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Abstract. A terrestrial biosphere model with dynamic veg- 1 Introduction
etation capability, Integrated Biosphere Simulator (IBIS2),

coupled to the NCAR Community Atmosphere Model peforestation has both biogeochemical and biogeophysical
(CAM2) is used to investigate the multiple climate-forest jrfluences on the climate: besides releasing carbon from land
equilibrium states of the climate system. A 1000-year controlig the atmosphere (a biogeochemical effect), deforestation
simulation and another 1000-year land cover change simulay|sg has biogeophysical effects such as changes in land sur-
tion that consisted of global deforestation for 100 years fol-t5ce albedo, surface roughness, surface energy fluxes, and
lowed by re-growth of forests for the subsequent 900 years|oud cover (Betts et al., 1996; Govindasamy et al., 2001;
were performed. After several centuries of interactive getts, 2001: Brovkin et al., 1999: Feddema et al., 2005:
climate-vegetation dynamics, the land cover change simulagoykin et al., 2006; Bala et al., 2007; Bonan, 2008; Brovkin
tion converged to essentially the same climate state as thgt g1., 2009: Findell et al., 2009). Thus, land cover changes
control simulation. However, the climate system takes aboulyjter the climate through physical, chemical, and biological

a millennium to reach the contrql forest state. In the ab'processes and thereby could affect temperature, the hydro-

time scale for converging to the original climate state is dic- Recently, Davin and Noblet-Ducoudre (2010) found that
tate;(rj] by Ir(])_n?] tlm':'? zcales(,)of t_ge vl_ege(zjtatmr; o:_ynarr:lcds n thethe biogeophysical (i.e. albedo change and evapotranspira-
northern igh latitudes. ©ur idealized modeling study Sug't'on) impact of global deforestation leads to global cooling
gests that _the equilibrium state reached after cpmplgte glob f 1 K because the albedo effect is dominant over evapotran-
deforestation followed by re-growth of forests is unlikely to spiration. Lawrence et al. (2010) and Zhongfeng et al. (2009)

.’ . nuttip interaction with vegetation and soils also has large impacts
modeling study is unlikely to have represented all the es-

. . . : on the climate. Changes in land cover can also have remote
sential ecological processes (e.g. altered fire regimes, seeé{']fects Chen et al. (2001); Snyder et al. (2004) and Avissar
sources and seedling establishment dynamics) for the re- ; '

establishment of major biomes et gl. (2004) have fpund that tropicgl defo_restation is likely

' to induce changes in atmospheric circulation, and that these
changes may have consequences on precipitation and tem-
perature patterns on a global scale.

