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Abstract The legacy of historical and the long-term
impacts of 21st century greenhouse gas emissions on cli-
mate, ocean acidification, and carbon-climate feedbacks
are investigated with a coupled carbon cycle-climate
model. Emission commitment scenarios with zero emis-
sions after year 2100 and 21st century emissions of 1,800,
900, and 0 gigatons of carbon are run up to year 2500. The
reversibility and irreversibility of impacts is quantified by
comparing anthropogenically-forced regional changes with
internal, unforced climate variability. We show that the
influence of historical emissions and of non-CO, agents is
largely reversible on the regional scale. Forced changes in
surface temperature and precipitation become smaller than
internal variability for most land and ocean grid cells in the
absence of future carbon emissions. In contrast, continued
carbon emissions over the 21st century cause irreversible
climate change on centennial to millennial timescales in
most regions and impacts related to ocean acidification and
sea level rise continue to aggravate for centuries even if
emissions are stopped in year 2100. Undersaturation of the
Arctic surface ocean with respect to aragonite, a mineral
form of calcium carbonate secreted by marine organisms, is
imminent and remains widespread. The volume of super-
saturated water providing habitat to calcifying organisms is
reduced from preindustrial 40 to 25% in 2100 and to 10%
in 2300 for the high emission case. We conclude that
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emission trading schemes, related to the Kyoto Process,
should not permit trading between emissions of relatively
short-lived agents and CO, given the irreversible impacts
of anthropogenic carbon emissions.

1 Introduction

Anthropogenic emissions of CO, and other radiative
forcing agents force the atmospheric composition, Earth’s
climate, and the chemical state of the ocean towards con-
ditions that have most likely not occurred over the past
20 million years (Blackford and Gilbert 2007) and at a rate
that is unprecedented at least during the last 22,000 years
(Joos and Spahni 2008). The averaged atmospheric CO,
concentration of 386 ppm in year 2008 is far above the
natural range (172-300 ppm) of the last 800,000 years
(Liithi et al. 2008). The range of plausible 21st century
emission pathways (Van Vuuren et al. 2008; Strassmann
et al. 2009) lead to continued global warming, oceanic heat
absorption and sea-level rise. Continued carbon emission
will affect climate over the next millennium and beyond
(Plattner et al. 2008) and related climate impacts pose a
significant risk to the human society.

The primary goal of this study is to quantify the
reversibility and irreversibility of impacts by 21st century
greenhouse gas (GHG) emissions on the regional to con-
tinental scale by comparing the magnitude of anthropo-
genically-forced regional changes with internal, unforced
climate variability. Multi-century changes in temperature,
precipitation, sea level rise, marine and terrestrial carbon
storage are investigated in the detailed spatio-temporal
setting of the atmosphere-ocean general circulation model
NCAR CSMI1.4-carbon. The magnitude, evolution, and
underlying mechanisms of marine and terrestrial carbon
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cycle-climate feedbacks are discussed. Ocean acidification
and the decadal-to-century timescales of changes in the
chemical state of the ocean are addressed. Our set of
emission commitment scenario simulations allow us to
tackle important gaps in knowledge with respect to the
legacy of historical and the impacts of 21st century GHG
emissions on regional climate and to discuss forced chan-
ges in the context of Earth system variability.

Besides global warming, anthropogenic carbon emis-
sions lead to ocean acidification. The ocean has absorbed
CO, at a rate equal to about one-third of that emitted to the
atmosphere since preindustrial (Sabine et al. 2004). Ocean
uptake of the weak acid CO, causes a reduction in pH,
thus, ocean acidification leads to an alteration in the cal-
cium carbonate (CaCO3;) precipitation equilibrium (Feely
et al. 2004). This process is less discussed than climate
change but potentially with equally far-reaching conse-
quences. Marine organisms show a wide range of responses
to decreases in pH and in the saturation state of sea water
with respect to biogenic CaCO5; (Doney et al. 2009; Fabry
et al. 2008; Iglesias-Rodriguez et al. 2008). Some taxa are
likely to show enhanced calcification in a high-CO, world
(Iglesias-Rodriguez et al. 2008), but many species appear
to be negatively affected by ocean acidification. These
different responses are expected to affect competition
among species, ecosystem structure, and overall commu-
nity production of organic material and CaCOj;. On the
other hand, the impact of plausible changes in CaCO;
production and export on atmospheric CO, is estimated to
be small (Gehlen et al. 2007; Heinze 2004).

