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ABSTRACT

The A. M. Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences (IAP RAS) climate
model (CM) of intermediate complexity is extended by a spatially explicit terrestrial carbon cycle module.
Numerical experiments with the IAP RAS CM are performed forced by the reconstructions of anthropogenic
and natural forcings for the 16th to the 20th centuries and by combined SRES (Special Report on Emission
Scenarios) A2-LUH (Land Use Harmonization) anthropogenic scenarios for the 21st century. Hereby, the
impact of uncertainty in land—use scenarios on results of simulations with a coupled climate—carbon cycle
model is tested. The simulations of the model realistically reproduced historical changes in carbon cycle
characteristics. In the IAP RAS CM, climate warming reproduced in the 20th and 21st centuries enhanced
terrestrial net primary production but terrestrial carbon uptake was suppressed due to an overcompensating
increase in soil respiration. Around year 2100, the simulations the model forced by different land use scenarios
diverged markedly, by about 70 Pg (C) in terms of biomass and soil carbon stock but they differed only by
about 10 in terms of atmospheric carbon dioxide content.
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1. Introduction

One of the largest achievements in climate mod-
elling during the last decade has been the imple-
mentation of an interactive carbon cycle in three—
dimensional climate models. This work was pioneered
by Cox et al. (2000) and by Friedlingstein et al. (2001)
and was followed by Brovkin et al. (2002, 2004),
Matthews et al. (2004, 2005), Mokhov et al. (2006),
Eliseev and Mokhov (2007), Eliseev et al. (2007a) and
Volodin (2007). These studies showed that such in-
teractive coupling enhances the build up of carbon
dioxide (CO2) in the atmosphere in comparison with a
hypothetical case in which the carbon cycle is not af-
fected by changes in climate. More recently, different
climate models have been extended either by a par-
tially interactive terrestrial methane cycle (e.g., Ged-

ney et al., 2004; Eliseev et al., 2008; Volodin, 2008)
or by interactions of carbon and nitrogen cycles (e.g.,
Thornton et al., 2007; Sokolov et al., 2008; Jain et al.,
2009; Gerber et al., 2010; Zaehle et al., 2010b) with
important implications for future changes in atmo-
spheric CO2 content gco, (Eliseev, 2008; Thornton et
al., 2007; Sokolov et al., 2008; Jain et al., 2009; Gerber
et al., 2010; Zaehle et al., 2010b). Additional insights
into carbon—cycle dynamics were obtained with re-
spective box models (Svirezhev et al., 1999; Svirezhev
and von Bloh, 1997, 1998; Eliseev and Mokhov, 2008;
Mokhov and Eliseev, 2008; Ginzburg and Zavalishin,
2008). In particular, a globally averaged carbon—cycle
module was implemented in a climate model (CM)
of intermediate complexity developed at the A. M.
Obukhov Institute of Atmospheric Physics, Russian
Academy of Sciences (IAP RAS CM; Mokhov et al.,
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2006; Eliseev and Mokhov, 2007; Eliseev et al., 2007a).
While such globally averaged scheme allowed the pro-
jection of atmospheric content of COs, it lacked spatial
resolution, and, as a result, did not allow the estima-
tion of regional changes in carbon—cycle characteristics
as well as interactive calculation of CO5 emissions due
to land-use activity; it was unable to properly couple
the carbon cycle and other biogeochemical cycles, and
it was limited in coupling between cycles of COs and
methane.

The goal of the present study is to describe simula-
tions using the newly developed spatially explicit ter-
restrial carbon—cycle module that was implemented in
the current version of the IAP RAS CM. The present
version of the scheme allows the estimation of regional
changes in terrestrial carbon stocks and fluxes as well
as the simulation of direct CO5 emissions due to land—
use clearing. However, this version of the module ne-
glects coupling the carbon cycle with other biogeo-
chemical cycles. All of the papers mentioned above
utilized SRES emission scenarios for future projec-
tions of carbon stocks and climate states. Recently,
a new generation of land-use scenarios was developed
under the framework of the Land Use Harmonization
(LUH) project (Hurtt et al., 2009). Four LUH scenar-
ios cover a wide range of possibilities for changes in
extent of agricultural area. If an LUH scenario is com-
bined with an SRES scenario for other anthropogenic
forcings (i.e., fossil fuel and industrial COy emissions
and concentrations of other anthropogenic greenhouse
gases and aerosols), the possible impact of uncertainty
in land—use scenarios on simulation of climate and car-
bon cycle can be examined. Such a combination is a
novel feature of simulations performed in this study.
Simulations forced by different LUH scenarios diverged
markedly in terms of terrestrial carbon stocks. How-
ever, for a given SRES scenario, they led to a rather
narrow uncertainty range for atmospheric COs con-
centration and, in turn, to a narrow uncertainty range
for change in climate characteristics.

2. Model description

Previous versions of the AP RAS CM (Petoukhov
et al., 1998; Handorf et al., 1999; Mokhov et al., 2005;
Eliseev et al., 2007b; Arzhanov et al., 2008; Eliseev et
al., 2009) included a globally averaged carbon—cycle
scheme described by Mokhov et al. (2006, 2008),
Eliseev et al. (2007a), Eliseev and Mokhov (2007),
Mokhov and Eliseev (2008). In the present study,
a globally averaged terrestrial carbon—cycle scheme
was replaced by a spatially explicit one. In the lat-
ter scheme, plant production and carbon stocks are
updated annually to preserve the approximation of a
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well-mixed atmosphere with respect to COs. How-
ever, seasonally resolved time series of basic input
variables for the preceding year are used as an input.
These variables include surface air temperature T} g,
soil moisture fractional saturation w, and shortwave
radiation balance at the surface Rgw. The latter vari-
able is used as a proxy for the photosynthetically ac-
tive radiation. The oceanic part of the IAP RAS CM
carbon cycle is kept as a globally averaged module
identical to the scheme FocNL described by Mokhov
and Eliseev (2008), Mokhov et al. (2008). The latter is
a Bacastow—type model (Bacastow, 1981) modified by
taking into account temperature dependence of chem-
ical reactions rates according to Millero (1995). The
scheme is closed using the equation for the atmospheric
COg concentration in a well-mixed approximation

dgco,
Co

dt :Eﬁ'+Elu+EﬁrC_H_Fo (1)

where gco, is atmospheric concentration of COsq, t
is time, ¢9=2.123 Pg (C)/ppmv, Eg, Ei, and Fge
are global emissions of COy due to fossil fuel burn-
ing+cement production, land—use clearing, and natu-
ral fires, respectively, and F} and F, represent global
CO uptakes by terrestrial ecosystems (land) and by
the world ocean, respectively.