In view of the aforementioned climate effects of land
cover change there is a need to understand the impact
of large perturbations to land cover. Are there interac-
tions between forests and the atmosphere (i.e. vegetation-
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Specifically, if deforested areas are abandoned and foresterent initial biomass distributions diverge to clearly distinct
are allowed to re-grow, will the climate system go back to climate-vegetation states in terms of climatic (precipitation
its natural state? How long will it take for the climate sys- and temperature) and biotic (biomass) variables. Their simu-
tem to reach a new equilibrium in such a case? What deterlations suggest that the boreal and monsoon regions have low
mines the time scale? We will address these questions in thigesilience, i.e. unstable biomass equilibrium with positive
paper using a dynamic vegetation model coupled to an atmovegetation-climate feedbacks in which the biomass change
spheric general circulation model. Our model has representanduced by a perturbation is further enhanced. Large pertur-
tion for dynamic vegetation, interaction between atmosphereations trigger an abrupt shift of the system towards another
and land surface via temperature precipitation, soil moisturesteady state, and hence, Dekker et al. (2010) stress the im-
and plant water uptake but it lacks detailed representation foportance of coupling at multiple scales in vegetation-climate
nitrogen cycle, evolution of atmospheric gQdisturbance  models and indicate the urgent need to understand the system
such as fires and pests, anthropogenic land cover change, adginamics for improved projections of ecosystem responses
management of forests. Therefore, our investigation mainlyto anthropogenic changes in climate forcing.
aims to find out if interaction among atmosphere, land bio- In the present study, we investigate the possibility of mul-
physics and dynamic natural potential vegetation will resulttiple states in the climate system by carrying out transient
in multiple equilibriums. simulations using the NCAR atmospheric general circulation
Multiple steady states in the atmosphere biosphere systermodel CAM2 (Community Atmosphere model) coupled to a
can arise as a consequence of positive feedbacks between alynamic vegetation model and a mixed layer ocean model.
mosphere and land surface. Claussen (1994, 1998) find thaur objective is to use another model to simulate the vege-
multiple vegetation—climate states can exist in the presenttation dynamics to understand whether, when and how posi-
day semi-desert regions of northern Africa and western Asiative climate-vegetation feedbacks will lead to multiple steady
A modeling study by Levis et al. (1999) and Brovkin et states. We perform a millennial time scale simulation us-
al. (2003) find only one possible stable steady state in the cliing a comprehensive coupled atmospheric general circula-
mate system in the high latitudes while bi-stable vegetationtion model and a terrestrial biosphere model to investigate
climate states are found in models for the Amazon by Oyamahe possibility of multiple states. We show that the climate-
and Nobre (2003), and for Central-Asia and North-Africa by vegetation system has no multiple steady states in this mod-
Claussen (1998). Wang and Eltahir (2000) study the stabileling study but it takes nearly a millennium for the system to
ity of similar states in response to disturbances. Brovkin etreturn to the initial equilibrium state due to long time scales
al. (1998) uses a conceptual model to compare desert verf vegetation dynamics in the northern high latitudes. As
sus “green” equilibrium under parameter estimates typical ofa caveat, we note that our simulations are idealized and in-
current climate and of mid-Holocene climate, respectively. tended to understand the earth system behavior for possible
Kleidon et al. (2007) find that multiple steady states occurmultiple climate-forest states. This study is not intended to
in their earth system model of intermediate complexity only realistically represent current or future land cover change.
if vegetation is represented by a few vegetation classes. With
an increased number of classes, the difference between the
numbers of multiple steady states diminishes and disappearz Model description
completely when vegetation is represented by 8 classes or
more in their model. The two major positive vegetation feed- The coupled climate-vegetation model used is Integrated
backs that result in the emergence of multiple steady stateBiosphere Simulator (IBIS2) (Foley et al., 1996; Kucharik
are related to the temperature limitation on productivity in et al., 2000) coupled to Community Atmosphere Model 2.0
high latitudes and the water limitation in the tropics and sub-of NCAR (CAM2) (Collins et al., 2004). We used the finite
tropics. volume configuration of the model with a horizontal resolu-
The possibility of multiple forest-climate states in the cli- tion of 2° latitude and 2.5 longitude. There are 26 vertical
mate system has been investigated recently by Brovkin etevels. For this study, we coupled CAM2 to a mixed layer
al. (2009) in the Earth System Model of the Max Planck ocean and thermodynamic sea ice model, which allows for
Institute for Meteorology (MPI-ESM). In their study, when interactive surface for the ocean and sea ice components of
the geographic distributions of vegetation in forest-only andthe climate system.
grassland-only simulations are allowed to interactively re- Land surface biophysics, terrestrial carbon flux and global
spond to climate, both forest and grassland simulations convegetation dynamics are represented in a single, physically
verge to essentially the same climate state as in the contratonsistent modelling framework within IBIS2. IBIS2 simu-
simulation after subsequent 500 years of interactive climatefates a variety of ecosystem processes including energy, wa-
vegetation dynamics. This convergence suggests an absentar, and carbon dioxide exchanges between soil, plants and
of multiple climate-forest states in MPI-ESM. Dekker et the atmosphere, physiological processes of plants (photo-
al. (2010), using an Earth Model of Intermediate Complex-synthesis and respiration), soil biogeochemistry, vegetation
ity, PlaSim, find that model integrations starting from dif- phenology including budburst, senescence, and dormancy of
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vegetation, plant growth and competition, nutrient cycling simulation period and hence it serves as an infinite reservoir
and soil physics. The coupled simulation of surface water,for carbon for the terrestrial biosphere. In effect, we account
energy and carbon fluxes are performed on hourly time step$or feedbacks due to biophysical effect of land cover change
and integrated over the year to estimate annual water and ca¢e.g. albedo, evapotranspiration, roughness length changes)
bon balance. The annual carbon balance of vegetation is usdalit omit the biogeochemical change since atmospherig CO
to predict changes in the leaf area index and biomass for eactioes not vary in response to land cover change.
of 12 plant functional types, which compete for light and wa-
ter using different ecological strategies. IBIS2 also simulates
carbon cycling through litter and soil organic matterWhen4 Results
driven by observed climatological datasets, the model’'s near-
equilibrium runoff, net primary productivity (NPP), and veg- The temporal evolution of annual land mean key climate and
etation categories show a fair degree of agreement with obterrestrial carbon cycle variables is shown in Fig. 1. In re-
servations (Foley et al., 1996; Kucharik et al., 2000). sponse to the instantaneous deforestation in LCC simulation,
the land surface temperature decreases by 3K (1.7 K over
globe) averaged over the first 100 years and land mean pre-
3 Experiments cipitation decreases by 14.4% (3.7 % over globe). The sign
of the changes are suggestive of the dominance of albedo
We first performed a long simulation with prescribed clima- effect (deforestation increases the surface reflectivity) over
tological sea surface temperatures (SST) and a round numbehanges in evapotranspiration and the associated cloud ef-
of present day C®concentration of 400 ppm to calculate the fects in this model. Globla mean temperature change (cool-
implied ocean heat transport which is needed to use CAM2 iring) simulated in our study is comparable to another global
slab ocean configuration. For this climatological-SST simu-land cover change study that included only biogeophysical
lation, we used a soil carbon spin up factor of 40 and ran theeffect (1.3 K in Gibbard et al., 2005) but higher than obtained
model until biomass and soil carbon reached quasi equilibin Bala et al. (2007) because this later study also included
rium. A soil carbon drift of less than 0.1 Gt-C per year is usedthe warming effect of increased atmospheric dtom de-
to define the quasi equilibrium state. The implied ocean heaforestation (the carbon cycle effect).
transport is calculated after soil carbon reached equilibrium. When tree-PFTs are allowed from the deforested state,
Then, we used this spun-up state of the biosphere model itemperature and precipitation and other variables show a
a 200 year mixed layer simulation until the soil carbon againfast recovery for about 100years (Fig. 1) followed by a
reached quasi equilibrium. From this state, we performedslow recovery for the subsequent centuries . After 700 years
two 1000-year mixed layer simulations as described below. of model integration with interactive climate-vegetation dy-
(a) a control simulation corresponding to present day con-namics from the deforested state, the land mean annual
ditions, (b) a land cover change simulation, denoted bysurface temperature and precipitation in the LCC simula-
“LCC”, where we do not allow tree plant functional types tion slowly converges to essentially the same climate state
(PFTs) to exist globally for 100years; only grasses and(Fig. 1a, b) as that of control simulation. Global mean sur-
shrubs are allowed. The biomass in tree leaves and finéace temperature in LCC, averaged over the last century,
roots is immediately (year 1) transferred to the litter pool, is higher than the control state by only 0GB Since the
and the stem biomass becomes litter on a time scale of 10standard deviation in the control is of the same magnitude
50 years depending on the tree plant functional type. After(0.07°C in control and 0.09C in LCC), we conclude that
100years, all PFTs are allowed to exist for the subsequenthe climate of the last hundred years of LCC are indistin-
900years. By 100years, majority of the biomass would beguishable from the control.
transferred to the litter pool and hence we choose this time However, the time series of carbon cycle variables specifi-
scale for the deforested period. We choose 900 years for theally the carbon stocks (Fig. 1c, d), suggest that the terrestrial
re-growth period because that is the time it took for the cou-biosphere is still converging towards the new equilibrium
pled vegetation- climate system in this model to reach a quasstate. Immediately following deforestation, Net Primary Pro-
equilibrium state. The climate statistics presented below areluctivity (NPP) declines by 22 % from 79 to 62 Gt-C per year
the averaged values over the last 100 years of model simulasince grasslands have, on an average, less NPP than forests in
tions. The statistical significance here is tested using the stuthis model (Fig. 1e). The “step-like” behavior of NPP at year
dent t-test with correction for lag-1 autocorrelation (Zwiers 100 is due to “step-like” increase in gross primary productiv-
and von Storch, 1995). ity since tree PFTs have higher LAI than grasses and shrubs.
Since our model is not a comprehensive earth systenWe used an exponential fit (Eg. 1, given below) and find that
model with deep-ocean and ocean carbon cycle, we do ndime scale of this rapid evolution is only about 2 years. There
have the formulation for tracking the carbon and accountingis also a slow recovery component which has a time scale
for the carbon budget in this study. We have prescribed atof about 600 years. There is no succession dynamics in the
mospheric CQ at a constant level (400 ppm) throughout the model and NPP is mainly dependent on the biomass in leaves
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Fig. 1. Evolution of annual meafa) land surface temperaturéy) precipitation over land(c) biomass,(d) soil carbon,(e) net primary
productivity (NPP)(f) net ecosystem exchange (NE&)) soil respiration (includes heterotrophic respiration and disturbances{h prudal
litter for the 1000-yr control and LCC simulations.

