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Abstract. Afforestation and reforestation have become pop-stored about 166 GtC (about 34% of total anthropogenic car-
ular instruments of climate mitigation policy, as forests arebon) during the last two centuries, while total emissions of
known to store large quantities of carbon. However, they200 GtC are attributed to deforestation in this period (House,
also modify the fluxes of energy, water and momentum at the2002). The Kyoto Protocol takes afforestation into account
land surface. Previous studies have shown that these biogety considering such changes in carbon pools. As Pielke et
physical effects can counteract the carbon drawdown and, iml. (2002) point out, carbon has thus become the currency
boreal latitudes, even overcompensate it due to large albedtm assess the human influence on global climate. However,
differences between forest canopy and snow. This study inthe vegetation cover also affects important parameters of the
vestigates the role forest cover plays for global climate byland surface such as albedo, roughness length and hydro-
conducting deforestation and afforestation experiments witHogical properties (Nobre et al., 2004; Pielke et al., 1998).
the earth system model of the Max Planck Institute for Me- With few exceptions, the albedo of forest canopies is lower
teorology (MPI-ESM). Complete deforestation of the trop- than the albedo of other vegetation or bare soil (Alton, 2009).
ics (18.78 S—-15 N) exerts a global warming of 0° due  Therefore, the net radiation at the surface tends to be larger
to an increase in COconcentration by initially 60 ppm and which acts to increase near ground temperatures. In boreal
a decrease in evapotranspiration in the deforested areas. latitudes, albedo differences are particularly large when snow
the northern latitudes (4WN—-90° N), complete deforestation is present, as the snow cover may be partly masked by trees
exerts a global cooling of 0.2% after 100 years, while af- but not by herbaceous vegetation. In the tropics, the influ-
forestation leads to an equally large warming, despite theence of forests on the water cycle is also important: tropi-
counteracting changes in G@oncentration. Earlier model cal forests are characterised by large evapotranspiration (ET)
studies are qualitatively confirmed by these findings. As thewhich acts to cool the surface. Due to deep roots, soil mois-
response of temperature as well as terrestrial carbon poolire can be returned to the atmosphere more efficiently (No-
is not of equal sign at every land cell, considering forests agre et al., 2004). In addition, trees increase the surface rough-
cooling in the tropics and warming in high latitudes seems toness, which leads to larger diffusive fluxes. Without further
be true only for the spatial mean, but not on a local scale. feedbacks, this would also lead to a cooling because the loss
of energy has to be compensated by the surface net radiation.
On the other hand, changes in wind speed and direction can
lead to circulation changes (Sud et al., 1996), whose impact
on temperature is less definite. Which mechanism prevails is

As greenhouse gas concentrations are increasing rapidly, f result of many nonlinear interactions and _th.us crit.ically de.—
is often discussed how carbon sinks can be generated in ad€nds on the imposed changes and the original climate (Pit-
dition to emission reductions. In this regard, the terrestrialman et al., 2004). Moreover, these biogeophysical effects

biosphere plays an important role. It is estimated to have?'® linked to changes in the carbon cycle (biogeochemical
effects) by several processes such as the dependence of tran-

spiration on productivity and the dependence of plant physi-

Correspondence tdS. Bathiany ology and structure on atmospheric £&&ncentration (Betts
BY (sebastian.bathiany@zmaw.de) etal., 1997).

Published by Copernicus Publications on behalf of the European Geosciences Union.

1 Introduction



http://creativecommons.org/licenses/by/3.0/

1384 S. Bathiany et al.: Biogeophysical and biogeochemical effects of large-scale forest cover changes

Studies of the net effect of historical land cover changeln addition to the model differences, the longer integration
on global temperature have shown that biogeophysical andme and the comparison to an anthropogenically undisturbed
biogeochemical mechanisms are of the same order of magnelimate, this study differs from Bala et al. (2007) by con-
tude (Matthews et al., 2004; Brovkin et al., 2006). Therefore,sidering afforestation as well as deforestation experiments,
in order to quantifiy the impacts of large scale land coverwhereas biogeophysical and biogeochemical contributions
changes appropriately, both effects should also be includedare not calculated separately. Section 2 gives a short descrip-
Claussen et al. (2001) used the intermediate complexitytion of the model and the implementation of the experiments.
model CLIMBER-2 to implement a complete afforestation The resulting changes in global mean temperature and the
and deforestation in different latitude bands. A factor sepa-carbon cycle are presented in Sect. 3.1, while regional bio-
ration yielded a cooling biogeochemical, but a warming bio- geophysical mechanisms and their feedbacks on the carbon
geophysical contribution of increased forest cover in eachcycle are presented in Sect. 3.2. In Sect. 4 these results are
latitude. With combined effects they found a temperaturediscussed with regard to previous studies of large-scale land
decrease (increase) resulting from afforestation (deforestacover changes, while final conclusions are drawn in Sect. 5.
tion) in the tropics but the opposite effect in high northern
latitudes. This result was confirmed by Bala et al. (2007),
who applied a GCM with a coupled carbon cycle (INCCA). ,

Betts (2000) used the radiative transfer model of HadAm32 Model and experiment setup

to estimate the radiative forcing due to afforestation with

conifer plantations in boreal latitudes. His geographically ex-MPI-ESM consists of the atmosphere general circulation
plicit calculation indicates that the masking of snow may not model ECHAMS (Roeckner et al., 2003), the land surface
be the dominant mechanism everywhere, although on avernodel JSBACH (Raddatz et al., 2007), the ocean model
age a mean positive forcing was obtained. Other studies eveMPIOM (Jungclaus et al., 2006) and the ocean biogeo-
challenge the warming influence of boreal forests for largerchemistry model HAMOCCS (Maier-Reimer et al., 2005).
scales: Schaeffer et al. (2006) analysed the possibilites oECHAMS was run in T31 resolution (3.7pwith 19 verti-
extratropical afforestation based on socio-economically realcal levels, MPIOM with approx. 3and 40 vertical levels.
istic scenarios for the 21st century. Their study demonstrated SBACH includes a dynamic vegetation module (Brovkin et
that the different time scales of biogeophysical and biogeo-2l., 2009) which is based on a tiling approach. Within the
chemical effects have to be considered. While the decrease ihegetated fraction of each grid box eight different plant func-
albedo dominates the temperature response in the first half dfonal types (PFTs) are considered: tropical and extratropi-
the century, global mean surface air temperature is reduce@al trees (both deciduous and evergreen), raingreen and cold
in 2100. Bird et al. (2008) developed a conceptual stand-shrubs, and C3- and C4-grasses. Seven pools of land carbon
based model and obtain a net cooling from year 40 on whertre distinguished in the model: a green pool, a reserve pool
the model is applied to several sites in Canada. As the mai@nd a woody pool (the sum of these is referred to as living
reason they identify the high cloud cover in spring which di- Piomass), two litter pools and two soil pools. The photosyn-
minishes the surface forcing despite large albedo differenceghesis scheme is based on Farquhar (1980) and for C4-grass
Further Objection is presented by Sprack|en et al. (zoog)pn Collatz (1992) Soill respiration is calculated according
who argue that the emission of cloud condensation nuclefo @ Qio-model and is linearly dependent on soil moisture,
from trees can cause a negative radiative forcing of severalvhich is represented by a “bucket” approach. Physical land
W/m? due to direct and indirect aerosol effects. Montenegrosurface parameters such as albedo and roughness length are
et al. (2009) used satellite observations to infer the potentiafalculated from the individual properties of the PFTs and
net effect of small scale afforestation projects. They camebare ground, weighted with their cover fractions for each
to the conclusion that in all latitudes G@equestration is and grid cell.