The new, spatially distributed terrestrial carbon—
cycle module distinguishes six plant functional types
(PFTs): tropical trees, temperate broadleaf trees, cool
needleleaf trees, grasses, shrubs and crops. Grid cells
in the model are divided in two parts covered by nat-
ural vegetation (one of the first five PFTs) and crops,
respectively. Fractional areas occupied by these parts
are denoted as apa¢ and aagro, respectively. Carbon
masses per unit area in living vegetation and in soil
were calculated using Eq. (A1) and Eq. (A11) shown
in the Appendix. Two types of vegetation disturbance
are considered: natural fires and land—use clearing.
The latter type results in direct land—use CO2 emis-
sions that were calculated interactively by the model.
Riverine carbon fluxes were neglected in the current
version of the model. Explicit interaction of carbon
cycle with other biogeochemical cycles was neglected
in the current version of the scheme as well. A detailed
description of the terrestrial carbon—cycle module is
given in the Appendix.

3. Numerical experiments

Numerical experiments with this version of the
IAP RAS CM were performed for the period 1500—
2100. For the 16th—20th centuries, these simulations
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were forced using the reconstructed annual fossil fuel
emissions (Marland et al., 2005), atmospheric con-
centrations of nitrous oxide and methane (MacFar-
ling Meure et al., 2006, freons CFC-11 and CFC-
12 (Walker et al., 2000), tropospheric burdens of
sulphate aerosols (Horowitz, 2006), annual mean so-
lar irradiance (Wang et al., 2005), and seasonally
averaged stratospheric aerosol optical depth [annual
mean data (Robertson et al., 2001) until year 1889
and monthly mean arrays (Ammann et al., 2003)
thereafter].  The fraction of the model grid cell
covered by permanent agriculture aagr, is obtained
from the Land Use Harmonization project home site
(http://luh.unh.edu/data.shtml) and was based on
the History Database of the Global Environment
(HYDE), version 3.1 dataset (Klein Goldewijk, 2001).
Crop/pasture area, aagro was used to force both the
carbon cycle and the surface albedo routines of our
model. In the 21st century, fossil fuel CO5 emis-
sions and atmospheric concentrations of NoO, CHy,
CFC-11 and CFC-12 were prescribed in accordance
with the SRES A2 scenario (Houghton et al., 2001).
The total column burden of tropospheric sulphates
was adopted from the corresponding simulation per-
formed with the MOZART (Model for OZ one and Re-
lated chemical Tracers), version 2 chemical-transport
model (Horowitz, 2006). The 21st—century land—use
scenarios were chosen based on the simulations with
the integrated assessment models AIM (Asian Pacific
Integrated Model), IMAGE (Integrated Model to As-
sess the Global Environment), MESSAGE (Model for
Energy Supply Strategy Alternatives and their Gen-
eral Environmental Impact), and MiniCAM (Mini-
Climate Assessment Model) as performed in the frame-
work of the LUH project. For all such models, version
1 of the data was used, except the IMAGE model for
which the version 1.1 rcl was employed). Possible vol-
canic eruptions and solar irradiance variations were
not considered for the 21st century.

LUH scenarios were developed using the four mod-
els listed in the previous paragraph. These projections
differed from each other despite the identical proto-
col of performed simulations. Among these scenarios,
the most aggressive was calculated using the MES-
SAGE model. In this scenario, aagro increased (rela-
tive to the value for year 2000) monotonically in the
21st century, by 8% in 2050, and by 13% in 2100. This
increase occurred worldwide. A similar but smaller in-
crease of aagro was simulated using the IMAGE model.
In the latter scenario, area of crops and pastures in-
creased by 3% from year 2000 to year 2080, with a
very slight decrease thereafter. The most heteroge-
neous changes of @ago Were simulated using the AIM
model. In this projection, total aagro increased by 6%
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between 2000 and 2060. In this model the extent of
Gagro increased in most regions of the world. However,
localized decreases of aagro Were simulated in central
Europe, south of the Caspian Sea, and in the southern
parts of Africa and South America. During 2060-2100,
the AIM model projected the return of the global ex-
tent of Gaero to the value characteristic for the year
2000. In turn, in the MiniCAM projection, global ex-
tent of aagro decreased by 19% during the 21st century.
This decrease occurred worldwide but with minor in-
creases in China, in the northern subtropics of Africa,
and in the northernmost regions of Eurasia and North
America.

All of the simulations presented in this paper were
initialized from the model’s equilibrated preanthro-
pogenic state with dagro = 0 and Eg = 0. At astro-
nomical year 1500, aagro Was replaced by the respec-
tive fields adapted from the LUH database. The latter
allowed the consideration of direct land—use clearing
emissions not only for the nominal period of simu-
lation but for the whole anthropogenic period. The
LUH fields also provided that natural vegetation car-
bon stock per unit area in undisturbed areas changed
little (e.g., due to climate changes or due to plant fer-
tilization by atmospheric CO2) during the early stage
of anthropogenic period.

4. Results

Temperature, precipitation, and soil moisture fields
simulated by the TAP RAS CM under SRES scenar-
ios have been analyzed previously (e.g., Eliseev et al.,
2009; Eliseev and Mokhov, 2011). Therefore, their
detailed analyses have been omitted from the present
paper. In brief, our model reproduced the tempera-
ture increase of 0.7°C during the 20th century (which
agrees with observation data (Solomon et al., 2007),
and the spatial pattern of surface air temperature
change in our model is realistic. Precipitation increase
was slightly overestimated during the 20th century in
comparison to observation data (Solomon et al., 2007).
Under the SRES A2 scenario, the model projected
temperature increased by 2.7°C during the 21st cen-
tury. This number agrees with the lower range of the
IPCC AR4 simulations (Solomon et al., 2007). This re-
sult is consistent with the relatively small equilibrium
sensitivity of our model to the doubling of the CO4
content in the atmosphere which equals 2.2°C. The
major drawback of the IAP RAS CM is its high pos-
itive precipitation sensitivity to temperature increase,
which is larger than that of other contemporary cli-
mate models (e.g., Petoukhov et al., 2005). The pos-
sible impact of the latter drawback on the results ob-
tained in this study is discussed in section 5.2.
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Fig. 1. Global atmospheric concentration of CO2 sim-
ulated by the IAP RAS CM under scenarios AIM, IM-
AGE, MESSAGE, and MiniCAM (green, magenta, red,
and blue curves correspondingly) for changes in area of
crops/pastures and under scenario SRES A2 for other
anthropogenic forcings. Black line depicts the respective
Law Dome borehole data (MacFarling Meure et al., 2006)
prior to 1958 and Mauna Loa measurements (Keeling et
al., 1996) thereafter.
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Fig. 2. Global modelled net primary production (color
lines). Gray boxes depict respective ranges obtained for
the C*MIP ensemble by (Arora and Matthews, 2009)
with ensemble mean value shown by black line. Curve
notations are the same as used in Fig. 1.

4.1 Preindustrial state

During the preanthropogenic spin—up phase, no
statistically significant trends were found for any
model variable, either at the global scale or in any
model grid cell. In the year 1500, coupling shock
resulted in pulse emission of 19 Pg (C) in the at-
mosphere. The excess of COs was taken up by the
ocean (primarily) and by terrestrial biosphere within
30 years. From the mid—16th century until the late
18th century, the trends were small in comparison to
those that developed in the 20th and 21st centuries.