which has a time scale of 2 years in our model. We find that After deforestation, there is a large decline of about
the time scale of slow component is dictated by the recovery800 Gt-C in biomass (Fig. 1c¢). Soil carbon increases
of NPP in high latitudes which is similar to the vegetation (Fig. 1d) by only about 120 Gt-C during this period because
fraction dynamics there as discussed below (Fig. 2). most of the dead biomass is transferred to the litter pool
Net Ecosystem Exchange (NEE) represents the net lanavhich transfers only a fraction to soil carbon pool and the
carbon uptake and is defined as NPP minus soil respiratiomest decomposes from the litter pool. When forests are al-
which includes both microbial decomposition and root res-lowed to re-grow, there is a rapid recovery in biomass; it
piration. It shows declines and increases of similar magni-increases from less than 100 Gt-C to more than 800 Gt-C
tude to NPP after instantaneous deforestation and immediwithin 100 years. After this period, it asymptotically reaches
ately following re-growth of forests (Fig. 1f). The sharp de- the control simulation after several centuries. Soil carbon
cline of NEE by 18 Gt-C immediately after deforestation is stock also shows a rapid recovery but it has about 20 Gt-C
mainly due to the sharp decline in NPP. The subsequent inmore than control even after 900 years of re-growth. It should
crease in NEE is mainly due to decrease in soil respiratiorbe noted that there is no conservation of total carbon stock
(Fig. 19). Re-growth of forests at year 100 leads to a jump in(biomass plus soil carbon) in this study because atmospheric
NEE because of the step-function-like increase in NPP. Sub€0; is prescribed, providing an infinite reservoir for carbon
sequently, increase in soil respiration leads to the decline iro the terrestrial biosphere.
NEE to control simulation levels. The time scale of NEEre- 14 gifterences in annual precipitation values over land
covery is about 100 years which is primarily dictated by the joyeen the two runs at year 100 after trees allow growing
decomposmon time scale of dead stem biomass in the litte, . |,y (0.3mmd?, Fig. 1b). However the differences in
pool (Fig. 1h). biomass are large (Fig. 1c). This implies that the moisture
recycling due to vegetation changes is very low in this model
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Fig. 2. Evolution of global, tropical (20S to 2@ N), mid latitude (20 N to 50° N), and high latitude (50N to 90° N) annual mean fractional
area of tree cover (Tropical evergreen, Tropical deciduous, Temperate and Boreal forests) in the control and LCC simulations.

