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Global biogeophysical interactions between forest and climate
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[1] In two sensitivity experiments using the Earth System
Model of the Max Planck Institute for Meteorology (MPI-
ESM), the vegetation cover of the ice-free land surface has
been set worldwide to either forest or grassland in order to
quantify the quasi-equilibrium response of the atmosphere
and ocean components to extreme land surface boundary
conditions. After 400 years of model integration, the global
mean annual surface temperature increased by 0.7°K and
declined by 0.6°K in the forest and grassland simulations,
respectively, as compared to the control simulation.
Thereafter, the geographic distribution of vegetation has
been allowed to respond interactively to climate. After
subsequent 500 years of interactive climate-vegetation
dynamics, both forest and grassland simulations converged
to essentially the same climate state as in the control
simulation. This convergence suggests an absence of
multiple climate-forest states in the current version of the
MPI-ESM. Citation: Brovkin, V., T. Raddatz, C. H. Reick,
M. Claussen, and V. Gayler (2009), Global biogeophysical
interactions between forest and climate, Geophys. Res. Lett., 36,
L07405, doi:10.1029/2009GL037543.

1. Introduction

[2] The terrestrial biosphere is an important dynamic
component of the climate system. In particular, forest cover
has a significant effect on climate through biogeophysical
effects [e.g., Bonan, 2008; Claussen et al., 2004]: a dense
forest canopy has a lower albedo than grass, so that forest
canopies trap more irradiation. This effect is extremely
pronounced in the presence of snow. Additionally, during
the growth season, trees transpire more water than herba-
ceous plants. The cooling effect of forests via enhanced
transpiration counteracts the warming effect due to the
decrease in albedo.

[3] The biogeophysical effects of large-scale changes in
vegetation cover on climate have been studied by a wide
spectrum of climate models of different complexity. Simu-
lations of climate models of intermediate [Ganopolski et al.,
2001; Renssen et al., 2003] and full complexity [e.g.,
Pitman and Zhao, 2000] where alteration of global climate
through oceanic and cryospheric feedbacks was included,
demonstrated that the effect of boreal forests on climate can
be strongly amplified through the sea ice — albedo feed-
back, while the climate response to tropical deforestation is
more equivocal. Brovkin et al. [2006] showed that interac-
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tive ocean and sea ice dynamics modify the effect of
historical land cover change on northern hemisphere climate
significantly.

[4] Changes in forest cover also affect the global carbon
cycle. Model studies suggest that the net effect of defores-
tation is a cooling for boreal and a warming for tropical
regions [Bala et al., 2007; Betts, 2000; Claussen et al.,
2001]. This study focuses on biogeophysical interactions
between forest cover and climate. Accordingly, the atmo-
spheric CO, concentration is kept fixed, i.e. the biogeo-
chemical effect of forest on climate is not included.

[5s] Since forest cover modifies climate and vice versa, a
valid question is whether the positive feedback between
climate and forests is strong enough to support different
states (or climate regimes) depending on the initial con-
ditions. Earlier modeling studies [Brovkin et al., 2003;
Claussen, 1998; Levis et al., 1999] found only one state
in the climate system in the northern high latitudes. Oyama
and Nobre [2003] found a possibility for a new climate-
vegetation equilibrium state in the Amazon. In the present
study, we test the possibility of multiple states in the climate
system by carrying out transient simulations with interactive
vegetation starting from different initial conditions: world-
wide forest or grassland cover, respectively. Another inter-
esting question addressed here is whether the forested Earth
is warmer or cooler than the Earth covered by grasses.
Kleidon et al. [2000] came to conclusion that the forest
world is cooler than the present-day climate, however, their
study was performed with prescribed SSTs and sea ice.
Fraedrich et al. [2005] included the response of a mixed-
layer ocean and a thermodynamic sea-ice model and found
that the forest planet is warmer than the present-day climate.
Gibbard et al. [2005] used an atmospheric general circula-
tion model coupled to a slab ocean model and found that
global replacement of current vegetation by trees or grass
would lead to a global mean warming of 1.3°C or cooling of
0.4°C, respectively. Our simulations constitute an additional
step forward since we account for the response of the
thermohaline circulation to changes in the forest cover.