Siegenthaler and Oeschger (1978) demonstrated already
30 years ago with their box-diffusion carbon cycle model
the long lifetime of an atmospheric CO, perturbation and
pointed out that carbon emissions must be reduced “if the
atmospheric radiation balance is not to be disturbed in a
dangerous way”. More recent studies using Earth System
Model of Intermediate Complexity (EMIC) further illus-
trate the millennium-scale lifetime of an atmospheric CO,
perturbation and the associated changes in temperature, sea
level, precipitation and ocean chemistry (Archer et al.
2009; Eby et al. 2009; Archer and Brovkin 2008; Matthews
and Caldeira 2008; Plattner et al. 2008; Schmittner et al.
2008; Solomon et al. 2009; Montenegro et al. 2007,
Lenton et al. 2006; Caldeira and Wickett 2005). For
example, Solomon et al. (2009) investigated reversibility
in global mean temperature and sea level, and regional
precipitation by combining long-term zero-emission pro-
jections of an EMIC and results from models used for the
IPCC Fourth Assessment Report (AR4). Mikolajewicz
et al. (2007) further discussed the long-term effect of
anthropogenic CO, emissions on climate and the carbon
cycle in projections with a complex Earth system model.
However, these studies considered CO, emissions only in
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the simulations and none attempted to assess the revers-
ibility and irreversibility of anthropogenically perturbed
changes in climate and ocean acidification on a regional
scale and in the context of variability.

Important gaps in knowledge remain. A key to guide
emission mitigation and adaption efforts is to quantify the
reversibility of the impacts of historical and 21st century
GHG emissions. Arguably more relevant for individual
countries than global mean change is by how much and for
how long anthropogenic changes exceed natural variability
in individual regions. However, there is as yet no explicit
quantification available to which extent the impacts of his-
torical and 21st century GHG emissions are reversible on a
regional scale and a number of questions remain. When will
the perturbations in temperature, precipitation, or sea level
become indistinguishable from natural climate variability in
different regions? What is the legacy of the historical GHG
emissions with respect to regional climate change and ocean
acidification? Do 21st century emissions irreversibly impact
not only global climate indicators but also regional climate?
These questions can typically not be answered by using cost-
efficient EMICs that do not represent internal variability and
atmospheric circulation modes such as El Nifio/Southern
Oscillation. Fortunately, increased computing power and
the inclusion of carbon cycle representations in coupled
atmosphere-ocean general circulation models provide now
the opportunity to close this information gap.

In this study, we quantify the reversible and irreversible
commitment of 21st century anthropogenic emissions on
human timescales and their impacts for selected climate
and chemical indicators on the regional to global scale.
Zero-emission commitment simulations are conducted with
a comprehensive climate-carbon model. All relevant
anthropogenic GHG emissions as well as sulfate aerosols
are taken into account, unlike in earlier long-term studies.
The redistribution of anthropogenic carbon in the Earth
system, surface warming, steric sea level rise, precipitation
changes and ocean acidification are investigated. In addi-
tion to providing a range of model metrics for the set of
scenarios, we also discuss selected processes in detail.
Special emphasis has been put on ocean acidification in the
Arctic, where surface waters are expected to become cor-
rosive for the aragonite shells of marine organisms within
the next decade (Steinacher et al. 2009a). The long-term
evolution of individual marine and terrestrial carbon cycle
feedback mechanisms and the underlying regional carbon
stock changes are quantified. The application of the fully
coupled carbon model in illustrative multi-gas emission
commitment scenarios allows us for the first time to discuss
multi-century reversibility and irreversibility of anthropo-
genically perturbed regional changes in comparison
with unforced, internal variability in a self-consistent,
3-dimensional, dynamical setting.
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2 Methods
2.1 The NCAR CSM1.4-carbon Model

Simulations are performed with the Climate System Model
of the National Centre for Atmospheric Research (NCAR
CSM1.4-carbon) (Doney et al. 2006; Fung et al. 2005;
Frolicher et al. 2009; Steinacher et al. 2009a). It is a fully
coupled, global climate-carbon cycle model. Biogeo-
chemistry is simulated with a modified version of the ter-
restrial biogeochemistry model CASA (Randerson et al.
1997) and a prognostic version (Doney et al. 2006) of the
OCMIP-2 ocean biogeochemistry model (Najjar et al.
2007). Prognostic variables include phosphate, dissolved
inorganic carbon, alkalinity, oxygen and dissolved organic
phosphorus. The marine iron cycle is parametrized and a
constant rain-ratio of CaCOs to organic carbon of 0.07 and
constant Redfield ratios are used. The model does not
include marine sediments, which only need to be consid-
ered on longer timescales (Archer et al. 1998).