setup. We also find similar evolution for tropical region the time scales are much longer. As found in other studies
which implies relatively small differences for the tropical re- (Kleidon et al., 2007; Bala et al., 2006; Bonan, 2008), it is
gions in moisture recycling between control and LCC. There-likely that the feedback between temperature (snow cover re-
fore, our model simulates low moisture recycling to vegeta-lated albedo) and vegetation (tree cover extent) is primarily
tion changes and hence has low sensitivity to precipitationthe cause for the longer time scales that is simulated for the
vegetation feedbacks. This may be one of the causes for ndtigh latitudes (Fig. 3).
simulating multiple climate-forest states in the model. The spatial pattern of temperature change in LCC relative
The time evolution of global and regional tree cover areato control averaged over the last 100 years shows that the sig-
fraction is shown in Fig. 2 We have fitted the tree cover frac- nificant changes are seen in high latitudes (Fig. 4). Over the
tion of LCC to an exponential form: globe, temperature changes over 11.8% (12.0% over land)
during the winter (DJF) and 13.8 % (18.8 % over land) in the
f=Aot+Arexp(—1/1)+ Azexp(—t/12) @ summer (JJA) are statistically significant at 5% level. The
where f is the fractional area of tree covefj,A1,A2 are LCC simulation produces in general more precipitation over
constantst is time in years; and; andr, are time scales in  land than the control simulation during both the DJF and JJA
years. This exponential fit is applied to tree cover evolutionseasons (Fig. 4c, d), and there is a reduction in the trop-
simulated for global, tropical, mid latitude and high latitude ics. Precipitation changes over globe are significant at the
regions. Table 1 lists the time scales thus obtained. Wherb % level over 5.6 % (8.3% over land) and 7.59 % (9.4 %
tree cover is allowed to recover, we see that the dynamics obver land) in DJF and JJA seasons, respectively. In sum-
tree cover converges faster in tropies4(5years). In mid mary, Fig. 4 shows that spatial pattern of the physical (abi-
latitudes, the dynamics is dominated by a 12 year fast timeotic) climate system in LCC is almost indistinguishable from
scale. In the high latitudes, a long time scale of 553 yearghe control.
dictates the evolution of tree cover suggesting that the long Figure 5 shows NPP, biomass and soil carbon in the LCC
time scale in the global tree cover comes from the dynamicsand control simulations and their difference averaged over
of boreal tree cover evolution. the last 100 years. In the control and LCC simulations, NPP
To investigate the dynamics in the boreal region further,and biomass are larger in thickly vegetated regions of the
we plot the key climate and carbon cycle variables for theworld such as Amazon, central Africa, South and South-
latitudinal belt 50 N to 9¢° N in Fig. 3. The evolution of east Asia, Europe and eastern North America. There is a
all the variables are similar to the global-mean (Fig. 1) butlarge bias in simulated NPP and biomass in Australia when
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Table 1. Values of the constants in the exponential fit (Eq. 1) for the dynamics of fractional tree gvelofted in Fig. 2 for different
regions (Globe, Boreal (30N-9C° N), mid latitudes (20 N-5C° N) and Tropics (20S-20 N)) in the LCC simulation.

Tree Cover f=Ao+Arexp(—t/t1) + Azxexp(—t/t2)
Dynamics (applied to 101-1000 years of the LCC simulation)
Regions 11 (years) tp(years) Ap Aq Ao

Globe 7.3 274 0.68 —0.64 —0.08
Tropics 4.5 - 0.91 -0.68 0
Northern Mid Latitudes 12 171 0.55-0.46 —0.07
Northern High Latitudes 22 553 0.77-0.20 -0.27
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Fig. 3. Evolution of annual meafa) land surface temperaturéy) precipitation over land(c) biomass,(d) soil carbon,(e) net primary
productivity (NPP),(f) net ecosystem exchange (NEEJ) soil respiration (includes heterotrophic respiration and disturbancesyhand
total litter for the 1000-yr control and LCC simulations in the northern hemisphere high latitu8@®s90° N).

compared to a standard suite of global products characterizand regions. Since the magnitudes of the differences are
ing the NPP based on satellite observations (Fig. 5 in Runsmall, we conclude that the spatial distribution of the terres-
ning et al., 2004). Soil carbon is also higher in places wheretrial carbon fluxes and carbon stocks (biotic component) in
NPP and biomass have larger values. In addition, soil carboh.CC in the last 100 years are also almost indistinguishable
has maxima in colder places such as Siberia, Alaska and thizom control.