In the early anthropogenic period (16th—18th
centuries) globally averaged surface air temperature
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was 13.6°C+£0.1°C (meanzinterannual standard de-
viation) and globally averaged annual precipitation
amounted 90.540.5 cm yr—!. Atmospheric COy con-
centration in this period was 283.7+1.7 ppmv (Fig.
1), in agreement with the Law Dome borehole data
(MacFarling Meure et al., 2006).

Global terrestrial gross primary production was
116.6+0.8 Pg (C) yr—!. This value is in general agree-
ment with satellite-retrieved estimates for 2001-2003,
102-126 Pg (C) yr=! (Zhao et al., 2006). Global net
primary production (NPP) NPP, was 59.44+0.6 Pg (C)
yr~! (Fig. 2). This agrees with a satellite-retrieved
range, 47-74 Pg (C) yr~! (Zhao et al., 2006) and
with a range obtained in simulations with terrestrial
carbon cycle models, 44-79 Pg (C) yr~! (Cramer et
al., 1999; Golubyatnikov and Denisenko, 2001; Arora
and Matthews, 2009). Net primary production fxpp
per unit area was above 1 kg (C) m~?2 in the trop-
ical forests, in south—eastern Asia and in the Near
East/Caucasian region (Fig. 3a). In steppes and tem-
perate forests, fxpp was 0.3-0.6 kg (C) m~2. In the
boreal regions, it was 0.1-0.3 kg (C) m~2, and in tun-
dra it was < 0.1 kg (C) m™2. These values are in
general agreement with empirical upscale estimations
by (Luyssaert et al., 2007; Houlton et al., 2008). In
addition, they agree with values obtained for the en-
semble of the terrestrial carbon cycle models (Cramer
et al., 1999) shown in Fig. 3b. Exceptions from the
latter were overestimated fypp in the south—eastern
part of Europe and in eastern Asia and overestimated
fnpp in the tropics and subtropics of the South Amer-
ica. However, different models simulated very diverse
values of fxpp in these regions (Cramer et al., 1999)
leading to intermodel range which embeds values sim-
ulated by our model.

The IAP RAS CM-simulated carbon flux from nat-
ural fires was about 0.25 Pg (C) yr~! at a global scale.
This is smaller than estimates by Schultz et al. (2008).
However, the latter estimate includes both natural and
anthropogenic fires and suffers from large uncertainty.
Modelled fire emissions of CO5 reached (2-5)x 1072 kg
(C) m~2 yr~! in forested tropical and subtropical re-
gions and diminished to the values < 1 x 1073 kg (C)
m~2 yr~! in extratropical regions.

Global vegetation carbon stock during the indi-
cated period was C, = 623 +5 Pg (C) (Fig. 4). These
values for C, are within the ranges for empirical esti-
mates, 466-654 Pg (C) (Houghton et al., 2001), as well
as for simulations by by other state-of-the-art terres-
trial carbon cycle models, 500-950 Pg (C) (Cramer et
al., 2001). Preindustrial vegetation carbon stock per
unit area ¢, was < 2 kg (C) m~2 in subpolar lati-
tudes (Fig. 5a). It increased in the subtropics up to
8-10 kg (C) m~2, and reached 10-12 kg (C) m~2 in
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Fig. 3. Net primary production fxpp simulated by the
TAP RAS CM [kg (C) m™~2 yr™!] for years 15501700 (a)
in comparison to that simulated by global models of ter-

restrial net primary productivity (Cramer et al., 1999)
(b) and fxpp change from 1550-1700 to 19952005 (c).
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Fig. 4. Global modelled vegetation carbon stock (colour
lines) in comparison to the data synthesis (Houghton et
al., 2001) (gray box). Curve notations are the same as
used in Fig. 1.
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Fig. 5. Vegetation carbon stock ¢, simulated by the IAP
RAS CM [kg (C) m™2] for years 1550-1700 (a), the re-
spective data (Olson et al., 1985) (b), and ¢, change from
1550-1700 to 1995-2005 (c).

the tropical forest area. These values are in general
agreement with the gridded data by Olson et al. (1985)
(Fig. 5b) and with the ecosystem—level data synthe-
sis (Houlton et al., 2008; Luyssaert et al., 2007). The
exceptions are the steppe regions where ¢, was un-
derestimated in comparison to (Houlton et al., 2008;
Olson et al., 1985) and off-equatorial regions covered
by tropical forest where carbon in living biomass was
higher than reported by Olson et al. (1985).

Global preindustrial soil carbon stock was Cy =
184946 Pg (C) (Fig. 6). The value for Cs agreed with
empirical estimates 1993 + 480 Pg (C) (Jobbagy and
Jackson, 2000) and 2179 Pg (C) (Hall et al., 2005).
Spatially, soil carbon stock per unit area cs was ex-
tremely small in desert regions, it was 5-10 kg (C)
m~2 in the tropics, was 20-30 kg (C) m~2 in regions
covered by grasslands and temperate forests, and was
> 30 kg (C) m~2 in subpolar regions (Fig. 7a). This
values generally agree with the data (Hall et al., 2005)
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Fig. 6. Global modelled soil carbon stock (colour lines)
in comparison to the data (Jobbdgy and Jackson, 2000)
(black line for central estimate and gray box for uncer-
tainty range). Curve notations are the same as used in
Fig. 1.

with an exception of underestimated cs in deserts and
overestimated cg in the midlatitudinal steppes and
temperate forests. However, for the latter case, the
data—set (Hall et al., 2005) was for the upper 1.5 m
of the soil column and did not consider deeper soil
layers. These deeper layers in the indicated regions
may bear as much as 30%—50% of organic soil car-
bon (Jobbdgy and Jackson, 2000), and, consequently,
total soil carbon stock may be markedly larger than
figured by Hall et al. (2005). Further, the IAP RAS
CM-simulated values of ¢s were in general agreement
with the ecosystem—level data synthesis (Houlton et
al., 2008), including steppes and temperate forests.

4.2 Changes during the historical period

4.2.1 Carbon fluxes

During the 17th-20th centuries NPP, increased by
about 1/3 (Fig. 2). This increase is in general agree-
ment with estimates by (Arora and Matthews, 2009.
The NPP, growth during the last two decades of the
20th century, from 76-77 Pg (C) yr~! to about 81
Pg (C) yr~!, agrees favorably with the estimate by
Nemani et al. (2003) who showed that NPP has in-
creased by 6% during a similar period. This change
is basically due to the COs fertilization effect. The
dominant impact of plant fertilization by CO- is also
visible in geographical distributions of fxpp change
during the historical period with the largest increases
exhibited in the regions with large preindustrial NPP
(Fig. 3c). After volcanic eruptions, terrestrial NPPg
was slightly reduced due to overall cooling. At a global
scale, this result agrees with the tree-ring data anal-
ysis by Krakauer and Randerson (2003) but contrasts
with the measurements in the northern hardwood for-
est performed by Gu et al. (2003). However, in some
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Fig. 7. Soil carbon stock cs simulated by the IAP RAS
CM [kg (C) m™2] for years 1550-1700 (a) the correspond-
ing data (Hall et al., 2005) (b), and ¢, change from 1550—
1700 to 1995-2005 (c).

regions covered by such forests, the model exhibits in-
creased fnpp after volcanic eruptions similar to Gu et
al. (2003) due to development of climate conditions
more favorable for vegetation.