the dominating mechanism with a mean efficiency of 50%. The equilibrium CQ concentration in the control run
Furthermore, no clear dependency on latitude was found(CTL) amounts to 275 ppm. Orbital parameters were kept
Considering these results, it seems definite that albedo diffixed at present day values and no anthropogenic land use
ferences counteract the carbon drawdown of afforestation irwas prescribed. Compared to observations, forest cover
boreal latitudes and that biogeophysical effects should als@Fig. 1) is distributed reasonably well in most parts of the
not be neglected in other regions. However, the sign andylobe (Brovkin, 2009). However, the equilibrium carbon
amplitude of the global mean temperature response remainstorage (Fig. 2) differs from observations: In comparison
subject to many uncertainties. with Prentice et al. (2001), the model underestimates carbon

In the following, the earth system model of the Max pools of plants and litter in boreal latitudes (2—6 kg/m-
Planck Institute for Meteorology, MPI-ESM, is used to study stead of a mean of 4—6 kgfii while soil carbon is too large
the sensitivity of the coupled system to large scale changes iin central and eastern Asia. In the tropics, vegetation car-
forest cover. Apart from Bala et al. (2007), such an analysisbon seems to be better represented, while soil carbon pools
has not yet been performed with a fully coupled AOGCM. of 2040 kg/m exceed observations by a factor of 2.
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Starting from this state, four 300 year experiments were
conducted: tropical deforestation (DT), tropical afforesta-
tion (AT), boreal deforestation (DB) and boreal afforestation
(AB). The term “tropical” here refers to the area between
18.7% S and 18N, the “boreal” land cover change is ap-
plied between 45N and 90 N. The latitudinal bands where
chosen with regard to the distribution of forest PFTs in the
model. In the deforestation cases, all PFTs but grass types
were removed. In the afforestation cases, all PFTs but for-
est types were removed and the total vegetation cover was
set to 100% in the areas under consideration except on ice
shields. In all cases, the cover fractions of the remaining
PFTs were then increased while keeping their relative com-
position fixed. In the case of boreal afforestation this pro-
cedure fails for grid cells, where no forest had previously
existed. At these cells, deciduous and evergreen extratropi- 9]
cal forest were taken with cover fractions of 50% each. As :
a result of the applied method, tree cover was expanded to- .
wards unproductive regions in the afforestation experiments. s |
Since changes in biogeophysical parameters such as albedo
and transpiration were calculated on a basis of changes in the
carbon cycle, relative effects of afforestation are expected to
be less than the deforestation effects. In all experiments, the
new distribution of PFTs was kept fixed in the affected areas.
For the other land cells, dynamic vegetation was still active.

The land cover change module of JSBACH was used to
calculate the respective initial values of the carbon pools.
Half of the vegetation carbon of the removed PFTs was re- . ) ¥ P
located to the atmosphere within the first year. The other gos

Shrubs .
half was immediately put into the soil pools. Carbon from M

30S 1

litter and soil pools was transferred from removed tiles to 180 120W 60W 0 60F 120E 180
expanded tiles. At the same time, the carbon densities of ex- S S —
panding tiles were reduced, so that there was no immediate 0 10 20 30 40 50 60 70 80 90

carbon flux between these tiles and the atmosphere. As ex-
pected, the time scale of emissions is thus much faster thahig. 1. Distribution of natural potential trees, grass and shrubs in the
the time scale of sequestration, because plants have to acceentrol experiment. Displayed is the fraction of each grid cell cov-

mulate carbon according to their productivity. ered by the according vegetation. The blue and red lines contain the
areas affected in the boreal and tropical experiments, respectively.

3 Results
ment, tropical land cells contain 390 GtC less than in CTL, of

3.1 Global changes in temperature and the carbon cycle ~Which the extratropical regions compensate 190 GtC (Fig. 6).
During the first decades, the emissions from tropical soils are
As a result of tropical deforestation, global mean temperaturedlmost exactly balanced by the extratropical land and ocean
is increased by approx. 0°€; the warming in high latitudes ~ Sinks. This explains the constant @@ncentration in Fig. 4.
is particularly pronounced due to greenhouse forcing (Fig. 3) As these sinks change on a larger time scale than the tropical
Because living carbon pools and forest cover are large in théand areas, they prevail after some 60 to 80years angl CO
tropics, the CQ@ increase of initially 60 ppm is much higher concentration decreases. Around the year 90, extratropical
than in DB (Fig. 4). Changes in the ocean’s carbon conteniand regions alone overcompensate the tropical sink, so that
are primarily a result of the CSanomalies and not shown terrestrial carbon increases again. This extratropical sink is
here; Fig. 5 depicts the changes in global terrestrial carbon. Iue to CQ-fertilisation, higher temperatures and, in some
is evident that DT is not only characterised by large primaryregions, a northerly shift of boreal forest.
emissions of approx. 123 GtC due to biomass reduction, but In comparison to DT, terrestrial carbon pool anomalies are
also by net secondary emissions due to soil decompositiosmall in AT. Tropical land areas take up approx. 0.33 GtClyr,
of almost the same amount. In fact, in the end of the experi-decreasing atmospheric Gy only 5ppm within some
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Fig. 2. Carbon storages in kgﬁ‘ﬁor different pools of the control run.
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Fig. 3. Anomalies in 2 m-temperature averaged over the final 200 years for each experiment. White areas show no significant changes
according to a t-test with 95% significance.

decades. Thereafter, net emissions by the ocean and the eseil respiration in the cold regions is slow enough to be com-
tratropical biosphere are large enough to balance the tropicgdensated by an enhanced productivity in the tropics. There-
anomaly which approaches an equilibrium in the final cen-fore, the ocean uptake alone is responsible for the reduction
tury. Global mean temperature decreases by only @06 of the CQ-anomaly from 10 ppm to 3.7 ppm within the first
Changes in AT are much smaller than in DT, because thé0years. An additional reason for the slow response in the
converted area is smaller. Besides, climatic limitations playcarbon pools of the deforested region is the large proportion
arole, as will be discussed in Sect. 3.3. of litter. Due to the experiment setup, litter is redistributed to

Things look quite different in the boreal experiments. In expanding tiles and not put into the soil pools immediately.
DB only approx. 20 GtC are emitted instantaneously due toBecause of the increased litter flux during the first decades,
the lower carbon storage of living biomass in boreal latitudes soil carbon is first increased before it returns to its original
The trend in global terrestrial carbon is close to zero becaus@nomaly of +20 GtC at the end of the experiment.

Biogeosciences, 7, 1388399 2010 www.biogeosciences.net/7/1383/2010/
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Fig. 5. Evolution of anomalies in global terrestrial carbon in each

Fig. 4. Evolution of atmospheric C®in each experiment. experiment.