2. Methods

[6] We used the Earth System model developed at the
Max Planck Institute for Meteorology in Hamburg, Germany
(MPI-ESM). It includes the atmospheric model ECHAMS
at T31 (3.8° x 3.8°) resolution with 19 vertical levels, the
oceanic model MPI-OM at approx. 3° resolution with
40 vertical layers [Jungclaus et al., 2006], and the land
surface model JISBACH [Raddatz et al.,2007]. All modules
interact directly without flux adjustments.

[7] The JSBACH model simulates fluxes of energy,
water, momentum, and CO, between land and atmosphere.
The modelling concept is based on a tiled (fractional)
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structure of the land surface. Each land grid cell is divided
into tiles covered with 8 plant functional types or PFTs
(trees, shrubs, and grasses), 2 types of bare surface (sea-
sonally bare soil and permanently bare ground, i.e. desert),
and tiles with land cover excluded from natural vegetation
dynamics (inland water, crops, etc., not used in this study).

2.1. Dynamic Vegetation Module

[8] The JSBACH model has been recently updated with
an efficient module for vegetation dynamics. It is based on
the assumption that competition between different PFTs is
determined by their relative competitiveness expressed in
annual net primary productivity (NPP), as well as natural
and disturbance-driven mortality. This approach reflects the
importance of the balance between extinction-immigration
(i.e. establishment and mortality) and competitive strengths
in accordance with meta-populations concepts [Hanski,
1998]. NPP is used as a measure of competitiveness because
the productivity or relative growth rates are in general
linked to competitiveness at the short term [e.g., Berendse,
1994]. At the long term, the competitiveness is determined
by the plant life span, which is also accounted for in our
approach.

[¢] The dynamics of the fraction f; of the area covered by
a plant functional type i, PFT,, is governed by the following
equation:

%:E(ﬁ)—M(ﬁ)—D(fi) ()

where E, M, and D are establishment, natural, and
disturbance-driven mortality terms, respectively.

[10] The establishment term E(f;) for woody PFT; is
calculated from annual NPP, N, the establishment time
scale, 75, and from the PFT; fraction f;:

N S
Elf) =10z R f=0r), ()
woody PFT

where the factor o suppresses establishment for small NPP
(o is taken as 1.5 to keep the non-linearity moderate). The
function w(f)) accounts for limitations in the area available
for establishment, I — > . The function uf is equal to 1

if there is enough area Hfgg Zé:stablishment, while it declines
rapidly to zero if the available area is less than a certain
threshold.

[11] Only woody PFTs which i) are within bioclimatic
limits for establishment based on parameterization by Sitch
et al. [2003] and ii) have positive NPP in the given year are
accounted for in the equation (2). The equation for estab-
lishment of herbaceous PFTs is similar to the equation (2)
with the assumption that grass can establish only within the
area left available after tree establishment, similar to the
approach by Sitch et al. [2003]. Consequently, woody PFTs
are assumed to have an advantage over grasses in the
absence of disturbances such as fires.

[12] Natural mortality M(f;) is formulated as linear decay

M%) :i 3)

i

BROVKIN ET AL.: FOREST-CLIMATE INTERACTIONS

L07405
where 777 is the average life span of the PFT,. Disturbance
mortality D(f;) includes mortality due to fire and wind
disturbances. To simulate the litter flammability, the fire
disturbance is a function of relative humidity of the lowest
atmosphere layer, which is used as an indicator for litter
moisture and includes a threshold in litter biomass. This
parameterization limits tree encroachment in dry continental
regions. The wind disturbance reflects the reduction in
forest cover by storms, and is parameterized by a function
of daily maximum 10m wind speed.

