 to 2000 by about 0.8 K, which is also
close to observations (Houghton et al. 2001). The fact
that there is no change in aerosol forcing (i.e., absence
of anthropogenic cooling from aerosols) in our experi-
ments suggests that the model may be underestimating
the warming. The global and annual mean transient
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F1G. 2. Evolution of (top) global- and annual-mean surface tem-
perature and (bottom) atmospheric CO, concentration. Surface
temperature warming is about 8 K and atmospheric CO, concen-
tration is 1423 ppmv at the year 2300.

climate responses are listed in Table 1. The climate drift
from the control run is subtracted from our coupled run
(Table 1). However, since the drift of the carbon cycle
is negligible, we do not perform the subtraction for the
carbon cycle variables. The global mean climate warms
by 0.80, 2.7, 3.18, and 1.15 K in the twentieth, twenty-
first, twenty-second, and twenty-third centuries, respec-
tively (e.g., twentieth-century climate change refers to
decade of 1991-2000 minus 1891-1900). The total
warming from 1870 to 2300 is about 8 K. The warming
is largest in the twenty-second century. Other responses
like precipitation change, increase in atmospheric pre-
cipitable water, and decrease in sea ice extent are also
largest in the twenty-second century when the emis-
sions rates are the highest (Fig. 1).

The predicted atmospheric CO, concentration also
shows the biggest increase in the twenty-second century
(Table 1). However, the sea ice volume shows the fast-
est decline in the twenty-first century. Because of the
large drift in sea ice (40% in 400 yr) the drift-corrected
total change (Table 1) appears more than 100%,
though the actual reduction was about 90%. We find
that the sea ice cover disappears almost completely in
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the Southern Hemisphere by the year 2150 during the
Southern Hemisphere summers. An investigation into
the causes of the climate drift in the climate model is
beyond the scope of this paper.

The net radiative flux at the top of the atmosphere
(TOA) increases to 1.39 W m ™2 in the twenty-first cen-
tury due to an increase in the heat content of the sys-
tem. It is computed as the difference between net short-
wave (absorption gain) and longwave (emission loss)
fluxes at TOA. A positive (negative) net flux implies
net gain (loss) of energy by the climate system. The
equilibrium of the system is characterized by zero TOA
net flux. The TOA net flux changes only by a little in
the twenty-second century, to 1.40 W m™2, suggesting
very little additional gain of energy in the system in this
century. In the twenty-third century, fossil fuel emission
rates are declining and the climate system is gaining less
energy than it gained before, as it moves toward equi-
librium. The net energy gain from 1900 to 2300 is 0.82
W m ™2, suggesting that the system has not yet reached
equilibrium in the year 2300 and will continue to warm.

We find that the depth of meridional overturning
circulation (MOC) in the Atlantic becomes weak and
shallow with climate change in this model, with much of
the deep North Atlantic filling up with water from the
Southern Ocean. For the preindustrial period and
present day, the circulation at 24°N fills the whole
depth, 5.5 km, of the North Atlantic Ocean. The depth
of MOC is defined as the distance from the surface to
where the water transport becomes zero. By the year
2100, the depth of MOC is reduced to 3 km. It is re-
duced further to 2 km by the year 2300. We also find
that the amplitude of the Atlantic MOC shows nearly
45% weakening [32 to 18 Sv (1 Sv = 10°m® s~ ')] by the
year 2100 and it does not show a significant decline
afterward. Our model-simulated Atlantic MOC in the
control climate has an amplitude that is larger than
observations (19.3 Sv in Hall and Bryden 1982; Nof
2002). Our model is among the climate models that
simulate stronger MOC (Houghton et al. 2001). How-
ever, the fractional decline in MOC in our model in
response to warming by the year 2100 is comparable to
other models.