The CSM1.4-carbon physical and biogeochemical cli-
matological mean states are broadly consistent with global
ocean observations (Frolicher et al. 2009; Steinacher et al.
2009a). However, the simulated changes in atmospheric
CO, and climate presented here represent low estimates.
The equilibrium climate sensitivity of the CSM1.4-carbon
(2°C for a nominal doubling of atmospheric CO,) is at the
lower end of the estimated range of 2-4.5°C (Meehl et al.
2007). The overall carbon cycle-climate feedback that
tends to promote higher atmospheric CO, and additional
warming in most models is small in CSMI.4-carbon
(Friedlingstein et al. 2006). CSM1.4-carbon has a rela-
tively strong terrestrial CO, fertilization mechanism that
causes a high terrestrial uptake under rising CO,. The rates
of carbon transfer among the different vegetation and soil
pools are climate dependent. The ecosystem distribution
remains time-invariant in all simulations. Carbon emissions
by land use are prescribed as an external source, thereby
neglecting anthropogenic land use-climate-CO, fertiliza-
tion interactions that tend to reduce carbon storage on land
(Strassmann et al. 2008).

2.2 Experimental design

CSM1.4-carbon is forced with prescribed anthropogenic
emissions of carbon and sulfur, and prescribed concentra-
tions of CHy, N,O, CFC-11, CFC-12, other halogenated
species, and SFg over the period 1820-2500. Reconstructed
emissions over the historical period up to the year 2000 are
extended by several emission scenarios into the future
(Fig. 1a). In the case “Hist”, emissions are set to zero after
2000. In the simulations “High” and “Low”, emissions are
prescribed following the high emission scenario SRES A2

and the low emission scenario SRES B1 over the 21st
century and set to zero from 2100 to 2500. Cumulative
carbon emissions are 397 GtC, 1304 GtC, and 2196 GtC in
the Hist, Low, and High case, respectively. In comparison,
total conventional fossil fuel resources are of order 5,000
GtC. Non-CO, GHG concentrations were calculated for
each scenario using simplified expressions following Joos
et al. (2001) and Forster et al. (2007) as further described
in Frolicher et al. (2009). An additional “no-warming”
simulation is run in the High case where all radiative agents
are kept at preindustrial values in the model’s radiation
module while the carbon cycle responds to CO, emissions.
Differences in results between this simulation and the High
case are attributed to climate change. We also quantify to
what extent the temperature decrease after the cessation of
emissions is due to the decrease of non-CO, GHGs and
sulfur aerosols. For this, a 100-year CO,-only simulation is
performed by branching from the Hist case at year 2000
and keeping non-CO, GHG concentrations and sulfur
emissions at year 2000 levels. The sensitivity of the radi-
ation module to sulfur emissions is tested by setting the
sulfur emissions constant after the year 2100 for 40 years.
A control simulation is used to detrend possible model drift
according to Frolicher et al. (2009).

Steric sea level rise is computed from changes in sea
water density. It includes both thermo- and halosteric
changes, but thermosteric changes dominate in general. pH,
carbonate ion concentration, and the saturation state are
calculated offline from modeled quantities using the stan-
dard OCMIP carbonate chemistry routines." As the
CSM1.4-carbon model does not include silicate (Si(OH),),
a seasonal cycle of observation-based [Si(OH),] from the
World Ocean Atlas 2001 (Conkright et al. 2002) is used in
all calculations of pH and calcium carbonate saturation
state. Details about the calculation of the carbonate
chemistry and the uncertainties arising from this treatment
of Si(OH),4 can be found in Steinacher et al. (2009a).