In the case of AB, extratropical as well as tropical re- the |arge secondary emissions in this experiment. Climate-
gions exchange much more carbon than in AT. Large areagarhon cycle feedbacks reduce the sequestration in AT and
are available especially in the northern regions, where moshg (as will be further discussed in Sect. 3.2), while in DB
additional terrestrial carbon is stored at the end of the experiyhe larger productivity of grass would even lead to a mean
ment (Fig. 6). In the first 15 years 20 GtC are taken up by thegain in boreal soil carbon. Indeed, soil carbon has not at
biosphere and C&concentration is reduced by Sppm inthis | contributed to secondary emissions by the year 300, in
period. Thereafter the tropical and oceanic sources almostontrast to the litter pools. It has to be considered though,
compensate the sequestration. While pools of living biomasgnat soil carbon pools have not reached an equilibrium by the
and litter become saturated at +35GtC and +30 GtC in thg,ear 300 in DB and AB. The absolute feedback contribution
last decades, soil carbon increases almost linearly in the fingl,o1d therefore further decrease, because it is only inferred
200years and already contains 40 GtC more than in CTL ingg 3 residual.

the year 300. As the time scale of tropical soils is shorter,  ag an afforestation project in reality will be most efficient
they compensate a considerable part of the boreal sink (MO, terms of carbon storage where a converted area has the
than 60 GtC by the year 300), about twice as much as therongest possible carbon uptake, the changes in carbon stor-
ocean. Despite the GCforcing, global mean temperature 446 are also calculated with reference to the absolute changes
increases in AB (and decreases in DB) by approx. 823ty torest area only (Table 2). In the tropics, deforestation still
is thus evident that biogeophysical mechanlsms dommgte thBas a much larger impact on carbon storage than afforesta-
global mean temperature response in the boreal experimentgon, pecause of the climatic limitations in the dry regions. In
Although global mean terrestrial carbon anomalies arepgreg) areas, living biomass and litter are also less affected in
negative after deforestation and positive after afforestationag than in DB. However, additional carbon is stored in the
itis apparent in Fig. 6 that there are regions with a reversedygj. It is evident that in AT and DB, where changes in soil
sign. This is due to two reasons: first, plant productivity is carhon counteract the changes in biomass, the soil anomalies
altered by the exchange of PFTs and changes in@@cen-  gre smaller than in the corresponding experiments DT and
tration. Second, the climatic changes feed back on the locahp. The difference between afforestation and deforestation
carbon pools. By rescaling the carbon pools of the indivi-jj|ystrates that for the whole area afforestation still leads to
dual tiles in CTL according to their altered cover fractions, g gain and deforestation to a loss in soil carbon. Moreover,
the contributions of the PFT exchange alone can be obtaineg;ple 2 documents that in all experiments the global mean
for each experiment. The difference to the actual changes ignomalies are of the same sign as the immediate change in

then due to climate and GQ@eedbacks (neglecting all syner- phiomass, despite all productivity differences and feedbacks.
gies). These feedbacks can be further separated by inferring

changes in NPP and soil respiration with the same method. 3.2 Regional mechanisms and feedbacks

The spatial averages of carbon pools in and outside the
areas of land cover change are presented in Table 1. F®.2.1 The tropical energy balance
soil carbon, the feedback calculation explained above was
applied. The separated impact of the redistribution of coverLocal temperature changes can be understood by analysing
fractions is refered to as uncoupled. In DT, all contribu- the surface energy balance as presented in Table 3: in DT
tions act to decrease the tropical carbon pools which explainga warming occurs despite of the increase in surface albedo

www.biogeosciences.net/7/1383/2010/ Biogeosciences, 7, 13832010
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Fig. 6. Total land carbon anomalies in kg?rfor each experiment, averaged over the final 10 years.

Table 1. Terrestrial carbon storage anomalies in kﬁ/mweraged over the manipulated land cells and the final 10 years of each experiment
(ice sheets not included).

Area Pools DT AT DB AB
Directly affected latitudes  Total -11.71 +1.41 -143 +2.71
Living biomass and litter —8.60 +1.75 -1.88 +1.70
Soil (uncoupled) -2.46  +1.24 +0.33 +1.38
Soil (feedbacks only) -0.64 -158 +0.12 -0.37
Other land areas Total +1.74 -0.20 +0.42 -0.68
Living biomass and litter +0.27 -0.01 +0.12 -0.07
Soil +1.47 -0.19 +0.30 -0.61
Global Total -1.51 +0.19 -0.15 +0.37
Living biomass and litter -1.87 +0.42 -0.50 +0.48
Soil (uncoupled) -0.60 +0.30 +0.10 +0.43

Soil (feedbacks only) +0.96 -0.53 +0.24 -0.54

Table 2. Terrestrial carbon storage anomalies in kﬁ/mveraged over the areas of changed forest cover and the final 10years of each
experiment (ice sheets not included).

Pools DT AT AT-DT DB AB AB-DB
Total -16.66  4.39 21.05 -3.06 446 7.52
Living biomass and litter -12.23 5.45 17.68 -4.02 2.80 6.82
Soil (uncoupled) -3.5 3.86 7.36 0.71 2.27 1.56
Soil (feedbacks only) -0.91 -4.92 -4.01 0.06 -0.61 -0.67
Soil, total -4.41  -1.06 335 0.77 1.66 0.89

Biogeosciences, 7, 1388399 2010 www.biogeosciences.net/7/1383/2010/
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Table 3. The surface energy balance averaged over tropical and boreal land cells. Values for the experiments are given as deviations from
the control climate. All fluxes are in W/?m surface temperature RC. For DT, the time periods 11-60 and 271-300 have been considered
separately, all other runs are averaged over the years 11e3@p= surface albedaytoa = planetary albedo, SW =short-wave, LW =long-
wave, Rp = net radiation, SH = sensible heat flux, LH =latent heat fltggs= surface temperature.

Tropics (18.78 S-15 N) Boreal (45 N-9C° N) Boreal, MAM
CTL ADT ADT AAT CTL ADB AAB CTL ADB AAB

yr11-60 yr 271-300
asurf 0.159 +0.042 +0.042 -0.017 0.269 +0.070 -0.075 0.350 +0.107 -0.128
AaTOA 0.316 +0.004 +0.007 —0.003 0.471 +0.017 -0.018 0.493 +0.023 -0.023
SW| 2155 +8.1 +6.7 2.7 96.9 +3.4 2.9 1344 +11.2 -11.5
Sw+ 34.2 +10.8 +10.4 -4.1 26.1 +8.0 -7.8 470 +194 197
netSW 1813 -2.6 -3.7 +1.4 708 4.6 +4.9 874 -82 +8.2
LW | 390.4 +3.0 +1.9 +0.4 267.0 -4.1 +4.4 2617 -7.6 +6.5
LW ¢ 453.3 +7.5 +5.5 -0.7 305.1 -4.8 +5.2 299.7 -7.9 +6.9
netlW -62.9 -45 -3.6 +1.1 -38.1 +0.6 -0.9 -38.0 +0.3 -0.4
Rn 1184 7.1 -7.3 +2.5 32.7 -3.9 +4.0 49.4 -7.9 +7.8
SH 39.3  +27 +1.4 +0.4 8.2 -1.7 +1.6 157 -2.6 +3.1
LH 79.1 938 -8.7 +2.0 226 -23 +2.4 236 49 +4.4
Tsurf 258  +1.2 +0.9 -0.1 -37 -11 +1.2 45 -1.9 +1.7
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Tropical afforestation, surface
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Fig. 7. Anomalies in surface albedo (top) and planetary albedo (bottom) in %, averaged over the final 200 years for tropical deforestation
(left) and tropical afforestation (right).