Figure 3 shows the evolution of radiative forcing and
the global- and annual-mean surface temperature
change as a function of radiative forcing in our coupled
A2 simulation. Radiative forcing is defined as the in-
stantaneous change in net radiative flux at the tropo-
pause, adjusted for stratrospheric relaxation, due to
some external forcing such as an increase in greenhouse
gases. We used the formulas from Houghton et al.
(1997) for the computation of radiative forcing of CO,
and other non-CO, greenhouse gases, and adopted a
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F1G. 3. Evolution of (top) radiative forcing and (bottom) the
global- and annual-mean surface temperature change in the
coupled A2 simulation as a function of radiative forcing. The
amount of warming is much larger during the second half of the
forcing than in the first half because of the thermal lag of the
climate system and an increase in climate sensitivity with time (or
warming).

value of 3.45 W m ™2 for the radiative forcing due to a
doubling of CO, in this model. The “equilibrium cli-
mate sensitivity” of the model is known to be 2.1 K per
doubling of CO, using a slab ocean model (Houghton
et al. 2001). The equilibrium climate sensitivity is de-
fined as the warming obtained due to a doubling of CO,
when the climate system comes to complete equilib-
rium. Since a full ocean model takes multiple centuries
to reach equilibrium, the equilibrium climate sensitivity
value is usually obtained from performing slab ocean
experiments for a few decades.

Because of the thermal inertia of the oceans, the sur-
face temperature has warmed only 2.25 K when the
radiative forcing is 5 W m~2 (Fig. 3b). However, the
warming becomes 8 K when the radiative forcing
reaches about 10.5 W m 2. The larger warming in the
latter half of the radiative forcing can be partly ex-
plained by the thermal lag of the climate system. It is
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also due partly to the increase of “effective climate sen-
sitivity” as the simulation progresses (Fig. 4; Senior and
Mitchell 2000; Gregory et al. 2004); a radiative forcing
of about 10.5 W m ™2 would suggest an equilibrium
warming of 6.3 K for this model, assuming an equilib-
rium climate sensitivity of 2.1 K. However, the warming
is 8 K and the climate system has not reached equilib-
rium yet. It is likely there will be further warming with
no further increase in forcing (Fig. 3b) because of the
thermal lag of the coupled climate system. Therefore,
the warming is larger than expected from the results of
single-century simulations or equilibrium simulations
using a slab ocean version of the model.

The climate sensitivity plotted in Fig. 4 is the effec-
tive climate sensitivity as defined in Murphy (1995) and
Senior and Mitchell (2000). The effective climate sen-
sitivity at any time can be thought of as “the climate
sensitivity per doubling of CO, that would occur if
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FIG. 4. “Effective” climate sensitivity as a function of (top) time
and (bottom) surface temperature change. Here, climate sensitiv-
ity is defined as the amount of warming per doubling of CO,. The
signal-to-noise ratio is much improved after the year 2050 (or
after a warming of 2 K). Climate sensitivity is seen to increase
from about 2 to 3 K as the simulation progresses, an increase of
about 50%.
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the climate model ran to equilibrium with feedback
strengths held fixed at the values diagnosed at that time
during the run.” The signal-to-noise ratio is much im-
proved (Fig. 4) after the year 2050 (or after a warming
of 2 K). The effective climate sensitivity is seen to in-
crease from the model’s previously known equilibrium
value of about 2-3 K, an increase of about 50%. Senior
and Mitchell (2000) found that the effective climate
sensitivity of their coupled system increased by 40% in
an 800-yr integration, and the time dependence was
associated with differences in cloud feedback arising
from interhemispheric temperature differences due to
the slower warming rate of the Southern Ocean.

The coupled system’s effective climate sensitivity is
close to the equilibrium climate sensitivity (2.1 K) as
estimated using a slab ocean model up to the year 2100.
Therefore, the use of equilibrium climate sensitivity
from a slab ocean experiment may be a good approxi-
mation to the coupled system’s sensitivity in many re-
cent coupled climate-modeling studies that have fo-
cused on climate change over the twenty-first century.
However, it may underestimate the long-term (multi-
century) climate change due to greenhouse gas emis-
sions. The likely causes for the increase in climate sen-
sitivity in our model are changes in cloud feedback,
radiative forcing, ocean heat transport, and vegetation
distribution. While the effective climate sensitivity in
Senior and Mitchell (2000) increases toward the equi-
librium climate sensitivity value as the warming pro-
gresses, in our study it starts out at the equilibrium
value and increases by 50% above that value. An in-
vestigation into the increase of effective climate sensi-
tivity with time (or warming) in our model will be the
subject of a future paper.