3 Results

3.1 Projected changes in radiative forcing,
atmospheric CO,, global mean surface
temperature and sea level

We first discuss global mean changes for the range of
scenarios and highlight the difference in temperature evo-
lution between CO,-only and multi-gas emission scenarios.
CO, is the dominant anthropogenic forcing in all three
scenarios. In the High case it contributes 80% (5.9 W m 2

' http://www.ipsl.jussieu.fr/OCMIP/phase3/simulations/NOCES/
HOWTO-NOCES-3.html.
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to the total GHG radiative forcing in 2100 and almost
100% (3.6 W m_z) in 2500. Radiative forcing of the short-
lived GHGs such as CHy, N,O or many halocarbons
approaches zero within decades or a few centuries after
emissions are stopped.

Atmospheric CO, concentration increases from 282 to
844 ppm (539 ppm) by year 2100 in the High (Low) case
(Fig. 1b). Thereafter, atmospheric CO, decreases only very
slowly, although carbon emissions are (unrealistically)
reduced to zero in 2100. Atmospheric CO, concentration is
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still twice as high by 2500 than at preindustrial times in the
High case and also remains above 450 ppm for centuries in
the Low case. On the other hand, CO, falls below 350 ppm
within a few decades in the Hist case and is 319 ppm by
2500. Nonlinearities in the marine carbonate chemistry
lead to a substantially higher fraction of CO, emissions
remaining airborne in the High than in the Hist case. 29%
are still found in the atmosphere by 2500 in the High case,
in contrast to 19% in the Hist case (Fig. 1g). Clearly, the
magnitude of 21Ist century CO, emissions impacts the
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range of possible atmospheric CO, concentration and
radiative forcing for the coming centuries.

The long perturbation lifetime of CO, is a consequence
of the centennial to millennial overturning timescales of
various carbon reservoirs. Unlike other radiative agents,
anthropogenic CO, is not destroyed by oxidation or
deposited on the ground, but redistributed among the car-
bon reservoirs. Most of the excess carbon is taken up by the
ocean and mixed down to the abyss. Ultimately, interaction
with ocean sediments and the weathering cycle will remove
the anthropogenic carbon perturbation from the atmosphere
on timescales of millennia to hundreds of millennia
(Archer et al. 1998). A substantial fraction of about 30% is
taken up by the land biosphere in the High case. This
uptake is mainly driven by a stimulation of photosynthesis
(primary productivity) under higher atmospheric CO, in
CSM1.4-carbon and is considered to be an upper limit as
productivity might be or become limited by other factors
than CO,.

Global mean surface temperature anomaly peaks at 3°C
in the High case and at 1.7°C in the Low case and remains
around 2 and 1°C for centuries (Fig. 1c), consistent with
the low climate sensitivity of the NCAR CSM1.4. In the
Hist case, global mean surface temperature remains only
slightly perturbed (0.2°C) by 2500.

In all three scenarios, global mean surface temperature
peaks immediately after emissions are stopped followed by
an initial decadal-scale decrease. This is in contrast to CO5,-
only scenarios, where the decrease in global mean surface
temperature is delayed after cessation of emissions (e.g.
Solomon et al. 2009; Matthews and Caldeira 2008). Here,
we quantify the difference between CO, and multi-gas
emission commitment scenarios for the Hist case (inset in
Fig. 1c). Global mean surface temperature remains ele-
vated in a sensitivity simulation where the radiative forcing
by non-CO, agents has been kept constant after stopping
CO, emissions in year 2000. Thus, the initial decadal-scale
decrease in global mean surface temperature, almost 0.4°C
in the Hist case, results from the decay of short-lived
GHGs. The anthropogenic sulfur forcing is comparably
small in our model setting (not shown). Thus, the short-
term increase in global mean surface temperature due to
removal of the negative aerosol forcing after cessation of
emissions is also small. The decadal-scale decrease in
global mean surface temperature illustrates the potential
benefits from non-CO, GHG emission mitigation.