Himalayas. The spatial pattern of NPP, biomass and soil car- The areal extent (in percentage) of simulated dominant
bon is similar in both control and LCC simulations. Differ- vegetation types in the last 100 years in LCC and control
ences in these variables are small and mostly not significantases are given in Table 2. We found that the model simulates
except soil carbon differences in some high latitude locationghe locations of major biomes reasonably well; tropical ever-
in Siberia and Alaska: the differences in NPP, biomass andyreen and deciduous forests in the tropics, temperate forests
soil carbon are significant over 3.9, 21.3, and 25.2 % of thein the mid latitudes and boreal forests in the high latitudes.
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Table 2. Areal extent of dominant vegetation types and Kappa statistics.

Dominant Vegetation type Control (%) LCC (%) Kappa Statistics Degree of Agreement

Tropical Evergreen 22.8 22.9 0.96 Excellent

Tropical deciduous 13.8 13.8 0.93 Excellent

Temperate 20.9 20.5 0.95 Excellent

Boreal 12.0 121 0.85 Excellent

Savana, Grasslands and Shrublands 15.0 14.1 0.83 Very good

Tundra 3.2 3.9 0.39 Poor

Desert 4.8 5.0 0.95 Excellent

Ice 7.5 7.7 0.81 Very good

Global Vegetation 100 100 0.93 Excellent
TEMPERATURE (K) o, p,PRECIPITATION (mm/day) close to zero when the agreement is approximately the same

as would be expected by chance. Global comparison of veg-
etation distributions of LCC and control gives a kappa value

of 0.93 (excellent agreement). Except for Tundra, Kappa for
major biomes between LCC and control suggests either ex-
cellent or very good agreement (Table 2). The low value

of Kappa for Tundra is partly related to the smallest area
occupied by Tundra in the control experiment (changes are
relatively bigger for Tundra) and partly because the vegeta-
tion dynamics has not yet reached equilibrium in the high

latitudes (Fig. 2d). This Kappa statistics suggests that the
spatial distribution of the vegetation state in LCC in the last

100 years is also almost indistinguishable from control.

b/ i a :

1.5 05 E 0.1 0.3 5 Discussion

Fig. 4. Mean differences between LCC and control simulations for |n this study, we examined the possibility of multiple
surface Temperatur€() in (a) winter (DJF),(b) summer (JJA),  climate-forest states using a terrestrial biosphere model

and precipitation (mm dayt) in (c) winter (DJF), andd) summer : ]
(JJA). Mean differences are obtained by averaging over the last 100'—BISZ coupled to NCAR CAMZ' For_ this purpose, we per

. . formed a global deforestation experiment for 100 years fol-
year. Hatched areas are regions where changes are statistically si

nificant at the 95 % confidence level. Significance level is estimateoﬂ?wed _by re-growth of fore?’ts' We find that the_re are no m_UI'
using a Student-t test with a sample of 100 annual means and stafiiPle climate-forest states in our model; the simulation with

dard error corrected for temporal serial correlation (Zwiers and vondeforestation followed by re-growth converges to the con-
Storch,1995). trol climate. Our conclusion is similar to a recent modeling

study (Brovkin et al., 2009) which also found an absence of

multiple climate-forest states in the Earth System Model of
However, there were major biases such as the simulation othe Max Planck Institute for Meteorology, but different from
tropical and temperate forests in desert regions such as Saudnother study by Dekker et al. (2010) which found multiple
Arabia, Australia and northern Africa and, consequently, anequilibrium states. In our study, we find that the climate sys-
underestimation of deserts, Tundra and polar desert regionsem takes about 700 years to come back to the original natu-
We identified that a warm and wet bias in the control sim- ral state. This is despite the fact that our simulation did not
ulation was the main cause for these biases: the global andave representation for deep ocean feedbacks; we have used
annual mean surface air temperature and precipitation in thenly a mixed layer ocean model for representing the interac-
control simulation are higher by 1°€ and 10 % when com-  tion between the atmosphere and oceans. The millennial time
pared to NCEP reanalysis (Kistler et al., 2001) and GPCPscale for recovery in our model is dictated by the vegetation
(Adler et al., 2003), respectively. dynamics in the high latitudes.