b. Land and ocean carbon fluxes

The 5-yr running mean of global and annual mean
net land and ocean uptakes are shown in Fig. 5. For the
30 yr centered on 1985, the mean land and ocean up-
take of carbon are 3.0 and 1.3 Gt C yr™ ', respectively.
Compared to the observational estimates of land and
ocean fluxes for the 1980s of 0.2 = 0.7 and 1.9 = 0.6 Gt
C yr ! and for the 1990s of 1.4 = 0.7 and 1.7 = 0.5 Gt
C yr~ ! (Prentice et al. 2000, 2001), the model tends to
overestimate historical terrestrial carbon uptake and
underestimate oceanic uptake. The land uptake in-
creases monotonically with time until year 2120 when
the uptake is about 45% of the total emissions. The
effect of CO, fertilization is probably exaggerated in
our simulation because we do not consider factors other
than limitation by sunlight, water, and carbon dioxide.
Compared to similar models, IBIS2 tends to simulate a
higher fertilization effect (Mc Guire et al. 2001). Land
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F1G. 5. Evolution of the 5-yr running mean of global, annual flux
of carbon from (top) land to atmosphere and (bottom) ocean to
atmosphere. Negative values represent fluxes into land and ocean.
Land fluxes show a dramatic reversal after the year 2100 and
ocean fluxes also decrease slightly after the year 2100.

uptake of carbon starts to decline in the twenty-second
century when the emissions rates also begin to de-
crease. By the year 2300, it reaches levels close to zero
because increased heterotrophic respiration (Fig. 6)
offsets NPP.

Net land uptake is mainly NPP minus heterotrophic
respiration (RH). The ecosystem disturbances such as
fire are parameterized as CO, sources to the atmo-
sphere and their magnitude is only about 10% of NPP
or RH. NPP and RH show sharp increases during 2000—
2150 and remain steady thereafter (Fig. 6, top panel).
The land uptake is mostly stored in biomass (Fig. 6,
middle panel). The increase in the amount of biomass
carbon from its preindustrial value of about 700 Gt C is
about 1300 Gt C by the year 2300. However, soil carbon
shows only a modest increase of about 500 Gt C be-
cause of a sharp fall in its turnover time (Fig. 6, bottom
panel). The turnover times of biomass and soil carbon
are obtained by dividing their masses by NPP and RH,
respectively. The newly produced carbon in the soil
pool is labile, and hence the turnover time of soil car-
bon is sharply reduced by the year 2150 (Fig. 6, bottom
panel). Neither soil carbon nor biomass shows any de-
cline during the entire simulation (Fig. 6, middle panel),
and the land remains a sink for carbon throughout our
A2 simulation (Fig. 5). However, a higher climate sen-
sitivity could result in significantly increased soil micro-
bial respiration and a decline in soil carbon (Govin-
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cycle feedback and the predicted atmospheric CO, is
relatively lower in comparison to other coupled cli-
mate—carbon cycle models for the twenty-first century
(Friedlingstein et al. 2001; Cox et al. 2000; Zeng et al.
2004; Mathews et al. 2005). Our physical climate model
has relatively lower climate sensitivity among the cli-
mate models (Houghton et al. 2001). Given these facts,
our model simulation represents a conservative esti-
mate of how the specified emissions could affect cli-
mate in the future.