Global modeled cumulative carbon emissions due
to land—use clearing were 55 Pgc in 1500-1850 and
were 155 Pg (C) in 1850-2000. The first number is
within the range of other estimates, 48-79 Pg (C) (De-
Fries et al., 1999; Olofsson and Hickler, 2008; Pongratz
et al., 2009). The total modeled land-use CO5 emis-
sions till year 2000, 210 Pg (C), are slightly above those
obtained by DeFries et al. (1999); Olofsson and Hick-
ler (2008) and Strassmann et al. (2008) but they are
markedly smaller than those figured by Pongratz et al.
(2009).

CO; emissions due to natural fires increased during
the historical period and reached 0.30 Pg (C) yr—!



NO. 5

F,PgCyr"

2000

1800

7500 1900
year

2100

Fig. 8. Global modelled terrestrial carbon uptake
(colour lines) in comparison to the observational esti-
mations (Solomon et al., 2007) (black lines show central
values and grey boxes depict uncertainty ranges). Curve
notations are the same as used in Fig. 1.

in the late 20th century. This increase was due to
juxtaposed COg fertilization effect (leading to larger
fuel stock) and climate effects composed from an ex-
tended growing period and from gradual depletion of
soil moisture (both promote longer fire season and
more frequent fires).

Global terrestrial carbon uptake Fj gradually in-
creased from the 17th to the 20th centuries (Fig. 8).
This increase was 1.9 Pg (C) yr~! in 1980s and 2.2
Pg (C) yr~! in 1990s. These values are within the
respective observational uncertainty ranges from —0.2
Pg (C) yr~! to 3.4 Pg (C) yr~! with the central es-
timate of 1.7 Pg (C) yr~! and from 0.9 Pg (C) yr~!
to 4.3 Pg (C) yr~! with the central estimate 2.6 Pg
(C) yr=! (Solomon et al., 2007). Cumulative terres-
trial carbon uptake during 1800-1994 in the model was
134 Pg (C) and agreed with the corresponding empir-
ical estimates 61-141 Pg (C); cumulative terrestrial
carbon uptake in the model during 1980-1999 was 43
Pg (C) and agreed with the corresponding empirical
estimates 39 + 18 Pg (C) (Sabine et al., 2004). The
modeled value for 1800-1994 was in the upper range of
the empirically estimated range. The latter, at least
partly, was due to difference in definitions of land-—
use emissions: while our model estimated only direct
emissions and places other emissions in carbon—cycle
dynamics (see Appendix), the conventional bookkeep-
ing estimates [which consider both direct and indirect
land-use emissions (see Houghton et al., 1983)] were
employed by Sabine et al. (2004).

Negative excursions of F] are visible after ma-
jor volcanic eruptions. This occurred despite the di-
minished fnxpp for these years and basically due to
cooling—suppressed heterotrophic respiration. Similar
reduction of soil respiration based on observations was
previously noted by Jones and Cox (2001).
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Terrestrial carbon uptake per unit area f; was pos-
itive almost everywhere during the 17th to 20th cen-
turies. In the late 20th century, its typical values
ranged from 0.02 kg (C) m~2 yr~! to 0.1 kg (C) m—?2
yr~ ! in tropical forests and from 0.01 kg (C) m=2 yr—!
to 0.05 kg (C) m~2 yr~! in middle and subpolar lati-
tudes.

Global oceanic carbon uptake also increased dur-
ing the historical period (not shown). Its values aver-
aged for 1980-1989, 1990-1999, and 2000-2005 equal
to 1.6 Pg (C) yr~1, 1.9 Pg (C) yr~!, and 2.1 Pg (C)
yr~!, respectively, and fall in the corresponding empir-
ical uncertainty ranges 1.8 4+ 0.8 Pg (C) yr—!, 2.240.4
Pg (C) yr=!, and 2.24-0.5 Pg (C) yr~! (Solomon et
al., 2007). Cumulative oceanic carbon uptake during
1800-1994 in the model was 114 Pg (C) and during
1980-1999 it was 37 Pg (C). These values are in excel-
lent agreement with the respective empirical estimates
of 118 £19 Pg (C) for 1800-1994 and 3748 Pg (C) for
1980-1999 (Sabine et al., 2004).

4.2.2 Carbon stocks

Despite enhanced NPP, vegetation carbon stock
decreased by about 1/4 until the mid—20th century
(Fig. 4). This decrease occurred due to replacement of
natural vegetation by crops and pastures with a faster
carbon turnaround (Table A3). Spatially, changes of
¢y reflected mutual compensation of NPP increase and
faster carbon loss from vegetation to soil due to land—
use clearing (Fig. 5c). The former effect dominated
in the agriculture—free regions while the latter one was
visible in the subtropics and middle latitudes where
land use was more intensive during the 17th—20th cen-
turies. In tropical forests, the simulated carbon stock
increased during the last two decades of the 20th cen-
tury varied from 0.01 kg (C) yr=! to 0.02 kg (C) yr—!
which was slightly below the field estimate of 0.03-0.07
kg (C) m~2 yr~! (Lewis et al., 2009).

Total soil carbon stock slightly decreased until the
late 19th century and then increased until year 2000
by ~ 70 Pg (C) (Fig. 6). This increase was a re-
sult of losses of soil carbon in agricultural regions and
respective gains in agriculture—free areas (Fig. 7c).

Carbon dioxide atmospheric content was stable un-
til early 19th century. Then it started to increase, and
it reached 370 ppmv in year 2000 (Fig. 1). This value
is in excellent agreement with the Mauna Loa obser-
vations (Keeling et al., 1996 and update).

4.3 Projections for the 21st century

4.3.1 Carbon fluzes

In the 21st century, NPP, increased to 110-120 Pg
(C) yr=! depending on the chosen land—use scenario
(Fig. 2). This increase was larger for scenarios imply-
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Fig. 9. Net primary production change [kg (C) m
yr~ Y] from 1995-2005 to 2090-2100 simulated under sce-
narios MESSAGE (a) and MiniCAM (b) for area of
crops/pastures and scenario SRES A2 for other anthro-
pogenic forcings.