(Fig. 7). Without any feedbacks, this albedo increase wouldbecause cloud cover is reduced by up to 0.06, with a mean
cause a reduction in net short-wave radiation by approxof 0.028 over tropical land cells. Hence, the albedo changes
10 W/n?. Instead, anomalies lie between —8 and +8 W/m at the top of the atmosphere in Fig. 7 are much less uniform.
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Fig. 8. ET anomalies in mm/year averaged over the final 200 years for each experiment. White areas show no significant changes according
to a t-test with 95% significance.

Due to this cloud feedback, the increased long-wave emisso that in places with decreasing cloud cover and sufficient
sion is the most important contribution to the decrease in netlbedo changes, temperature does also increase. It is due to
radiation at the surface. Because of warmer and drier conthese warming regions, that the mean change in sensible heat
ditions, the sensible heat flux is increased in DT, despite thdlux is also positive.
reduced net radiation. The lack of energy at the land surface
is thus balanced by a strong reduction in ET. In contrast, ET3.2.2 Changes in the tropical water cycle
increases over most parts of the ocean because of the global
warming (Fig. 8). Apart from the exceptions mentioned in Sect. 3.2.1 it seems
Changes in AT are smaller than in DT and generally of op-clear that the anomaly in ET is the main driver of tempera-
posite sign. However, two exceptions are apparent. Firstlyfure changes in the tropical land areas. This is corroborated
incoming long-wave radiation increases in both experimentsby the changes in the annual cycle. Because of the seasonal
In AT, this is caused by increased cloud cover which over-shift of the ITCZ, precipitation mainly occurs in the sum-
compensates the reduced greenhouse effect. In D, COmer of each hemisphere. Evaporation closely follows pre-
forcing dominates and despite its decrease towards the end afpitation, while transpiration increases during the wet sea-
the experiment, no qualitative changes in the energy balanceon when buckets are filled with water and stays high during
occur over time (Table 3). The second difference betweerthe dry season until soil moisture becomes too small. In the
the experiments concerns the pattern of temperature changedry period, transpiration contributes to total ET with more
As Fig. 3 shows, cooling in AT does not take place at everythan 90%. In DT, temperature is particularly increased dur-
individual land grid cell. In northern Africa, the albedo dif- ing the transition from the rainy to the dry season, when tran-
ference amounts to up to 0.155 (Fig. 7) and net short-wavespiration is reduced the most (Fig. 9 shows results for South
radiation is increased by 30 WfmThis is possible because America as an example). In addition, the reduction in ET
of the large desert fraction in CTL at the northern boundaryleads to an increase in moisture convergence during March
of the afforested region. Although ET and cloud cover areand August, which also dominates the annual mean. As are-
increased in northern Africa, the albedo changes have theult, the positive soil moisture anomaly increases and shows
dominating influence on 2 m-temperature. In southern Africathe largest value during the moisture minimum after the dry
cloud cover is not changed as uniformly as in other areasseason. In this time of the year, increased soil moisture can

Biogeosciences, 7, 1388399 2010 www.biogeosciences.net/7/1383/2010/
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Table 4. Changes in surface temperatui® (precipitation @), evapotranspiration (ET) and moisture convergert&{) in the Amazon
(Am), central Amazon (Am-cent), tropical Africa (Af), South-Eastern Asia (SEA) and the whole tropics (Trop) in the years 11-300. Am-cent
consists of 8 grid cells with the boundaries’¥8, 58 W, 7.5° S and the equator.

Area and AT AP AET A(P-ET)
Experiment

[°C] [mmlyr] [mm/yr] [mm/yr]
Am (DT) +1.6 —138(9.2%) —-160 (13.3%) +22 (7.5%)
Am (AT) -0.2 +44(3.0%) +29 (2.5%) +15 (5.1%)

Am-cent (DT) +3.4 —467(25.1%) —342(22.5%) —124 (37.1%)
Am-cent (AT) —-0.4 +79(4.3%)  +32(2.1%)  +47 (14.0%)

Af (DT) +1.0 -75(8.2%)  -87(10.9%)  +12 (10.4%)
Af (AT) 0.1 +27(3.0%)  +24(3.0%)  +3(2.9%)
SEA (DT) +1.0 -107 (85%) -135(12.2%) +28 (17.7%)
SEA (AT) 0.1 +20(1.6%)  +23(2.1%) -3 (1.8%)
Trop (DT) +1.2  -104 (8.7%) -122(12.2%) +18 (9.5%)
Trop (AT) —0.1 +33(2.8%)  +26(2.6%)  +7(3.7%)

Table 4 summarises the annual mean changes in precipita-
tion, ET and moisture convergence for different regions. In
DT, the decrease in relative humidity and increase in surface
albedo act to supress convection which explains the reduced
precipitation. A large-scale sinking motion is induced in the
mid-troposphere over most tropical land cells, while a rising

anomaly occurs over the surrounding tropical oceans with
224 . . .
42 Fvamoraton " exception of the South Atlantic. In AT, opposite changes are
sel L. obtained. Table 4 also documents that changes in the cen-
\ tre of Amazonia are different from those in other regions.
In central Amazonia, the reduction in precipitation is large
enough to exceed that of ET, so that mean moisture conver-
gence and soil moisture decrease. The precipitation decrease
during the dry season (Fig. 9) is mostly attributable to this
area. Also, ET is decreased in the second half of the year, so
that the warming is even stronger during this time, with up to
4°C in September. The strong annual mean warming in cen-
tral Amazonia which is evident in Fig. 3 is the result of these
differences in the seasonal cycle. In contrast, the surrounding
areas show an increase in soil moisture and moisture conver-
gence as is shown in Fig. 10. While they dominate the spatial
mean in DT, this is not the case in AT. Therefore, tempera-
123456789101112123456780910112 ture in AT is mainly decreased (and soil moisture increased)
in August and September. Because of the smaller size and
18.75'S and the equator in South America, Temperature Qin the dryer climate of the afforested areas, changes in AT are

; ; . ) ) . much smaller than in DT.
soil moisture in m, all fluxes in mm/day. Black: control climate, T ) ) .
red: tropical deforestation, green: tropical afforestation. The distribution of soil moisture and its changes are also

reflected in the tropical land carbon pool anomalies in Fig. 6,
Tables 1 and 2. In the dry regions of Northern Australia and
Northern Africa, as well as in the north-east of South Amer-
ica, grass is simulated to be more productive than forest, so
outweigh the reduced productivity of grass so that transpi-that deforestation leads to an increase and afforestation to a
ration is equal or in some regions even higher than in CTL.loss in soil carbon. In addition, the decreased moisture con-
The temperature increase is then probably only due to therergence in AT is accompanied by reduced soil moisture. As
elevated CQ concentration. a result, total tropical soil carbon in AT decreases, despite