Our land carbon cycle model remains a net sink for
carbon in the atmosphere even when the warming is as
high as 8 K at the year 2300. In the third Hadley Centre
Coupled Ocean—Atmosphere General Circulation
Model (HadCM3; Cox et al. 2000; 2004; Betts et al.
2004), carbon in Amazonian vegetation begins to de-
cline by the year 2050, as a drying and warming of
Amazonia initiates forest loss. Such a loss of vegetation
biomass does not occur in our simulations. In our simu-
lation, soil carbon increases throughout the simulation.
However, either less CO, fertilization or higher climate
sensitivity could result in increased soil microbial res-
piration and a decreased soil carbon reservoir in this
model (Govindasamy et al. 2005; Thompson et al.
2004). The dieback of the Amazon in Cox et al. (2000,
2004) is a distinctive feature of the pattern of climate
change simulated by HadCM3; Cramer et al. (2004)
showed that this vegetation change does not occur
when the land model [Top-down Representation of
Interactive Foliage and Flora Including Dynamics
(TRIFID)] in HadCM3 is forced by the output from
other climate models.

In the real world, as opposed to our model, CO,-
fertilized ecosystems may run into nutrient limitations.
The high sensitivity of our terrestrial biosphere model
to added CO, might be associated with the lack of
nutrient cycles (e.g., nitrogen, phosphorous, etc.).
Changes in nitrogen availability are important to the
carbon cycle through changes in plant nutrient avail-
ability (Field et al. 1995; Schimel 1998; Nadelhoffer et
al. 1999; Shaw et al. 2002; Hungate et al. 2003). Models
that include nitrogen limitation show less sensitivity of
CO, fluxes for changes in atmospheric CO, (Cramer et
al. 2001). Oren et al. (2001) and Nowak et al. (2004)
found that nutrient limitations could slow NPP re-
sponse to rising CO, but not stop it. Even without nu-
trient limitations, the enhanced physiological effects of
CO, on productivity and water-use efficiency asymp-
tote at high CO, concentrations (Farquhar et al. 1980;
King et al. 1997; Cao and Woodward 1998). Our ter-
restrial biosphere model also lacks acclimation of soil
microbiology to higher temperatures (Kirschbaum
2000; Tjoelker et al. 2001). We have not simulated re-
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alistic land use in order to correctly account for the
differences between crops and natural ecosystems.

As in most carbon cycle—climate studies, we assumed
constant aerosol forcing in our simulations. If all fossil
fuel reserves are to be used by the year 2300, it is likely
that oil and gas burning will be replaced by coal burn-
ing, with coal reserves being much larger than oil and
natural gas (International Energy Outlook 2004). In
addition, the switch from oil and gas burning to coal
burning is likely to be associated with changes in aero-
sol emissions, as well as methane and black carbon
emissions. The net effect of these changes is hard to
estimate as they depend on the type of coal and on the
development and availability of clean technology. It is
likely however that the overall effect will accelerate
warming. In a reverse study, Hayhoe et al. (2002)
showed that a switch from coal to natural gas in the
utility sector could result in an initial warming phase
followed by a cooling trend. The initial warming is due
to the decrease of SO, emissions and the following de-
crease to the lower emissions of CO, and black carbon.

Our coupled climate-carbon-modeling study indi-
cates that the carbon cycle feedback factor and the frac-
tion of anthropogenic CO, that stays in the atmosphere
will slightly increase as the planet warms. Our previous
studies (Thompson et al. 2004; Govindasamy et al.
2005) using this model have shown that the future ac-
cumulation of atmospheric CO, is sensitive to terres-
trial carbon cycle processes (e.g., CO, fertilization and
respiration) and climate sensitivity to CO,, about which
we are uncertain at present. These uncertainties could
perhaps be narrowed with investigation of carbon dy-
namics across a broad range of ecosystems and climate
regimes, often including manipulation experiments, and
redoubled efforts to represent those dynamics in cli-
mate models.

Because of the limitations of the model and the un-
knowns linked to technological advances, the future of
land use, and demography in the next 200 yr, our study
is mostly a sensitivity study. However, it shows that
both climate sensitivity to radiative forcing and carbon
cycle feedback with climate increase with time. As our
model tends to have low climate sensitivity to radiative
forcing and a small feedback between the carbon cycle
and the climate, our model projections indicate the po-
tential for severe long-term consequences for global cli-
mate if all the fossil fuel carbon is ultimately released to
the atmosphere.
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