We use kappa statistics (Monserud and Leemans, 1992) to Brovkin et al. (2009) uses a tiled structure of the land sur-

compare vegetation distributions in LCC and control. Kappaface with 8 PFT’s and two types of bare surface but no bio-
takes on a value of 1 with perfect agreement. It has a valuggeochemical effects of vegetation cover changes are included

www.biogeosciences.net/8/3677/2011/ Biogeosciences, 8, 36862011
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Fig. 5. Comparison between LCC and control simulations for terrestrial biosphere variables. The first and second column panels represent
last 100-year mean from the control and LCC simulations, respectively. The third column panels represent the difference between LCC and
the control simulations. Hatched areas are regions where changes are statistically significant at the 95 % confidence level. Significance leve
is estimated using a Student-t test with a sample of 100 means and standard error corrected for serial correlation (Zwiers and von Storch,
1995).

in their model (JSBACH). Trees and grasses compete for fredire regimes, seed sources and seedling establishment dynam-
available area. 1BIS2 uses 12 PFTs with grass layer underics) for the re-establishment of major biomes.

neath the tree canopy. The biogeochemical effects of veg- The atmospheric conditions affect vegetation productivity
etation cover changes are included. IBIS2 also has reprep terms of available light, water and heat, and different lev-
sentation for soil biogeochemistry. Both models have dif- g5 of vegetation productivity can result in differing energy
fering representation for competition among PFTs. Whetherng water partitioning at the land surface, thereby leading to
vegetation dynamics has multiple states or not is apparentlyjifferent atmospheric conditions. Kleidon et al. (2007) find
independent on these minor differences in the formulationgpat if there are less number of discrete PFTs the climate con-
between IBIS2 and JSBACH. However, multiple vegetation gitions do not overlap and multiple vegetation equilibria can
states be may be inherent to vegetation models with differenfesyit. With an increased number of classes the difference
formulations that are probably not be represented in IBIS2petween the numbers of multiple steady states diminishes
and JSBACH (Dekker et al., 2010). and disappears completely when vegetation is represented by

The dynamic vegetation model used in this study has somé& classes or more in their model. Therefore, it is possible
limitations: IBIS2 does not have representation for nitrogenthat our model with 12 PFTs has no multiple steady states.
and other nutrient cycles (Cramer et al., 2001; McGuire etAn analysis of the sensitivity of multiple equilibriums to the
al., 2001; Bala et al., 2007). IBIS2 model, in its current number of PFTs and other parameters in the model is beyond
form, does not include a dynamic fire module (Foley et a|_,th9 scope of this paper and our future studies will investigate
1996). It does not account for changes in pest attack ofhis.
grazing by animal in a changed climate. Suitable climatic Major limitations of this modelling study are the lack
conditions are sufficient for the existence of plant functional of deep-ocean dynamics, dynamic sea ice, and representa-
types in IBIS2: seed dispersal mechanisms which are cruciation of biogeochemical effects of vegetation cover changes
for reestablishment of forests are not represented. The reand ocean carbon cycle. As discussed before, the effect of
world, therefore, could have multiple climate-forest states,changes in atmospheric G&rom deforestation and interac-
and this present modeling study is unlikely to have repre-tive vegetation is not modeled in this study. For instance,
sented all the essential ecological processes (such as altereg have overestimated the amount of cooling immediately
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after deforestation on shorter time scales because we hawovkin, V., Ganopolski, A., Claussen, M., Kubatzki, C., and
not included the effect of C emission from deforestation. Petoukhov, V.: Modelling climate response to historical land
However, on centennial to millennial time scale the ocean cover change, Global Ecol. Biogeogr., 8, 509-517, 1999.
biogeochemistry could buffer most of the atmospheriCO Brovkin, V., Levis, S., Loutre, M.-F., Crucifix, M., Claussen, M.,
changes induced by an altered land cover. Future modelling ©2nopPolski, A., Kubatzki, C., and Petoukhov, V. Stability anal-
on the investigation of multiple climate-forest states should YS'S Of the climate-vegetation system in the northern high lat-
. . tudes, Climate. Change, 57, 119-138, 2003.
use coupled climate and carbon cycle models that will haveBr

o . . ovkin, V., Claussen, M., Driesschaert, E., Fichefet, T., Kick-
realistic representation of these long term feedbacks in the lighter, D., Loutre, M. F., Matthews,H. D., Ramankutty, N

climate system. Schaeffer, M., and Sokolov, A.: Biogeophysical effects of his-
The results discussed in this paper are from a single mod- torical land cover changes simulated by six Earth system models
elling study. Climate model differ in their representation of  of intermediate complexity, Climate Dyn., 26, 587-600, 2006.
physical processes and hence models show differing sensBrovkin, V., Raddatz, T., Reick, C. H., Claussen, M., and Gayler, V.:
tivities to climate perturbations. Many of the local and re-  Global biogeophysical interactions between forest and climate,
mote effects depend heavily on the model structure and the gggghy& Res. Lett., 36, L074080i:10.1029/2009GL037543
simulated effects are therefore subject to have a wide range i . _
Therefore, an intercomparision of multiple models in the Chen, T. C., Yoon, J. H., Croix, K. J. S., and Takle, E. S.: Sup-

f il b ired ) . b in the b pressing impacts of the Amazonian deforestation by the global
uture will be required to Investigate robustness in the be- ;e ation change, Bull. Am. Met. Soc., 82, 2209-2216, 2001.
haviour climate system.
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Acknowledgementsrinancial support for N. Devaraju was pro- Claussen, M.: On multiple solutions of the atmosphere—vegetation
vided by the Divecha Center for Climate Change, Indian Institute ~ System in present-day climate, Global Biogeochem. Cycles, 4,
of Science. Suggestions and comments by the two anonymous 949-559, 1998.