294 Surfoce temperature
281
271
261
251
244
231

Precipitation

367
3.3

2.7
2.4

Transpiration
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24] A
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18]

Fig. 9. Annual cycles averaged over the years 11-300 betwee
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Due to the albedo changes the upwelling short-wave ra-
son I diation is the largest contribution to the changes in net ra-
i diation (Table 3). In contrast to the tropics, the long-wave
30N fluxes almost cancel each other. Annual mean changes in
cloud cover are also low: DB shows a decrease by 0.003,
EQ 1 AB an increase by only 0.001, which is both about one order
" of magnitude below the changes in the tropical experiments.
30S - . .
. Therefore, the changes in planetary albedo resemble those in
605 - surface albedo (Fig. 13). However, annual mean short-wave
insolation does change because of the seasonal and spatial
differences in cloud cover. In winter and spring, cloud cover
son is decreased by deforestation in winter (particularly at the
- southern edge of the affected area, so that it still exerts a ra-
30N - diative effect) and increased in summer.
The cloud cover changes are in line with changes in the
B latent heat flux. In DB, the growing season is delayed so
305 that transpiration is reduced by approx. 0.15 mm/day in May.
. Evaporation is reduced by more than 0.1 mm/day in early
60S - - spring because of lower temperatures. In summer and au-
'.,AT tumn, an increase in moisture convergence leads to higher
180 1200 60W 0 60E 120E 180 soil moisture, so that ET hardly deviates from the control cli-
I O N mate. This is in analogy to the situation at the end of the
—300 -250 —200 -150 -100 =50 0 50 100 150 dry period in DT. Similar changes apply for AB but with op-

] ] ) ) posite sign. Annually averaged sensible heat flux anomalies
Fig. 10. Changes in annual mean moisture convergence in mm/yr

: . re smaller but of the same sign as the changes in latent heat
averaged over the years 11-300 for tropical deforestation (top) anﬁux Outside the latitudes where land cover change was im-
tropical afforestation (bottom). White areas show no significant ’

changes according to a t-test with 95% significance. posed, zonal mean changes in radiative and diffusive fluxes
are small.

As in the tropics, the climatic changes contribute to the
the fact that more wood carbon tends to increase the turnoveghanges in carbon pools. In contrast to DT and AT however,
time. In the moist tropics, the increase (decrease) in soithe impact of temperature on NPP outweighs the @il-
moisture in DT (AT) acts to increase NPP with the excep-ization and the effect of soil moisture, except at the southern
tion of central Amazonia. Changes in soil moisture also haveedge of the affected area in central Asia. Changes in soil
the largest impact on soil respiration in both experiments, sgespiration do not contribute significantly to the carbon pool
that respiration changes generally counteract the climatic efanomalies with the exception of some land cells in eastern
fects on NPP. For example, in DT central Amazonia shows arAsia and western North America where soil moisture is al-
increased turnover time even though the strongest warmingered the most.
occurs in this region.

3.2.4 Seaice and circulation feedbacks in boreal

.23 Theb I I
3.2.3 e boreal energy balance latitudes

In the boreal experiments, temperature is mainly affected by

albedo changes due to snow masking (Fig. 11). The effecThe locally induced temperature changes are subject to feed-
is strongest in spring when solar insolation is already largebacks on a larger scale which concern sea-ice cover as well
while snow cover is still high. As a result, land surface tem- as the oceanic and atmospheric circulation. Although the
perature anomalies are at a maximum during this season anthanges in sea ice cover found here show large fluctuations,
reach 3C on zonal average. In DB, snow melt is delayed differences between the experiments are apparent: In DB,
because of a lower spring temperature, while in AB it occurseven in the Arctic Ocean the relative increase of sea ice cover
earlier than in CTL (Fig. 12). The mean albedo anomaly isis only 0.6% and not significant in most places in the years
larger in AB than in DB, as snow cover and converted area in101-300, although ice volume increases by 10.7% in this pe-
the northern parts are larger. It is due to the lower insolationriod. In the afforestation experiment, annual mean sea ice
that temperature does not change more than in the deforestaever in the Arctic Ocean is decreased by 2.4% in the years
tion case. However, the temperature anomaly in AB staysl01-300 (1.65% in 151-300). The slightly stronger response
large until summer, because snow melt occurs later in theén AB is most probably due to the fact that the largest albedo
north. changes over land are located in more northern areas than in
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Boreal deforestation, surface Boreal afforestation, surface
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Fig. 11. Anomalies in surface albedo (top) and planetary albedo (bottom) in %, averaged over the final 200 years for boreal deforestation
(left) and boreal afforestation (right).

DB. The difference between DB and AB is most discernable Temperature, DB Temperature, AB
in autumn (Fig. 13): although the cooling over the Arctic o \\J// ST T (e
Ocean in DB is stronger than over the adjacent land in mostyox- gt ~ @ <,> 70N
areas, the geographical pattern of the largest temperaturg, | 7// S S
anomalies resembles the short-wave forcing. This is not the5ON
case in AB, where the strongest warming occurs in proximity
to the Arctic Ocean.

Changes in meridional overturning circulation (MOC) are
more pronounced than those in sea ice cover. As Fig. 3 illus-son+
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trates, the temperature response is weak and in some places: fif/j}\\/) (f&\gi\‘: L 70N
even reversed in the north-western Atlantic in both experi- | \-\Tzf;}f// \\\§§t L soN
ments. In DB, the mass flux below 1000m is increased by __ | —16/7" NS
1.5Sv from 15.7 to 17.2 Sv at 30 on average over the fi- = =L IR RN
nal 200 years; in AB it is reduced by 1.5 Sv. At°80 how- ] —> i

~+ 30N

ever, overturning is strongly enhanced in DB (from 5.7 Sv 31 Shon oV A

to 6.5 Sv), but hardly affected in AB (0.1 Sv). This may be g P e g 1.1
related to the decrease in ice cover in AB, so that larger buoy-,, | /47/$]\ R
. K X @z\//q \ ! 70N
ancy fluxes than in CTL are obtained. Both, sea ice cover andﬁONr /};\\0///,9 N o
oceanic circulation changes are reflected in the ET anomalies // C ;‘_/‘62/’ )
(Fig. 8), which are of the same order of magnitude as on land.*™ =~ — o ™
< A:i) 2\ p4ON

The boreal land cover changes also influence the atmo-™
spheric circulation. In DB the vertically extended cooling 30N-
leads to an increase in baroclinity and thus in wind speeds in . lesig. al
temperate northern latitudes, especially in spring. In 200 hPaf19- 12. Surface temperature anomaliesi@, albedo and snow

. . . cover in %, zonally averaged over all land cells during the final
a zonal mean increase of up to 1 m/s is obtained. In con- : :
. . . L .200years for boreal deforestation (left) and boreal afforestation
trast, high level wind speed in the subtropics is decreased "aright)

this season over the Atlantic and the Mediterranean. In AB,

N
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Fig. 13. Anomalies in 2 m-temperature fC and net short-wave radiation in W#nat the surface for boreal autumn averaged over the final
200 years of the boreal deforestation (left) and boreal afforestation experiment (right).