[13] The equations (1-3) are an extension to the existing
non-dynamic vegetation model JSBACH with carbon cycle
[Raddatz et al., 2007]. In the long-term they result in
competitive extinction of PFTs with low NPP in the absence
of disturbances. However, since disturbances are always
present in ecosystems, the equilibrium is shifted towards
PFTs that can quickly recover from the disturbances, such
as grasses. Accounting for disturbances is important, be-
cause on the long-term ecosystem composition is driven by
the re-establishment ability [e.g., Lavorel and Garnier,
2002].

[14] Comparison of the simulated tree cover with satellite-
based observations is presented in Figure 1. The fractional
estimates of tree cover from the Vegetation Continuous
Fields data collection [Hansen et al., 2007] were averaged
on the grid of the MPI-ESM. As present-day tree cover is
heavily reduced by anthropogenic deforestation, the natural
tree cover simulated by our model has been corrected
with crop data in accordance to landuse reconstruction by
Pongratz et al. [2008]. Comparison of the observed and
simulated tree fraction shows that the model performance is
far from being perfect; however, the main patterns of boreal
and temperate forests are well reproduced. In general, the
model overestimates the forest cover, partly due to climate
biases of the atmosphere model (eastern Brazil, South Africa)
and partly due to a tendency of the vegetation model to
simulate tree encroachment in dry regions (central Eurasia)
where disturbances are underestimated. The correlation
coefficient between the simulated and the observed tree
cover is 0.68.

2.2. Experiment Setup

[15] Three simulations have been performed using the
MPI-ESM. The CTRL simulation had no changes in land
surface conditions. In the TREE experiment, 100% tree
cover was prescribed in every land grid cell; the tree PFTs
were chosen on the basis of the CTRL simulation. The
model has been run for 400 years with interactive atmo-
sphere and ocean to achieve a state close to equilibrium.
Subsequently, the simulation has been continued for 500-
years with interactive vegetation cover. Simulation GRASS
has been performed with vegetation cover prescribed to
grass everywhere during the first 400 years and interactive
vegetation thereafter.

3. Results

[16] In the TREE simulation, global mean surface tem-
perature increases by 0.7°C after 400 years with prescribed
forest cover. Averaged land surface temperature increases
by 1.2°C. This warming is mainly caused by a decrease in
albedo by 0.1-0.3 in the northern high latitude regions
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Figure 1. (a) Present-day tree cover based on MODIS data
[Hansen et al, 2007] averaged on the MPI-ESM grid.
(b) Natural tree cover in the control simulation (modified to
account for historical deforestation).

with snow cover in the CTRL simulation. Most of the
warming occurs in the northern polar regions during winter
(Figure 2a), mainly due to a loss of sea ice cover and a
warming of the ocean surface. In the northern North
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Atlantic, the SST decreases in response to a reduction of
the Atlantic meridional overturning circulation (MOC) at
30°N from 15.6 to 12 Sv. In boreal summer, the warming in
the northern high latitudes is not as pronounced as in winter
(Figure 2b). Summer temperatures over the North Africa
and desert regions in the middle Asia increase by 1-4°C.

[17] In the GRASS simulation, temperatures go down by
2-4°C over most of the northern hemisphere continents
during both winter and summer seasons (Figures 2¢ and 2d).
This is mainly a response to the albedo increase of the
deforested areas. In contrast, deforested tropical forest
regions show an increase in temperature due to reduced
transpiration. This is especially valid for the western Am-
azon region where the temperature increases by up to 5°C.
Overall, the surface temperature declines by 0.6°C and
0.8°C for global and land averages, respectively. This global
cooling is in particular due to the response of sea ice and SST,
which is pronounced in the Arctic region during winter.
Atlantic MOC at 30°N increases from 15.6 to 17.7 Sv.

[18] Changes in annual precipitation are shown in Figure 3.
The TREE simulation produces in general more precipita-
tion over land than the CTRL simulation (Figure 3a). In
particular, rainfall increases strongly over monsoon regions
in North Africa, Asia and East Asia. In contrast, the
weakening of the Atlantic MOC leads to less precipitation
over the northern North Atlantic and to a slightly drier
climate in Western Europe. The GRASS simulation is drier
in most regions, especially in the tropical areas where
massive deforestation leads to a substantial reduction of
moisture recycling.