reviewers helped us to improve the manuscript substantially. Claussen, M., Brovkin,V., Ganopolski, A., and Kubatzki, C.: Mod-
elling global terrestrial vegetation—climate interaction, Philos.
Edited by: T. Laurila Trans. Roy. Soc. London, 353B, 53-63, 1998.

Collins, W., Blackmon, D. M., Bitz, C., Bonan, G., Bretherton, C.
S., Carton, J. A,, Chang, P.,.Doney, S., Hack, J. J., Kiel, J. T,
Henderson, T., Large, W. G., McKenna, D., Santer, B. D.,and
References Smith, R. D.: Description of the NCAR community atmosphere
model (CAM 3.0), Tech. Note NCAR/TN-464+STR, Natl. Cent.
Adler, R. F.,, Huffman, G. J., Chang, A., Ferraro, R., Xie, P.-P.,  Atmos. Res., Boulder, Colorado, 2004.
Janowiak, J., Rudolf, B., Schneider,U., Curtis, S., Bolvin, D., Cramer, W., Bondeau, A., Woodward, F. I, Prentice, |. C., Betts,
Gruber, A., Susskind, J., Arkin, P., and Nelkin, E.: The version-2  R. A., Brovkin, V., Cox, P. M., Fisher, V., Foley, J. A., Friend,
Global Precipitation Climatology Project (GPCP) monthly pre- A, D., Kucharik, C., Lomas, M. R., Ramankutty, N., Sitch,
cipitation analysis (1979-present), J. Hydrometeor., 4, 1147— S, Smith, B., White, A., Young-Molling, C.: Global response
1167, 2003. of terrestrial ecosystem structure and function to CO2 and cli-
Avissar, R., da Silva, R. R., and Werth, D.: Implications of tropical mate change: Results from six dynamic global vegetation mod-
deforestation forregional and global hydroclimate, Ecosystems els, Global Change Biol., 7, 357—-373, 2001.
and Land Use Change, 153, 73-83, 2004. Davin, E. L. and Noblet-Ducoudre, N.: Climatic impact of global-
Bala, G., Caldeira, K., Mirin, A., Wickett, M., and Delire, C.: Direct scale deforestation: radiative versus nonradiative processes, J.
effects of CO2-fertilization on climate, Tellus, 58B, 620-627, Climate, 23, 97-112, 2010.
2006. Dekker, S. C., de Boer, H. J., Brovkin, V., Fraedrich, K., Wassen,
Bala, G., Caldeira, K., Wickett, M., Phillips, T. J., Lobell, D. B., M. J., and Rietkerk, M.: Biogeophysical feedbacks trigger shifts
Delire, C., and Mirin, A.: Combined climate and carbon-cycle  in the modeled vegetation-atmosphere system at multiple scales,
effects of large-scale deforestation. Proc. Natl. Acad. Sci. USA, Biogeosciences, 7, 1237-1245, 2010.
104(16), 6550-6555, 2007. Feddema, J., Oleson, K., Bonan, G., Mearns, L., Washington, W.,
Betts, R. A.: Biogeophysical impacts of land use on present-day Meehl, G., and Nychka, D.: A comparison of a GCM response to
climate: Near-surface temperature change and radiative forcing, historical anthropogenic land cover change and model sensitivity
Atmos. Sci. Lett., 2, 39-51, 2001. to uncertainty in present-day land cover representations, Clim.
Betts, A. K., Ball, J. H., Beljaars, A. C. M., Miller, M. J., and Dynam., 25, 581-609, 2005.
Viterbo, P. A.: The land surface-atmosphere interaction: A re-Findell, K. L., Pitman, A.J., Mathew, H.E., and Pegion, P. J.: Re-
view based on observational and global modeling perspectives, gional and global impacts of land cover change and sea surface

J. Geo. Res., 101(D3), 7209-7225, 1996. temperature anomalies, J. Clim., 22, 3248-3269, 2009.
Bonan, G.: Forests and climate change: forcings, feedbacks and theoley, J. A., Prentice, |. C., Ramankutty, N., Levis, S., Pollard, D.,
climate benefits of forests, Science, 320, 14441449, 2008. Sitch, S., and Haxeltine, A.: An integrated biosphere model of