—2

ing further land—use clearing in the 21st century (IM-
AGE and MESSAGE) and was smaller for the Mini-
CAM scenario in which agricultural area decreased
during this period. Terrestrial NPP simulated for
the late 21st century was above the range exhibited
in Coupled Climate-Carbon Cycle Project (C*MIP)
which is from 90 Pg (C) yr=! to 110 Pg (C) yr~—!.ne
model participated in this project simulated NPP, at
~ 130 Pg (C) yr~! around year 2100). The reason for
this difference was due to the set up of the simulations
used in the present study that were not identical to
the set up of the C*MIP runs. In particular, in the
latter intercomparison, land—use emissions were pre-
scribed according to the precomputed SRES A2 sce-
nario (Houghton et al., 2001) rather than diagnosed
from the model. In additional simulations with the
model arranged in a way similar to that used in the
CAMIP, global terrestrial NPP in the late 21th century
was 93 Pg (C) yr~!, which was close to the middle of
the range calculated in the C*MIP runs. Comparison
of these results with the results of simulations where
individual processes contributing to carbon—cycle dy-
namics were suppressed artificially suggests that plant
fertilization by atmospheric CO9 was yet significant in
the 21st century, and that climate changes further en-
hance terrestrial NPP. The latter contrasts with most
of the C*MIP models in which climate change sup-
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presses NPP, while some of them do show NPP, en-
hancement from uncoupled run to the coupled simula-
tion. Climate—induced NPP increase was also exhib-
ited in the experiments with the ISAM model (Jain et
al., 2009).

Our model projects enhanced NPP in most regions
during the 21st century except in deserts (Figs. 9a, b).
The typical values of fypp increases range from 0.2
kg (C) m=2 yr=! to 0.6 kg (C) m~2 yr~! in the ex-
tratropics. In tropical forests, where the largest diver-
gence between different land—use scenarios was found,
increases of fypp were the most marked [from 0.4 kg
(C)m=2yr~! t0 0.8 kg (C) m~2 yr~! in central Africa
and from 0.2 kg (C) m~2 yr=! t0 0.6 kg (C) m~2 yr—!
in South America] for scenarios implying further land—
use clearing (Fig. 9a), and they were smaller [from 0.2
kg (C) m=2 yr=! to 0.4 kg (C) m=2 yr~ ! for the Mini-
CAM scenario (Fig. 9b).

Reflecting imposed scenarios of clearing, land—use
emissions were close to zero for the MiniCAM scenario.
These values for the other three land—use scenarios
were not zero but they basically diminished during the
21st century approaching 0.1 Pg (C) yr=1-0.4 Pg (C)
yr~!in its last decades. Cumulative carbon emissions
due to land—use clearing for the whole 21st century
range from 4 Pg (C) for the MiniCAM scenario to 46
Pg (C) for the MESSAGE scenario.

COg emissions due to natural fires continued to in-
crease during the 21st century. In the last decades of
this century, these emissions attained 0.4 Pg (C) yr—1.
Spatially, they were most important in tropical and
temperate forests, with their high biomass and warm
temperatures. However, as shown by additional simu-
lations where natural fires CO5 emissions were either
suppressed or enhanced artificially, the impact of nat-
ural fires on global carbon budget in the model was
fairly small.

Global terrestrial carbon uptake increased until the
2060s, when it reached 3.8-3.9 Pg (C) yr=* (Fig. 8).
Afterward, carbon uptake declined approaching 3.4—
3.5 Pg (C) yr~! in the late 21st century. Spatially,
terrestrial carbon uptake did not change drastically
among different land—use scenarios in the 21st cen-
tury. This was due to the relatively small changes in
the extent of crops and pastures among different LUH
scenarios. Terrestrial carbon uptake per unit area f is
positive in most vegetation—covered regions, especially
in tropical forests, where it was consistently > 0.05 kg
(C) m~2 yr=! in the last 10 years of the 21st century
(Fig. 10). However, regions of negative f| were ex-
hibited in agricultural regions of southern Russia, in
northern North America and in western Africa. In all
of these regions, fi < 0 was caused by the enhanced
heterotrophic respiration rg overcoming the NPP in-
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Fig. 11. Change in vegetation carbon stock [kg (C) m™?]
from 1995-2005 to 2090-2100 simulated simulated under
scenarios MESSAGE (a) and MiniCAM (b) for area of
crops/pastures and scenario SRES A2 for other anthro-
pogenic forcings.

crease. In the first region, the latter enhancement was
due to continuing agricultural activity. In contrast,
in the latter two regions, it was induced by climate
changes, in particular by increased fire activity.

Oceanic uptake of COy continued to increase dur-
ing the 21st century. In the last 10 years of this cen-
tury, it reached 9.7-9.9 Pg (C) yr— 1.

4.3.2  Carbon stocks

Vegetation carbon stock increased to ~ 700 Pg (C)
during the 21st century. This increase was basically
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due to plant fertilization by atmospheric CO5 and was
the largest for the MiniCAM scenario.

Spatial changes in vegetation carbon stock basi-
cally followed those for NPP. For instance, strong
NPP increase [by 2-10 kg (C) m~2] was projected
over the extratropical land in the 21st century (Fig.
11a, b). In the tropics and subtropics, the simulations
performed under different land—use scenarios diverged
more markedly due to land—use clearing (if the latter
occurred in the given scenario) compensating increases
of NPP. In particular, vegetation carbon increased for
the MiniCAM scenario (Fig. 11b) by 2-10 kg (C) m~2.
For scenarios with further land—use clearing, ¢, growth
in the tropics was smaller, typically by 2-5 kg (C) m~2,
and a vegetation decrease of 0.5-2 kg (C) m~2 was
projected in the northern part of the African region
covered by tropical forests (Fig. 11a).

Global soil-carbon stock increased to 1994-2038
Pg (C) during the 21st century (Fig. 4). Soil carbon
stock per unit area basically increased in the tropics
by 1-5 kg (C) m~2 (Fig. 12). In the extratropics, c,
inreased in grasslands, temperate forests, and in tun-
dra by 1-5 kg (C) m~2 but decreased in boreal regions
by 1-10 kg (C) m~2.

Atmospheric CO9 concentration in the 21st cen-
tury grew up to 752-763 ppmv under the SRES A2
emission scenario depending on the imposed land—use
scenario (Fig. 1). These values were at the lower end
of the range 730-1020 ppmv exhibited in the C*MIP
simulations. In our model, about 90 ppmv of this
growth was due to interactions between climate and
carbon cycle as shown in additional simulations in
which climate-carbon cycle coupling was suppressed
artificially. In turn, the most part of this additional
growth, about 85 ppmv was due to the impact of cli-
mate changes on the terrestrial carbon cycle.

While different land—use scenarios employed here

0 60E 120E 180 120W 60W O
o I S [ i S S I — —
0D T 05020205 T a0

Fig. 12. Change in soil carbon stock from 1995-2000 to
20902100 [kg (C) m™?] simulated simulated under sce-
narios MESSAGE for area of crops/pastures and scenario
SRES A2 for other anthropogenic forcings.
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diverged markedly, by ~ 70 Pg (C), in terms of
biomass and soil carbon stock, they differed only by
~ 10 ppmv in terms of atmospheric COy content.