corresponding zonal mean anomalies are found. How-comparison with the studies listed in Table 5 is subject to
ever, characteristic deviations from these zonal averages ognany uncertainties which are introduced by the choice or
cur. The spatial heterogenity of the surface flux anomaliescalculation of surface parameter values (Mylne and Rown-
leads to barotropic Rossby wave patterns which show seatree, 1992; Pitman et al., 1993; Dirmeyer and Shukla, 1994),
sonal variations. In particular, an anticyclonic (cyclonic) the treatment of the ocean, different integration times and the
anomaly occurs over south-eastern Europe in DB (AB) indefinition of areas (McGuffie et al., 1995), as well as the ap-
spring which shifts to the east during the year. This shiftindi- plied model. In addition, no change in G@oncentration
cates an interaction with a natural pattern: in CTL an anticy-was accounted for in any of these experiments.

clone is simulated over the North Atlantic in spring (Azores  However, these differences may not explain why the
high) which shows a similar shift and therefore seems to bechanges in central Amazonia are much larger than elsewhere.

extended to the east in DB and contracted in AB. By also using MPI-ESM, but without taking carbon cycle
) ) effects into account, Brovkin et al. (2009) find a similarly
4 Discussion pronounced warming in Amazonia after global deforestation.

Thus, these regional differences might rather be related to re-
gional characteristics such as the amount of water recycling,

Many GCM studies on the biogeophysical impact of |arge_which is known to be large in Amazonia (Nobre et al., 2004).
scale deforestation in tropical regions have been conducted;or example, Pitman et al. (1993), McGuffie et al. (1995) and
a selection is presented in Table 5. Most of these studZhang et al. (1996) also find the largest reduction of moisture
ies show an increase in temperature and a decrease in Eqonvergence and the strongest (or only) temperature increase
and precipitation, which is in line with the results presentedin Amazonia (Table 5). Sud et al. (1996) find a large warm-
above. In addition, the large-scale sinking in response tdng and an exceptional decrease in moisture convergence in
the decrease in net energy at the surface is in accordancddMazonia as compared to the tropical mean. Also, Claussen
with expectations (Mylne and Rowntree, 1992; Dirmeyer and€t al. (2001) obtain the strongest warming in South America
Shukla, 1994). The characteristic changes in surface energ{ith CLIMBER-2.

balance and cloud cover also agree with CLIMBER-2 re- In South East Asia, the water balance is less influenced by
sults (Ganopolski et al., 2001), with the exception that down-local recycling but rather by the monsoon circulation (Zhang
welling long-wave radiation is increased in DT due to£O et al., 1996). Changes in precipitation and ET are smaller
emissions. Changes in moisture convergence and the annutilan in Amazonia and the largest relative increase in moisture
cycle of precipitation are less definite. For example, Nobreconvergence after deforestation is obtained. In comparison to
et al. (1991), Henderson-Sellers et al. (1993), McGuffie ettropical Africa, absolute ET reduction in DT is larger while
al. (1995) and Sud et al. (1996) find the largest decrease ithe temperature change is similar. The studies listed in Ta-
Amazonian precipitation during the rainy season, whereas irble 5 even report a cooling due to deforestation. Delire et
DT the dry period is intensified in central Amazonia. The al. (2001) obtained a reduction of SSTs due to increased

4.1 Tropical experiments
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Table 5. Changes in surface temperatuf®)( precipitation @), evapotranspiration (ET) and moisture convergere&[) in Amazonia

(Am), tropical Africa (Af), Indonesia (In), South-Eastern Asia (SEA) and the whole tropics (Trop) in previous (biogeophysical) model
studies of large-scale deforestation. Zhang et al. (1996) refer to surface air temperature instead of ground surface temperature. In Pitman €
al. (1993) this information is not definite.

Publication Area Remarks AT AP AET A(P-ET)
[°C] [mmiyr]  [mm/yr]  [mml/yr]
Nobre et al. (1991) Am  fixed SST +25 -643 -496 -147
Mylne and Rowntree (1992) Am zg unchanged, -0.11 -340 =179 -161
fixed SST
Henderson-Sellers et al. (1993)/ Am mixed-layer ocean +0.6 588 -232 -356
Pitman et al. (1993)
Polcher and Laval (1994a) Am zg unchanged, +3.8 +394 -985 +1379
fixed SST
Polcher and Laval (1994b) Am  fixed SST +0.14 -186 -128 -58
McGuffie et al. (1995) Am  mixed-layer ocean +0.3  -437 -231 —206
Sud et al. (1996) Am  fixed SST +2.0 -540 —445 -95
Zhang et al. (1996) Am mixed-layer ocean +0.3  —402 -222 -180
Lean and Rowntree (1997) Am  fixed SST +2.3  -157 —296 +139
Polcher and Laval (1994a) Af  zg unchanged, +2.56 +88 -533 +621
fixed SST
Polcher and Laval (1994b) Af fixed SST +0.03 -99 -95 -4
McGulffie et al. (1995) Af mixed-layer ocean -0.09 -108 -89 -19
Zhang et al. (1996) Af mixed-layer ocean -0.02 —63 -74 +11
Delire et al. (2001) In uncoupled n.s. -201 -201 0
Polcher and Laval (1994b) In fixed SST -0.05 -281 -51 -230
Pitman et al. (1993) SEA mixed-layer ocean -0.5 -19 -113 +94
McGulffie et al. (1995) SEA mixed-layerocean -0.69 -48 -128 +80
Zhang et al. (1996) SEA mixed-layer ocean -0.2 -251 -138 -113
Sud et al. (1996) Trop fixed SST +1.3 266 -350 +84

upwelling. As CQ concentration is increased in DT, this 4.2 Boreal experiments
cannot be expected here. However, a westward anomaly in
ocean surface speed occurs during boreal spring and summegyith regard to the albedo induced cooling in spring and
due to strengthened trade winds. The increase in SST is relearly summer, other GCM-studies of large scale boreal defor-
atively low to the west of Indonesian land cells during this estation are qualitatively corroborated. Thomas and Rown-
period. tree (1992) as well as Chalita and LeTreut (1994) analysed
In addition to these regional differences, the deforestedhe impact of albedo differences between closed snow cover
continents may not be independent of each other. In Amazoand snow-covered forest. The temperature changes in MPI-
nia, the anomalies in moisture convergence (Fig. 10) hardlyESM are similar to their results. Douville and Royer (1997)
extend to the Pacific because of the Andes, as is also disused the ARPEGE climate model and additionally consid-
cussed by Lean and Rowntree (1997). In this regard it seemgred the change in roughness length. They found a tem-
plausible that in Africa the anomalies can affect the nearbyperature maximum of more thar@ in April and May be-
ocean more easily. In Fig. 10 a dipole structure is evidentiween 50 N and 60 N, similar to MPI-ESM. However, the
over the tropical Atlantic with more moisture convergence duration of the cooling is much less than reported by Dou-
north and less moisture convergence south of the equatotille and Royer: while they found a cooling of more than
This pattern is inherited by precipitation changes betweerp°C between December and June in the same latitudes, a
July and October, which reflect a northerly shift of the ITCZ. comparable anomaly only persists for 3 months in MPI-ESM
Anomalies at the eastern boundary of South America couldFig. 12). One reason might be the delayed snow melt in
then propagate inland and add to the locally induced changeA\RPEGE.
However, to determine the extent to which the Amazonian |t myst be considered though, that in all three studies there
climate is influenced by land cover changes in Africa further\yas no coupling between atmosphere and ocean. Bonan