[19] The time evolution of global mean surface temper-
ature is shown in Figure 4. In response to the instantaneous
increase in forest cover at the beginning of the TREE
simulation, temperature increases rapidly by about 0.5°C
with a slow warming trend thereafter. In the GRASS
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Figure 2. Changes in seasonal mean surface temperature (°K) relative to the CTRL simulation: (a) TREE simulation, DJF,
(b) TREE simulation, JJA, (c) GRASS simulation, DJF, and (d) GRASS simulation, JJA. Shown are changes at 95%
statistical significance level averaged over the last 100 years from the 400-yr run with fixed vegetation cover.
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Figure 3. Changes in annual mean precipitation (mm/yr) relative to the CTRL simulation: (a) TREE simulation and
(b) GRASS simulation. Shown are changes at 95% statistical significance level averaged over the last 100 of the 400-yr

run with fixed vegetation cover.

simulation, the temperature change during the first 100 years
is not as abrupt as in the TREE simulation. After 300 to
400 years of model integration, the global mean annual
surface temperature increases by 0.7°K and declines by
0.6°K in the TREE and GRASS simulations, respectively.
Thereafter, the vegetation cover is allowed to respond
interactively to climate. After consequent 500 years of
interactive climate-vegetation dynamics, both tree and grass
simulations converge to essentially the same climate and
forest state as in the control simulation (see Figure S1').
This convergence suggests the absence of multiple climate-
forest states in the current version of the MPI-ESM.

4. Discussion and Conclusions

[20] This is one of the first simulations of a forest and a
grass planet using a state-of-the-art Earth System model that
includes a dynamic ocean model. The forest planet is
warmer by 0.7°K and the grass planet is cooler by 0.6°K
in comparison with climate for present-day vegetation
cover. The warming effect of global afforestation is less
than 1.3°C found in simulations by Gibbard et al. [2005].
This could be explained by a relatively higher tree cover in
our control simulation due to a usage of dynamic vegetation
model. Besides, a reduction of Atlantic MOC counteracts to
a warming caused by global afforestation. This may lead to
overestimation of warming in simulations with the slab
ocean models [e.g., Brovkin et al., 2003].

[21] Our results corroborate the significant ability of
vegetation cover to alter the Earth climate through biogeo-
physical feedbacks. In particular, the northward treeline
shift by greenhouse-induced warming can substantially
amplify climate change in high northern latitudes. Our
simulations starting from different initial conditions suggest
that the MPI-ESM in its current version does not possess
multiple climate-forest states.

[22] There are limitations of the experiment setup. In
particular, the JSBACH model does not include a module

'Auxiliary materials are available in the HTML. doi:10.1029/
2009GL037543.

for pedogenesis and hence, for albedo changes caused by
changes in soils. Albedo of bare ground is prescribed in
accordance to present-day observations, and leaf area
index is calculated based on climate conditions and NPP.
When vegetation is prescribed in regions with unfavor-
able conditions for plant growth, the leaf area index is
small and the calculated surface albedo is still dominated
by the unchanged albedo of bare ground as compared to
the CTRL simulation. This is not necessarily correct be-
cause even in the presence of sparse vegetation the back-
ground soil albedo can be lower because of carbon input
from plant litter. This process could substantially modulate
a climatic effect of vegetation cover in desert and semi-
desert environment.

[23] As an additional limitation, the biogeochemical
effects of vegetation cover changes were not accounted
for. A related issue pertains to the time scale of analysis:
on centennial to millennial time scale the ocean biogeo-
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Figure 4. Dynamics of 10-yr averaged global surface
temperature, °C, in CTRL (red), GRASS (green), and TREE
(blue) simulations. In TREE and GRASS simulations,
vegetation cover was fixed to complete tree or grass cover
in the model year 0 and kept constant for 400 years. After
the year 400, the vegetation cover responded interactively to
climate.
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chemistry buffers most of the atmospheric CO, changes
induced by an altered land cover. This is a subject for
further studies.
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