5. Conclusions

5.1 Summary of the results

In this paper, a description of the new terrestrial
carbon cycle module adopted to suit a climate model
of intermediate complexity has been presented. The
module was implemented in the model developed at
the TAP RAS CM. With the coupled model, simu-
lations were performed for the 16th to the 21st cen-
turies. The forcings in these simulation were based on
the respective reconstructions for the 16th to the 20th
centuries. For the 21st century, anthropogenic forc-
ings were prescribed according to the SRES A2 sce-
nario (except the extent of crops/pastures, which was
adapted from the LUH project scenarios), and possible
natural forcings were neglected.

The model simulations were in general agreement
with empirical estimates of terrestrial plant produc-
tion and carbon stocks in vegetation and soil for the
19th to the 20th centuries. The model realistically re-
produced measured historical changes of carbon-cycle
characteristics such as decadal- and centennial-scale
enrichment of the Earth’s atmosphere by CO», terres-
trial and oceanic carbon uptakes, and direct land—use
COs emissions. For all of these variables, the results of
the simulations presented here were comparable either
with empirical data or (if such data were unavailable)
with calculations performed using other state-of-the-
art climate-carbon cycle models. While some differ-
ences from the C*MIP output were noted for the IAP
RAS CM, they can be traced to the differences in the
experimental protocols between the present study and
the C*MIP runs.

In our model, climate warming reproduced in the
20th and 21st centuries enhanced terrestrial NPP. This
feature is not in accordance with the major part of
the C*MIP ensemble, but it agrees with some mod-
els participating in this project and with the ISAM
model, which was not included in the latter intercom-
parison but was used extensively in the Intergovern-
mental Panel on Climate Change Assessment Reports
(Houghton et al., 2001; Solomon et al., 2007). In the
21st century, the IAP RAS CM projections showed
continuing growth of CO2 up to 752-763 ppmv under
the SRES A2 emission scenario, depending on the im-
posed land—use scenario. This result was accompanied
by increased carbon stocks in vegetation and soil, by
68-137 Pg (C) (160-230 Pg (C)) and by 145-189 Pg
(C) (54-128 Pg (C)), correspondingly, relative to the
model’s preanthropogenic state (late 20th century).
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Despite the climate-enhanced NPP, global warming
in the model suppressed terrestrial and oceanic car-
bon uptakes because heterotrophic respiration over-
compensated this NPP increase, imposing an overall
positive climate—carbon cycle feedback. The latter oc-
curred despite the fact that soil carbon stock was in-
creased rather than depleted in the 21st century. Sim-
ilar behavior is characteristic for the IPSL-CM2 gen-
eral circulation model [Fig. 3 in Friedlingstein et al.
(2006)].

A novel feature of the simulations performed here is
that they combined LUH project scenarios for the ex-
tent of crops and pastures with the conventional SRES
A2 scenario for fossil fuel4+industrial CO5 emissions
and concentrations of other anthropogenic greenhouse
gases and tropospheric sulphates. Overall, different
land—use scenarios employed here diverged markedly,
by ~ 70 Pg (C), in terms of biomass and soil carbon
stock, but they differed only by ~ 10 ppmv in terms
of atmospheric CO5 content.

In all simulations included the present study, both
terrestrial NPP, and soil respiration increased in a
warmer climate and decreased in a colder one. How-
ever, the latter variable appeared to be more sensitive
with respect to temperature changes than the former
one. This effect led to a positive climate—carbon cycle
feedback in our model as well as in other state—of-
the—art climate models with an interactive carbon cy-
cle (Friedlingstein et al., 2006). This positive feedback
in our model was exhibited for both century—scale cli-
mate changes and for climate variations occurring af-
ter volcanic eruptions. However, current understand-
ing of the climate—carbon cycle interaction was unable
to constrain this feedback. This was reflected, for in-
stance, in the wide range of climate—carbon cycle feed-
back intensity simulated in the C*MIP intercompari-
son. Moreover the work of Jones et al. (2006), Eliseev
and Mokhov (2007), and Eliseev (2008) showed that
even negative climate—carbon cycle feedback is consis-
tent with the currently available observational data.

While this topic is beyond the scope of the present
study, we note, in this respect, an additional ensemble
simulation performed with the IAP RAS CM in Eliseev
(2011). In the latter simulation, individual ensemble
members were constructed by sampling two global pa-
rameters conditioning the dynamics of terrestrial car-
bon cycle. Despite wide ranges of values for both pa-
rameters employed in Eliseev (2011), on a global basis,
NPP enhancement occurred in all ensemble members
for both in long—term and interannual post—volcanic
climate changes. Moreover, an increase of F} after vol-
canic eruptions was also robust within this ensemble.
In the future, we plan to perform additional simula-
tions by sampling other model parameters to further
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test NPP and Fj sensitivities to climate changes.
5.2 Caveats

Notably, the current version our model is not free
from caveats. Among these is a neglect of interactions
between the carbon cycle and other biogeochemical
cycles. In particular, interactions of the carbon cy-
cle with the nitrogen cycle could modify substantially
the response of carbon cycle to external forcing (e.g.,
Sokolov et al., 2008; Zaehle et al., 2010a). Moreover,
nitrogen—cycle functioning currently is strongly mod-
ified by human activities such as the use of fertilizers
in agricultural practice. In particular, different scenar-
ios of fertilizer usage may lead to different responses
of the carbon—cycle system to the same scenario for
changes in area covered by crops and/or pastures. This
opens a possible direction of research to study impact
of agricultural area spread on uncertainty of projected
climate and carbon—cycle characteristics.

As stated in the Introduction, our model is char-
acterized by high precipitation sensitivity to climate
warming. This may affect carbon fluxes between atmo-
sphere and terrestrial reservoirs. While it is difficult to
assess this impact directly, additional simulations were
performed with only the preindustrial climatology for
soil moisture content entering terrestrial carbon cycle
module. In this extreme case of zero precipitation sen-
sitivity to external forcing, NPP and change of carbon
stock in vegetation was very similar to that obtained
with the standard version of the model. However, ac-
cumulation of carbon in soil during the 21st century
was enhanced by ~ 60 Pg (C) in this additional simula-
tion with respect to that obtained in simulations with
the standard version of the model. In turn, a corre-
sponding gco, increase was suppressed by ~ 30 ppmv.
Taking into account that this assessment of precipita-
tion sensitivity is an extremal one, we conclude that
its impact is rather small in comparison to changes
simulated by the model during the 21st century (see
section 4.3.2). Moreover, the main conclusion of the
present study, the small impact of difference between
LUH scenarios on spread of projected COg, remains
unaffected.