studies are needed. et al. (1992) and Ganopolski (2001) showed that if taking
the ocean into account, the cooling is stronger, more evenly
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distributed over the year and geographically more extendedvery limited, as Douville and Royer (1997) found a delayed
Bonan et al. (1992) found a cooling of locally up t6® rather than an earlier high. Also, they report weakened west-
in July and 12C in April. Snyder et al. (2004) obtained erlies over northern Europe and Russia, a southward shift of
a cooling of 2.8C (6.2°C in MAM) even with fixed SSTs the North Atlantic westerly jet, increased surface pressure
because of a strong increase in low level cloudiness. As MPlin high latitudes and reduced surface pressure over the mid-
ESM includes the interaction with the ocean, the simulatedlatitude Atlantic. All these features are of opposite sign in
temperature decrease in DB is much less than anticipated bthis study. A similarity can be found in the weakening of the
comparison with other studies. The choice of replacementndian summer monsoon winds in DB, although this is not
vegetation, changes in ET and the additionalb@®5ppm  accompanied by a reduction in precipitation as in Douville
can not account for this difference. In contrast, large dis-and Royer (1997).
crepancies to other models are apparent in the short-wave
fluxes. Douville and Royer (1997) find a reduction of net 4.3 Global sensitivities
short-wave radiation at the surface of more than 20 Y\tis
tween 50 N and 65 N in March and April. In MPI-ESM  In order to assess the impact of forest cover changes inde-
the maximum value amounts to only 15W/mBonan et  pendently of the area’s size, Table 6 presents the sensitivity
al. (1995) and Thomas and Rowntree (1992) report an annudf global mean temperature and g€ontent to changes in
mean decrease in net radiation of 20—-40 \&//the latter 30—  forest area. These can be compared to Claussen et al. (2001)
50 W/n? in April and May. Snyder et al. (2004) also found Who present a similar analysis for CLIMBER-2 in Fig. 1
a decrease of 30 WAin MAM. As these values are gener- Of their study. The areas 168/-20° N and 40 N-5C° N in
ally averaged over different areas and time periods and repClaussen et al. (2001) are weighted only half here in order to
resent different components of the surface radiative balanceaccount for the different choices of latitude bands.
the comparison cannot be perfectly consistent. However, it Although CLIMBER-2 and MPI-ESM differ in many re-
seems obvious that the sensitivity of the short-wave radiativespects, the results are qualitatively similar. Nonetheless, with
balance to land cover change in high latitudes is comparathe exception of tropical deforestation, g€ensitivities are
tively weak in MPI-ESM. The reason seems to be related tosmaller in MPI-ESM. In AT, the unproductive climate of dry
the parameterisation of surface albedo: In comparison to obregions prevents a larger GQptake, a feature that may not
servations from the BOREAS study, presented in Betts ande as important in CLIMBER-2 because of the low resolu-
Ball (1997), the albedo of snow-covered forests is too hightion. In the case of boreal afforestation it must be considered
in MPI-ESM. This is especially the case for deciduous forest,that the carbon cycle had not yet reached a new equilibrium
for which Betts and Ball find an albedo of 0.21, while in the due to the shorter integration time. The low &€ensitivity
model the values lie in the range of 0.4-0.7. For boreal everof MPI-ESM to boreal deforestation is due to the low car-
green forest, Betts and Ball state a mean of 0.13; in the moddpon storages of above ground biomass. However, this defi-
arange of 0.2-0.45 is found. Even in the boreal afforestatiorciency seems to be cancelled by the weak snow masking so
case, where maximal forest cover is assumed, albedo vathat temperature sensitivities in high latitudes are similar in
ues are between 0.2 and 0.25. Also, measurements indicateoth studies. In the tropics, the differences in the sensitivity
that snow masking by deciduous and evergreen forest is simef temperature seem to reflect those inQOntent. As CQ
ilar (Betts and Ball, 1997; Robinson and Kukla, 1984). This concentration in DT is still decreasing in the year 300, sensi-
is apparently not the case in MPI-ESM, although stems andivities for this experiment are probably not well comparable.
branches are accounted for by a stem area index. In comparison to Bala et al. (2007), temperature changes
It seems plausible that the small change in sea ice coveare small in both deforestation experiments. The global
in the boreal experiments is at least partly due to the weakvarming of 0.7C in the year 100 after tropical deforestation
temperature response in MPI-ESM. Ganopolski et al. (2001)n Bala et al. (2007) may be related to larger carbon pools in
found a 20% increase in global sea ice cover due to borealNCCA. The corresponding COanomaly of 199 ppm is ap-
deforestation in CLIMBER-2. They also came to the con- prox. 4times larger than in MPI-ESM. In response to boreal
clusion that the thermal lag of the ocean and the ice-albedaleforestation, C@anomalies are similar in both models, but
feedback are the main reasons for a cooling in summer. Thislbedo changes and thus global cooling are much more pro-
seems to be true for the autumn in AB, but not DB (Fig. 13). nounced in INCCA. Nonetheless, the signs of global mean
Results are not as distinct for the summer months. In contemperature changes obtained here are in line with the re-
trast, the MOC increase of 1.5 Sv in DB agrees well with thesults of Bala et al. (2007), and for boreal latitudes also with
2 Sv obtained by Ganopolski et al. (2001). However, the di-Betts (2000).
versity of model differences makes a causal assessment diffi- With regard to the discrepancies between the terrestrial
cult. This also applies for atmospheric circulation changes. ltcarbon pools in MPI-ESM and observations the question
is striking, that Douville and Royer (1997) also found a dis- arises how realistic the temperature sensitivities in Table 6
turbance of the formation of the Azores High due to borealare. As MPI-ESM’s climate sensitivity is approx. °G
deforestation. However, the similarities to their results are(Friedlingstein et al., 2006), the GGncrease by some ppm
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Table 6. Sensitivities of temperature and G@ comparison with Claussen et al. (2001), averaged over the final 150years. In the case of
tropical deforestation, the CQanomaly was averaged over the final 30 years.