Due to the slow heat uptake of the deep ocean global
steric sea level rise continues after emissions have been
stopped in 2100 for both the High and Low case and sea
level is still on a rising trajectory in 2500 (Fig. 1d), con-
sistent with the findings of others (Meehl et al. 2005;
Plattner et al. 2008). In the High (Low) case, global mean
sea level is projected to increase by 21 cm (15 cm) until

2100 and by another 30 cm (13 cm) from 2100 to 2500.
Consistently, mean ocean potential temperature increases
by 0.61°C in the High case from 2100 to 2500, about twice
the increase of 0.32°C from 1820 to 2100. In other words, a
large fraction of the steric sea level rise and ocean heat
uptake is realized after emissions have been stopped. Even
in the Hist case global mean sea level increases from 2000
to 2500 by 5 cm (Fig. 1d).

An important question is whether the carbon cycle-cli-
mate feedback remains as small in the coming centuries as
found in 21st century scenario runs with CSM1.4-carbon or
whether an increased carbon cycle-climate feedback will
accelerate global warming over the coming centuries. The
airborne fraction is reduced by only 2% in year 2100 in the
no-warming simulation. This is at the lower end of 1-22%
obtained from models that participated in the Climate Car-
bon Cycle Model Intercomparison Project (Friedlingstein
et al. 2006). This low sensitivity relative to other models is
related to a small release of soil carbon in response to
warming (Fung et al. 2005). On multi-century timescales,
the climate-carbon cycle feedback slightly increases and
contributes 4% to the atmospheric CO, increase at year
2500. The climate-carbon cycle feedback on land is highest
at peak of atmospheric CO, in year 2100; it enhances veg-
etation uptake, whereas it diminishes soil carbon uptake.
Globally, the warming feedback on soil and vegetation
partly cancel each other and remains small. The carbon
cycle-climate feedback in the ocean increases from 4% (i.e.
4% more oceanic carbon uptake without global warming) in
year 2000 to 8% in year 2300. These feedbacks and
underlying processes will be discussed in detail in Sect. 3.3.

In conclusion, model results and system understanding
imply that atmospheric CO, will remain high for many
human generations if carbon emissions are not reduced in
the coming decades. The long-term consequences of 21st
century emissions of CO, are fundamentally different from
those of the short-lived GHGs such as CH; and N,O;
anthropogenic CO, continues to perturb the radiative bal-
ance, climate, and the biogeochemical cycles for millennia,
whereas the perturbation by short-lived GHGs is removed
within decades to a few centuries after emissions are
stopped. Steric sea level rise continues for centuries for
historical and 21st century emissions. We also find that the
carbon cycle-climate feedback remains low beyond 2100 in
the NCAR CSMI1.4-carbon and does not significantly
accelerate global warming in our emission commitment
simulations.

3.2 Projected regional changes in surface temperature,
precipitation and steric sea level rise

In this section, regional changes in physical climate vari-
ables are addressed (Figs. 2, 3). The internannual variability
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Fig. 2 Changes in decadal

AT [K] (b) High: 2490 - 2499

mean surface temperature for |
the period 2090-2099 (a, ¢) and
for the period 2490-2499 (b, d)
relative to the period 1820-1829
in the High case (a, b) and Hist
case (¢, d). Stippling in all
panels denotes grid cells where
the magnitude of change is
smaller than the standard
deviation from the control run.
Contours are every 2°C

(a) High: 2090 - 2099

of an unforced control simulation (Fig. 4) is used to com-
pare anthropogenically forced changes on the grid cell
level. We start the discussion with the High case, because of
its high signal-to-noise ratio.

The projected warming is largest in high latitudes
(Fig. 2), especially over the Arctic, reflecting the important
role of ice-albedo feedbacks, and greater over land than
ocean, in agreement with other models (Meehl et al. 2007).
Simulated temperature increase in the Arctic is 4.1°C in the
annual mean and 5.8°C for the winter season by year 2500.
The relatively small warming over the Southern Ocean and
in the region of North Atlantic Deep Water formation is
associated with large ocean heat uptake. As the ocean takes
up heat and continues to warm, the land-ocean and, thus,
also the northern-southern Hemisphere contrast are
reduced. The ratio of land-to-ocean and northern-to-
southern surface temperature change decreases over the
period 2100-2500 from 1.66 to 1.41 and 1.69 to 1.32,
respectively. This indicates that the spatial pattern of global
warming becomes slightly more uniform when emissions
are reduced.