Brovkin, V., Claussen, M., Petouknov, V., and Ganopolski, A.: On  |and surface processes, terrestrial carbon balance and vegetation
the stability of the atmosphere—vegetation system in the Sahara dynamics, Global Biogeochem. Cycles, 10, 603-628, 1996.
Sahel region, J. Geophys. Res., 103, 31613-31624, 1998.

www.biogeosciences.net/8/3677/2011/ Biogeosciences, 8, 368362011


http://dx.doi.org/10.1029/2009GL037543

3686 N. Devaraju et al.: A model investigation of vegetation-atmosphere interactions

Gibbard, S. G., Caldeira, K., Bala, G., Phillips, T. J., and Wickett, McGuire, A. D., Sitch, S., Clein, J. S., Dargaville, R., Esser, G., Fo-
M.: Climate effects of global land cover change, Geophys. Res. ley, J., Heimann, M., Joos, F., Kaplan, J., Kicklighter, D. W.,
Lett., 32, L23705d0i:10.1029/2005GL02455Q@005. Meier, R. A., Melillo, J. M., Moore, B., Prentice, |. C., Ra-

Govindasamy, B., Duffy, P. B., and Caldeira, K.: Land use changes mankutty, N., Reichenau, T., Schloss, A., Tian, H., Williams,
and Northern Hemisphere cooling, Geophys. Res. Lett., 28,291- L. J., and Wittenberg, U.: Carbon balance of the terrestrial
294, 2001. biosphere in the twentieth century: analyses of,C@limate

Kistler, R., Kalnay, E., Collins, W., Saha, S., White, G., Woollen,  and land use effects with four process-based ecosystem models,
J., Chelliah, M., Ebisuzaki, W., Kanamitsu, M., Kousky, V., van  Global Biogeochem. Cy., 15, 183-206, 2001.
den Dool, H., Jenne, R., and Fiorino, M.: The NCEP-NCAR 50 Monserud, R. A. and Leemans, R.: Comparing global vegetation
— year reanalysis: Monthly means CD-ROM and documentation, maps with the Kappa statistic, Ecol. Model., 62, 275-293, 1992.
B. Am. Meteor. Soc., 82, 247-267, 2001. Oyama, M. D. and Nobre, C. A.: A new climate-vegetation equi-

Kleidon, A., Fraedrich, K., and Low, C.: Multiple steady-states librium state for tropical South America, Geophys. Res. Lett.,
in the terrestrial atmosphere-biosphere system: a result of a 30(4), 2199, doi:10.1029/2003GL018600, 2003.
discrete vegetation classification?, Biogeosciences, 4, 707-714Running, S. W., Nemani, R. R., Heinsch, F. A., Zhao, M., Reeves,
doi:10.5194/bg-4-707-2002007. M., and Hashimoto, H.: A continuous satellite-derived measure

Kucharik, C. J., Foley, J. A., Delire, C., Fisher, V. A., Coe, M. T., of global terrestrial production, BioScience, 54, 547-560, 2004.
Lenters, J. D., Young-Molling, C., Ramankutty, N., Norman, J. Snyder, P. K., Foley, J. A, Hitchman, M. H., and Delire, C.: Ana-
M., and Gower, T.: Testing the performance of a dynamic global lyzing the effects of complete tropical forest removal on the re-
ecosystem model:Water balance, carbon balance, and vegetation gional climate using a detailed three dimensional energy budget:
structure, Global Biogeochem. Cy., 14(3), 795-825, 2000. An application to Africa, J. Geophys. Res. Atmos., 109, D21102,

Lawrence, P. J., Thomas, N., and Chase, T. N.: Investigating the cli- do0i:10.1029/2003JD004462004.
mate impacts of global land cover change in the community cli- Wang, G. and Eltahir, E. A. B.: Biosphere-atmosphere interactions
mate system model, Int. J. Climatol., 30(13), 2066—2087, 2010.  over West Africa. 2. Multiple climate equilibria, Q. J. Roy. Me-

Levis, S., Foley, J. A., Brovkin, V., Pollard, D.: On the stabil- teor. Soc., 126(565), 1261-1280, 2000.
ity of the high latitude climate-vegetation system in a coupled Zhongfeng, X., Gang, Z., and Congbin, F.: Global and Regional
atmosphere-biosphere model, Glob. Ecol. Biogeogr., 8, 489-500, Impacts of Vegetation on the Hydrological Cycle and Energy
1999. Budget as Represented by the Community Atmosphere Model

(CAM3), Atm. Oceanic Sci. Lett., 2(2), 85-90, 2009.
Zwiers, F. W. and von Storch, H.: Taking serial correlation into
account in tests of the mean, J. Climate, 8, 336—351, 1995.

Biogeosciences, 8, 3673686 2011 www.biogeosciences.net/8/3677/2011/


http://dx.doi.org/10.1029/2005GL024550
http://dx.doi.org/10.5194/bg-4-707-2007
http://dx.doi.org/10.1029/2003JD004462