Experiment DT AT DB AB
Converted area in million kf -23.07 +10.52 -18.55 +26.72
COy, anomaly in ppm +26.8 -4.0 +3.7 -6.5
CO, sensitivity in ppm/million kn? -1.16 -0.38 -0.20 -0.24
CO, sensitivity in Claussen et al. (2001) -0.83 -0.97 -0.60 -0.40
Temperature anomaly fh +0.4 -0.06 -0.25 +0.26
Temperature sensitivity ifC/million km? -0.017 -0.006 +0.013 +0.010

Temperature sensitivity in Claussen et al. (2001) -0.010 -0.010 +0.015 +0.010

in DB should translate into only some hundredi@ on 5 Summary and conclusions
global average, so the biogeophysical effects prevail by al-
most one order of magnitude. If boreal vegetation carbonThe experiments presented here show that in MPI-ESM
pools are assumed to be as large as the observations, bordatests tend to warm the surface in high northern latitudes but
deforestation would still lead to a cooling. The same argu-act to cool the surface in the tropics. Earlier model studies
ment applies for boreal afforestation. The assumption of lin-are corroborated by this result. A global temperature change
earity seems to be justified, as in Claussen et al. (2001) andf +0.4°C and a CQ@ anomaly of initially 60 ppm is ob-
Bala et al. (2007) synergies between biogeophysical and biotained after tropical deforestation because of large primary
geochemical effects are found to be small. As mentionedand secondary carbon emissions. In addition, the strong re-
in Sect. 2, observations also indicate less tropical soil carduction in evapotranspiration leads to a pronounced warming
bon than is obtained in MPI-ESM. After deforestation, the in tropical land areas. While this is in line with the majority
secondary emissions from tropical soils amount to approxof biogeophysical GCM-studies, changes in the annual cy-
150 GtC, if the contribution of the living biomass, which has cle and moisture convergence remain uncertain. For tropical
been partly put into the soil pools, is subtracted. If a reduc-afforestation, results are opposite to the deforestation exper-
tion in equilibrium soil carbon by a factor of 2 is assumed, iment, but of much smaller magnitude, because productivity
the secondary emissions would be reduced by 75 GtC. Thisemains low in dry areas. GCas well as global mean tem-
would translate into a reduction in atmosphericZQ@ncen-  perature are therefore hardly affected. In high latitudes the
tration by about 10 ppm, as the airborn fraction of tropical snow masking of trees in spring dominates the temperature
emissions is between 45% and 15% during the experimentiesponse, although this effect is weaker than in other mod-
This relatively small difference in Ccannot significantly els. Changes in sea ice cover, meridional overturning in the
alter the obtained global warming. As tropical soil carbon ocean as well as atmospheric circulation modify the tempera-
is also decreased after afforestation, a reduction in equilibture anomalies, but the contribution of these feedbacks is also
rium soil pools and thus Cemissions would tend to cool model dependent. Primary and secondary emissions are low
the planet even more in AT. It can therefore be concluded thain DB compared to DT because biomass pools and produc-
the sign of the obtained temperature changes is robust in spitivity differences between grass and trees are small. In the
of the significant uncertainties in terrestrial carbon pools.  case of boreal afforestation, the large carbon sink is quickly
However, uncertainties also remain concerning the role ofcancelled by the ocean and tropical forests.,@@omalies
individual processes. Claussen et al. (2001) as well as Bala éherefore do not exceed some ppm in both boreal experi-
al. (2007) find a cooling biogeophysical contribution of trop- ments. Despite many model differences, the order of mag-
ical deforestation. The latter suggest that the albedo changeitude of global temperature and g@ensitivities is similar
dominates over the reduced ET in its impact on temperaturéo CLIMBER-2 results from Claussen et al. (2001).
because the ET of grass in INCCA is comparatively high. For some land cells, a negative relation between forest
As the changes in tropical surface temperature and the ercover and carbon storage is obtained, although they do not
ergy balance demonstrate, this is not the case in MPI-ESMdominate the spatial mean in any experiment. Also, local
Claussen et al. (2001) also obtain a warming at tropical landemperature changes opposite to the global mean occur due
cells, even though it is counteracted on a global scale by th¢o local differences in surface properties or feedbacks. This
diminished greenhouse effect, resulting from reduced ET. Inis mostly the case in Africa, where afforestation resulted in
agreement with this, Ganopolski et al. (2001) report a warm-a warming in places with high surface albedo. Because of
ing over tropical land and a cooling over the oceans. As onlythe dry conditions there, an afforestation would certainly not
coupled experiments have been conducted here, it cannot dee feasible in reality. Nonetheless, as realistic afforestation
determined whether this holds true for MPI-ESM. or reforestation projects must always be confined to much
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smaller areas than considered here, the spatial mean sensi-the climate mitigation benefits of land use change projects, Bio-
tivities do not apply in such cases. The magnitude and even geosciences Discuss., 5, 1511-1543, 2008,
the sign of biogeophysical and biogeochemical effects may http://www.biogeosciences-discuss.net/5/1511/2008/
then depend on the location. Therefore, studies such as Bir§onan, G. B., Pollard, D., and Thompson, S. L.: Effects of boreal
et al. (2008) and Montenegro et al. (2009), who challenge forest vegetation on global climate, Nature, 359, 716-718, 1992.
the idea of a warming boreal forest might be valid on a local2°"a" G- B., Chapin Ill, . S., and Thompson, S. L.: Boreal for-
scale and different from large-scale experiments. es't anq tundra ecosystems as components of the climate system,
. ST ) . . Climatic Change, 29, 145-167, 1995

In addition, many model limitations exist. In high lati- pgroykin, V., Claussen, M., Driesschaert, E., Fichefet, T., Kick-
tudes, these primarily consist in the albedo of snow-covered |ighter, D., Loutre, M. F., Matthews, H. D., Ramankutty, N.,
forest. The representation of soil moisture as a single bucket Schaeffer, M., and Sokolov, A.: Biogeophysical effects of his-
neglects many important aspects such as the root depth of torical land cover changes simulated by six earth system models
different plants. This may be particularly inadequate in the of intermediate complexity, Clim. Dynam., 26, 587—-600, 2006.
tropics, where changes in the water cycle are essential. ABrovkin, V., Raddatz, T., Reick, C. H., Claussen, M., and Gayler, V.:
soil moisture has shown a large impact on productivity and ~Clobal biogeophysical interactions between forest and climate,
soil respiration in the experiments, these uncertainties also S€0Phys. Res. Lett., 36, L07405, doi:10.1029/2009GL037543,

e : . 20009.
af'f_ect the carbon cycle. In addition, nglther the actual size OfChalita, S. and Le Treut, H.: The albedo of temperate and boreal
soil carbon pools nor the dependencies of NPP on tempera- . . i o .
forest and the northern hemisphere climate: a sensitivity experi-

ture, soil mmstgre an.d e}tmOSpher'C gas well as th.e de- ment using the LMD GCM, Clim. Dynam., 10, 231-240, 1994.
pendency of soil respiration on temperature and moisture argyayssen. M., Brovkin, V., and Ganopolski, A.: Biogeophysi-
constrained well and thus differ among models (Friedling-  cal versus biogeochemical feedbacks of large-scale land cover
stein et al., 2006). As these mechanisms can act in opposite change, Geophys. Res. Lett., 28, 1011-1014, 2001.

directions, the net effect on carbon pools may thus also beCollatz, G. J., Ribas-Carbo, M., and Berry, J. A.: Coupled
model dependent. In order to assess the impacts of forest photosynthesis-stomatal conductance model for leaves of C4
cover changes in a more appropriate way, a better quantifica- plants, Aust. J. Plant Physiol., 19, 519-538, 1992.

tion of these effects from observations is therefore essentialPelire, C., Behling, P., Coe, M. T, Foley, J. A., Jacob, R,
Kutzbach, J., Liu, Z., and Vavrus, S.: Simulated response of

the atmosphere-ocean system to deforestation in the Indonesian
Archipelago, Geophys. Res. Lett., 28, 2081-2084, 2001.
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