In addition, the simplified, globally averaged
scheme for oceanic carbon uptake in the model may
overlook the possible impact of changes in oceanic cir-
culation on oceanic carbon uptake (Friedlingstein et
al., 2006). However, according to the results reported
by Zickfeld et al. (2008), this effect was quite modest
in the 21st century. Furthermore, the likely impact
of oceanic changes on the carbon cycle is to shift the
gco, trajectory averaged over different land-use sce-
narios rather than to change a spread between them
provided that the latter is narrow enough.
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5.3 Tentative implication for geoengineering
climate mitigation

The results obtained in the present study may
have some implications for the climate geoengineer-
ing by stratospheric sulphates (Budyko, 1977; Izrael,
2005; Crutzen, 2006; Wigley, 2006; Robock, 2008).
In particular, based on an increase of diffuse sunlight
after volcanic eruptions, Roderick et al. (2001) sug-
gested that these eruptions (and, consequently, such
proposed geoengineering scheme) would enhance ter-
restrial NPP. This suggestion was supported by the
results of field experiments (Gu et al., 2003) but con-
tradicts the results of tree-ring analyses (Krakauer
and Randerson, 2003). Some suspicions about such
enhancement was presented by Robock (2008) and
were supported by model simulations by Angert et al.
(2004). Notably, the terrestrial carbon cycle formu-
lation in our model neglected difference between di-
rect and diffuse solar radiation. As a result, terrestrial
NPP, decreased after volcanic eruptions in the model.
However, the model reproduced negative excursions
of the qco, growth rate in these periods due to even
stronger suppression of soil respiration. Moreover, it
partly reproduced an fxpp increase in northern forests
after volcanic eruptions. Taking into account contra-
dictions in empirical evidence on the response of NPP
on volcanic eruptions, the simulations presented here
lead to the conclusion that the described geoengineer-
ing scheme may diminish NPP rather than enhance it.
This result does not invalidate an importance of diffuse
light for terrestrial photosynthesis but contributes to
the discussion on NPP response to volcanic eruptions
and climate geoengineering via stratospheric sulfates.
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APPENDIX

The Terrestrial Carbon Cycle Scheme
Implemented in the IAP RAS CM

The basic variables of the terrestrial carbon cycle
module are listed in Table Al.
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fraction of grid cell covered by natural vegetation

fraction of grid cell burned annually due to natural fires
fraction of grid cell covered by crops and pastures

soil carbon stock per unit area

vegetation carbon stock per unit area

biomass disturbance per unit area

CO2 emissions due to natural fires per annum per unit area
CO2 emissions due to land use clearing per annum per unit area
vegetation gross primary production per annum per unit area
annual carbon uptake by terrestrail vegetation per unit area
litter fall rate per annum per unit area

vegetation net primary production per annum per unit area
CO2 atmospheric content

the number of atmospheric time steps per year

shortwave radiation budget at the surface

heterotrophic respiration rate per unit area

autotrophic respiration rate per unit area

surface air temperature

threshold temperature for grow season onset and withdrawal

Table A1l. Basic variables of the terrestrial carbon cycle module.
Variable Units Description
Gagro non—dimensional
Afire non—dimensional
Anat non—dimensional
Cs kg (C) m™2

Cv kg (C) m™2

d kg (C) m™2 yr~!
€fire kg (C) m~2yr!
elu kg (C) m~2yr!
fapp kg (C) m™2 yr*
h kg (C) m™2 yr~*
fie kg (C) m™—2 yr~!
fxpp kg (C) m™2 yr~!
qco, ppmv

N, non—dimensional
Rsw W m?

Ts kg (C) m™2 yr*
Ty kg (C) m™2 yr=!
T, K

Teeg K

w non—dimensional

Lower indexes modifying the listed above variables

J
Y

Z

1. Living vegetation

The new,

types (PFTs):

spatially distributed terrestrial car-
bon cycle module distinguishes six plant functional
tropical trees, temperate broadleaf

soil moisture content as a fraction of saturation

indicates time instant within the year

indicates fraction of grid cell covered either by natural
vegetation (Y = nat) or by crops/pastures (Y = agro)

indicates soil reservoir (fast, slow)

Acpp

fappy = N, g1

Z 9293Rsw j - (A2)

Ta i >Tes

trees, cool needleleaf trees, grasses, shrubs and crops.
These PFTs are constructed based on the simplified
Holdridge classes (Monserud and Leemans, 1992, as
shown in Table A2). The model grid cell is divided in
two parts covered by natural vegetation (one the first
five above-mentioned PFTs; no more than one such
PFT is allowed to reside in a given grid cell in the
current version of the model) and crops, respectively.
Fractional areas occupied by these parts hereafter de-
noted as anat and aagro respectively. Equations for
carbon mass per unit area in living vegetation c, vy
(here and below Y depicts PFT) per unit area

aCV7Y
ot
where fGPP,Y, Tv,Y, f]f,Y, and dy are gross pI‘i—
mary production, autotrophic respiration, litterfall,
and biomass disturbance per unit area.
Gross primary production (photosynthesis) was
calculated according to

= fapp,y — v,y — S,y —dvy , (A1)

In Eq. (A2), the subindex j stands for the time in-
stant within the year and N, represents the number of
time steps per year. Only time instants with surface
air temperature T, ; > Tyveg = 0°C were included in
the sum. Terrestrial plant fertilization by atmospheric
CO; obeys the Michaelis—Menten law

qco,
g1 =
qco. + q1/2

with half saturation constant g/, which values 300
ppmv is a compromise between the respective values
for C3 plants (Farquhar et al., 1980; Budyko and Izrae,
1991) and C4 plants (Collatz et al., 1992). The photo-
synthesis dependences on soil moisture fractional sat-
uration w and surface air temperature read

g2 = wj,
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Table A2. Aggregated plant functional types implemented in the current IJAP RAS CM version.

PFT implemented in the IAP RAS CM

tropical trees

temperate broadleaf trees
cool needleleaf trees
grasses

shrubs

crops

Classes by Monserud and Leemans (1992)

tropical dry forest, tropical seasonal forest, tropical rain forest
temperate forest, warm temperate forest

cool evergreen forest

tundra, steppe

forest tundra, cold parklands, chapparal, tropical semi-arid
crops

(Ta‘,j _Topt, GPP)/lO

10,GPP
— Tap, v)IH1+ eXP[O'?’(Tdown, vy — T, 1)]} .

P37 11 + expl0.3(Th, ;
In the latter equation Ty, vy and Tyown,y are PFT-
dependent (Table A3), Q1o,cpp = 1.8, and Typi cprp =
25°C. These values were based on Cox (2000). In Eq.
(A2), it is additionally assumed that gross primary
production depends linearly on available photosyn-
thetic active radiation, and that photosynthetic active
radiation is a fixed fraction of total shortwave radia-
tion at the surface Rgw. The latter assumption is con-
sistent with the atmospheric radiative transport mod-
ule of the IAP RAS CM which does not distinguish
between different solar spectral bands. This assump-
tion is common for most climate models of intermedi-
ate complexity, e.g., the GENIE Earth system model
(Lenton et al., 2006), the UVic ESCM (Weaver et al.,
2001), and the McGill paleoclimate model (Wang et
al., 2004). In addition, fgpp,y dependence on ¢y,
potentially important for natural vegetation with very
small carbon stock (Svirezhev and von Bloh, 1997;
Adams et al., 2004; Tarko, 2005) was neglected. Value
of Agpp is set to 3.58x1072 Pg (C) m? W~ yr—1.