Turning to interannual variability, the model represents
the magnitude and spatial pattern of temperature and pre-
cipitation variability well (Fig. 4). As in the observations,
temperature variability is high north of about 40°N and low
in the tropics. Precipitation variability is high in both
model and data in the tropics and subtropics and in the
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Asian monsoon regions and in southeastern and western
USA and in western Europe.

The forced temperature increase is substantially higher
than internal variability, measured as one standard devia-
tion of annual values in a control simulation. Even at year
2500, surface temperature change is higher than internal
variability for all grid cells except for a few cells in the
Southern Pacific and Northern Atlantic (Fig. 2). Qualita-
tively similar but smaller warming is observed in the Low
case.

Simulated precipitation shows a reduction in some arid
areas and increases over most regions (Fig. 3) and in the
global mean. Despite the high spatio-temporal variability
of precipitation, a significant (higher than internal vari-
ability) increase in precipitation of more than 20% by year
2500 is projected for most high-latitude grid cells in the
High case.

Steric sea level rise is projected to have substantial
spatial variability (Fig. 3). Differences between regions are
of similar order as global average sea level rise. However,
sea level change is positive almost everywhere in year
2500 in the High case. Thermosteric sea level change is
significantly higher in the North Atlantic than in the North
Pacific, reflecting the formation of deep water, enhanced
ventilation and heat uptake. Sea level rise in the North
Atlantic is damped through halosteric anomalies, whereas
sea level change in the Arctic Ocean is partly driven by
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Fig. 3 a-d Changes in decadal
mean precipitation for the
period 2090-2099 (a, b) and for
the period 2490-2499 (c, d)
relative to the period 1820-1829

A Precipitation [%]

A Steric sea level [cm]

in the High case (a, ¢) and the

Hist case (b, d), respectively.
e-h Changes in steric sea level
for the same periods. Stippling

in all panels denotes grid cells

High: 2090 - 2099

where the magnitude of change
is smaller than the standard
deviation from the control run.
Contours in (e-h) show the
halosteric contribution to the

total steric sea level rise and are
every 10 cm

Hist: 2090 - 2099

High: 2490 - 2499

Hist: 2490 - 2499

-50

-100

halosteric changes due to increasing freshwater input from
additional melting of sea ice and enhanced precipitation.
Similar as for surface temperature, steric sea level rise is
larger than modeled internal variability at almost each grid
cell in year 2500 for both the High and the Low case.
Turning to the Hist scenario, we observe a remarkable
qualitative difference compared to the High and Low case.
Regional surface temperature and precipitation return

towards the preindustrial equilibrium after emissions have
been stopped (Figs. 2, 3). Surface temperature changes
become smaller than internal variability for most land
(82%), including Eurasia and North America, and most of
the ocean grid cells (73%). Signals larger than internal
variability still persist in parts of tropical Africa, South
America, and around Indonesia (Fig. 2). Precipitation
changes become smaller than internal variability in almost
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Fig. 4 Simulated versus
observation-based interannual
variability over land. (a, ¢)
Simulated interannual
variability in surface
temperature and precipitation
obtained by computing the
standard deviation of annual
mean values from the unforced
control simulation. (b, d)
Observation-derived interannual
variability from the Climatic
Research Unit surface air
temperature and precipitation
dataset (Brohan et al. 2006;
Mitchell and Jones 2005). Data
have been regridded on the
NCAR model grid and
detrended by a smoothing spline
with a cut-off period of 20 years
for century-scale trends before
computing the standard
deviations; the results are not
sensitive to the exact choice of
the cut-off period between 10
and 80 years

r' = “"’_“_ﬂ_ﬁ"“w_-_g»-.»r—di_. e

(@) Temperature: Model K]

(b) Temperature: Observations

T T T

all grid cells (97%; Fig. 3). This indicates that perturba-
tions in precipitation and temperature associated with 19th
and 20th century emissions become comparable to
unforced, internal variability in most regions within the
next centuries. Simulated sea level rise remains higher than
simulated internal variability in many regions (Fig. 3) as
internal interannual variability is small.

In conclusion, 21st century CO, emissions on the order
of several hundred to a few 1,000 gigatons of carbon will
perturb surface temperature, precipitation and sea level
irreversibly on human timescales. In contrast, the impact of
historical emissions on temperature and precipitation is
largely reversible within centuries in most regions in the
sense that the regional anthropogenic perturbation becomes
smaller than internal unforced regional variability in our
model.