Autotrophic respiration rate is computed based on
the Arrhenius equation

Ay
v,y = N, Z exp (_EV/RTa,j) Cv)Y , (A3)

& Taj>Tveg

where E, = 5.5 x 10* Jmol™' is activation energy
(Williamson et al., 2006), R is universal gas constant,
and A, = 6.1 x 10% yr—!.

For every PFT, fraction of leaves in total biomass
Qeaf,y and turnaround times for leaves and wood
(Tleat,y and Twood,v, correspondingly) were prescribed
(Table A3). As aresult, leaf and wood masses per unit
area are

Cv,Y leaf = QleafCv,Y
(Ad)

Cv,Y,wood = (1 - aleaf) Cy,Y -

Equations for leaf and wood litter fall rate in the model

read
flf,Y,leaf = cv,Y,leaf/TleaﬂY )
(A5)
flf,Y,wood = Cv,Y,Wood/7-wood,Y .
Total litterfall rate is
fity = fiey leat + fi£.Y,wood - (A6)

2. Biomass disturbance

Biomass disturbance is a sum of contributions of
natural fires and land—use clearing:

dy = dfire,y + diu,Y, (A7)

Biomass disturbance due to natural fires were pa-
rameterized according to Thonicke et al. (2001). Fire
season length as a fraction of the Julian year in a given
grid cell is

1 2
Pfire = N, Z exp[_ﬂ— (w.i/we) ] .
Taj>Tveg

Here we = 0.7 stands for moisture of extinction. Fuel
stock per unit area is

Cfuel = (CV,Y,lcaf + mﬁrc,woodcv,Y,wood) 5

where Mgre wood = 0.1 is fraction of wood carbon stock
burned annually. If ¢gyer = cruelo = 0.15 kg (C) m~2
then fraction of grid cell area burnt annually is

s
afire = (s + 1) ex ,
fire = (54 1) exp <0.4533 +2.8352 + 2.965 + 1.04)
with s = pare — 1. Otherwise, ag,e was set to zero.
Annual biomass loss due to natural fires is considered
to be equal to the respective CO2 emissions in the at-
mosphere efyre y:

Cfire,Y = dﬁrc,Y = krcs,YCfuclaﬁrc ) (A8)

with PFT—dependent resistance kyes,y (Table A3). In
turn, Efre in Eq. (1) was calculated from egyre vy by mul-
tiplying either by anat or by @agro, then multiplying by
grid cell area and summing globally.
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Table A3. PFT—dependent values for the governing parameters of the IAP RAS CM terrestrial carbon cycle routine.
Index used in the body of the text to indicate PFT type is dropped in this Table for simplicity.

PFT Tup (°C) Taown (°C)
tropical trees 36 0
temperate broadleaf trees 31 0
cool needleleaf trees 31 -5
grasses 34 0
shrubs 34 0
crops 34 0

Qleaf Tleaf (yr) Twood (yr) Kres
0.07 1 167 0.5
0.07 2 167 0.12
0.07 1 143 0.5
0.9 1 5 1.0
0.3 1 10 0.12
0.9 1 20 0.1

Table A4. Values for the governing parameters of the soil compartment of the IAP RAS CM terrestrial carbon cycle
routine. Lower indexes used in the body of the text to indicate vegetation and soil pool type were omitted in this table

for simplicity.

Vegetation type Soil pool

natural fast
slow

agricultural fast
slow

Disturbance due to land—use clearing from year k
to year k 4+ 1 is

dlunat = Cy nat X Max [ (aﬁiﬁl) — ag;)t) , O] . (A9)

For the fraction of cell covered by agriculture,
u,agro = 0. It was assumed that corresponding
amount of carbon was released to the atmosphere
in the form of COy during 1 year (Brovkin et al.,
2004). Therefore, annual COg emissions due to land—
use clearing are

(A10)

Clu = dnat,lu .

The procedure to calculate Fj, in Eq. (1) from e, is
similar to the respective procedure for computation of
Efye. Possible delay in land—use clearing emissions due
to incomplete burning of cut biomass Houghton et al.,
(e.g., 1983) was neglected. One notes that emissions
defined as in Eq. (A10) correspond to the so—called
direct emissions. Indirect land—use emissions related
to soil cultivation and vegetation regrowth after crop
abandonment (Houghton et al., 1983) were described
by the corresponding parameterizations in the present

0.2,

94 =
1—0.8(w — wopt) ,

(T =Topt,s)/10

95 = W10,5,2

where wilting moisture wy;ix = 0.2, optimal values for

0.2 4 0.8 (w — witt) / (Wopt

QlO,s As (yril)
2.2 0.15
1.5 0.04
2.2 0.20
1.5 0.05

carbon cycle scheme.
3. Soil carbon dynamics

Soil carbon was divided in two pools, with fast and
slow turnaround times, respectively. Hereafter, vari-
ables related to these pools are denoted by lower in-
dexes Z = fast, slow. Budget equation for carbon in
these pools are (Houghton et al., 1983)

0¢s,v .z f .
= fit,y,z — Ts,y,2-
ot

(A11)
For simplicity, it was assumed that fif v rast = fir, v leat

and fir,y slow = fif, Y, wood-
Heterotrophic respiration calculation was based on
the TRIFFID model (Cox, 2000):

Asy,z
rsyz=| ' 9495 | Cs,Y 7 (A12)
N,
a Ta,j>Tveg
with

W < Wyilg

— Wwilt) ,  Wwilt = W = Wopt
w > Wopt

moisture and temperature are wopt = (1/2) (wwity + 1)
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and Topt,s = 25°C, respectively. Values for Q10,6,z and
As v,z are listed in Table A4. Values for Asv z in
the case of Y = agro are larger in comparison to the
respective values for Y = nat by 30% in order to rep-
resent impact of cultivation on soil respiration (Piao

20D 5 )

o clearing: ag,, agro |
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et al., 2009).

In the case of land—use clearing or crop abandon-
ment from year k to year k 4 1, soil carbon is recal-
culated to conserve the total amount of carbon in soil
within a grid cell:

(k+1) (k)

s,nat

s,agro — | Cg nat agro

(k+1) _ [C(k) (a(kJrl)

e abandonment:

a0t D) < )

s,nat

(k+1)

(k) (k)
— Qagro | + Cs, agroadgro /aagro )

ag agro
k+1 k k k+1 k k k+1
é,nat) = [Cg,ggro (agglo - aggro )) + Cg,gataga)t] /aggro) ;
(k+1) _ (k)
s,agro — Cs,agro -

4. Net primary production and terrestrial car-
bon uptake

Terrestrial net primary production is

>

Y=nat, agro

fxpp = ay (fGPP,Y - TV,Y) .

The respective terrestrial carbon uptake is calculated
as

i =2 v onat, agro @Y (INPPY — Ty — €fire,v) -
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