3.3 Projected regional changes in ocean
and land carbon inventories, mechanisms
and warming feedbacks
3.3.1 Land
Next, changes in land carbon inventories are discussed with

a focus on the long-term evolution and climate feedbacks.
Analyzes of land carbon stock changes as simulated by the
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CSM1.4-carbon model for the 21st century are already
provided elsewhere (Fung et al. 2005; Friedlingstein et al.
2006). Here, simulations and analysis period are extended
beyond 2100 and the regional response of vegetation and
soils to increasing CO, and climate change are investigated
individually.

High land uptake is simulated in the tropical and
northern mid-to-high latitude forests (Fig. 5a,b) predomi-
nantly in response to increasing atmospheric CO, and
related CO, fertilization of net primary productivity (NPP).
NPP and changes in vegetation carbon evolve largely in
parallel with changes in atmospheric CO,. Vegetation
carbon peaks at all latitudes within five decades after the
emission stop and the CO, peak. The relatively slow
turnover of soil carbon, particularly in cold regions, lead to
a delayed response in soil and total carbon stock changes to
the CO, forcing. For example in the High case, the peak in
total carbon inventory is projected 70 years later in the
tropics and 130 years later at northern high latitudes than
the CO, peak (Fig. 5b). Total land carbon uptake amounts
to 704 GtC at peak and to 611 GtC by year 2500. Roughly
58% of the additional carbon is sequestered by vegetation,
the rest by soils.

The CSM1.4 has a low sensitivity of global terrestrial
storage to climate change and a low global climate-land
uptake feedback. Global land uptake is lower by up to 5%
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Fig. 5 (a) Changes in decadal mean total terrestrial carbon inventories
for the period 2490-2499 relative to the period 1820-1829 in the High
case. (b) Projected evolution of the annual mean zonally-averaged
carbon inventories in the High case. (¢) Projected evolution of
the climate-carbon gain (g = 1 — AC(no-warming)/AC(High case)),
where AC is the difference in carbon stocks from preindustrial levels.
Positive (negative) values denote more (less) uptake with global
warming. Solid lines in (c¢) correspond to the tropics (20°N:20°S) and
dashed lines correspond to the northern high latitudes (40°N:70°N).
Contours in (a) and (b) are every 5 and 1.5 kg m~2, respectively

in the High case than in the no-warming simulation. The
small global sensitivity results from opposing regional
responses as illustrated by the evolution of the climate-
carbon gain in different regions and reservoirs (Fig. 5c).
The climate-carbon gain describes the percentage gain of
vegetation carbon gye,, and soil carbon g in the High
case with global warming relative to the corresponding
simulations without warming:

g = (1 — AC(no-warming)/AC(High case)), (1)

where AC is the difference in carbon stocks from prein-
dustrial levels. A positive g implies more carbon uptake

from the atmosphere under warming and thus a negative
climate-carbon cycle feedback.

The difference in land sinks in the simulations result from
differing sensitivities of NPP and respiration to changes in
CO,, light, temperature, and moisture regimes, and their
competitive effects on regional carbon inventories in vegeta-
tion and soils (Fung et al. 2005). Warming and moistening
accelerate NPP and increase vegetation biomass and carbon
fluxes to soils, but shortens soil turnover time through
increased soil respiration rates. The higher atmospheric CO,
in the High case relative to the no-warming case implies more
CO, fertilization tending to increase terrestrial storage. The
interplay of these mechanisms leads to a complex spatio-
temporal evolution of the climate-carbon gain for vegetation
and soils in our multi-century simulations.

Innorthern mid and high latitudes (40—70°N), soil moisture
and temperature increase and growing conditions become
more favorable. Total carbon uptake is higher by 10-30% in
the High relative to the no-warming case (Fig. 5c). Uptake by
vegetation is about 55% larger in the High case than in the no-
warming case. The reduction in soil turnover time and the
increase in the carbon flux to litter and soils have opposite
impacts on soil carbon and g..,; changes sign over time.
Cumulative soil carbon uptake is lower by one third in year
2000 in the High than in the no-warming case. Then, g
increases over the coming two centuries to stabilize at around
15%. The increased flux from vegetation to soils overrules in
the long-term the effect of reduced soil turnover times.

In the tropics, less carbon i