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Abstract Six Earth system models of intermediate com-
plexity that are able to simulate interaction between
atmosphere, ocean, and land surface, were forced with a

scenario of land cover changes during the lastmillennium.
In response to historical deforestation of about 18 mil-
lion sq km, themodels simulate a decrease in globalmean
annual temperature in the range of 0.13–0.25�C. The rate
of this cooling accelerated during the 19th century,
reached a maximum in the first half of the 20th century,
and declined at the end of the 20th century. This trend is
explained by temporal and spatial dynamics of land cover
changes, as the effect of deforestation on temperature is
less pronounced for tropical than for temperate regions,
and reforestation in the northern temperate areas during
the second part of the 20th century partly offset the
cooling trend. In most of the models, land cover changes
lead to a decline in annual land evapotranspiration, while
seasonal changes are rather equivocal because of spatial
shifts in convergence zones. In the future, reforestation
might be chosen as an option for the enhancement of
terrestrial carbon sequestration. Our study indicates that
biogeophysical mechanisms need to be accounted for in
the assessment of land management options for climate
change mitigation.

1 Introduction

Humankind affects the climate system in many ways,
particularly by modifying atmospheric gas composition
and by changing land surface properties. At present,
about one-third of global vegetation cover has being
modified by agricultural and forestry activities (Vito-
usek et al. 1997). Human-induced land cover changes
began probably as early as the middle Holocene, ca.
8,000 years ago, with development of slash-and-burn
agriculture (Ruddiman 2003). However, the magnitude
of land cover changes and their temporal dynamics on
large regional scales prior to 1700 A.D. are mostly
unknown. For the period after the year 1700, several
global-scale assemblages of land cover changes are
available on different spatial and temporal resolutions
(Houghton et al. 1983; Ramankutty and Foley 1999;
Klein Goldewijk 2001).
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Changes in land cover have affected the climate sys-
tem through emissions of greenhouse gases such as CO2

and CH4 (biogeochemical effects) and modification of
land surface albedo, evapotranspiration, and surface
roughness (biogeophysical effects). Biogeophysical
mechanisms of land cover changes on climate are quite
complex (Foley et al. 2003; Kabat et al. 2004); hydro-
logical and radiative effects on surface air temperature
often have opposite sign, and depend on season and
geographical location (Brovkin et al. 1999; Betts 2001).
Land cover changes affect not only regional, but also
global climate. Since land cover change is one of many
anthropogenic and natural forcings operating on global
scale, it is almost impossible to separate its effect on
observed climate changes from effects of other forcings.
Therefore, the main tool availble for evaluation of the
climatic effect of land cover changes is climate system
modelling.

Deforestation experiments with atmospheric general
circulation models reveal a cooling effect of boreal and
temperate deforestation due to albedo changes (see, e.g.,
Bonan et al. 1992; Bonan 1999) and a warming effect of
tropical deforestation due to reduction in latent heat flux
(e.g., Henderson-Sellers et al. 1993; Snyder et al. 2004).
Most land-cover sensitivity simulations with atmo-
spheric general circulation models (AGCMs) have been
carried out without interactive ocean models. This is a
considerable limitation, since the climate changes in-
duced by land cover changes are modified on annual to
decadal time scales by feedbacks with sea surface tem-
perature and sea ice (e.g., Delire et al. 2001), and on
decadal to centennial time scales, by feedbacks with
oceanic circulation. Because AGCMs are computation-
ally expensive, most deforestation simulations with
AGCMs have been performed to assess the equilibrium
response of the climate system to the forcing. A reaction
of the climate system on a dynamic land cover forcing,
however, is not an equilibrium response, but rather a
transient one, and as such it is important to incorporate
realistic land cover changes into multi-century transient
simulations of climate change.

An emerging class of Earth system models of inter-
mediate complexity (EMICs, see Claussen et al. 2002)
makes it possible to evaluate the transient response of
the climate system to different climate forcings on a
much longer time scale than is achievable with AGCMs.
Earth system models of intermediate complexity are
computationally efficient and are able to carry out sen-
sitivity simulations on centennial to millennial time
scales, while at the same time maintaining realistic
geography, and incorporating necessary components of
climate system such as the atmosphere, ocean, land
surface, and biosphere. Transient EMIC simulations
with historical land cover forcing by Brovkin et al.
(1999) suggested that the biogeophysical effect of his-
torical land cover changes helps to explain observed
changes in global temperature during the last 150 years.
In particular, the biogeophysical cooling might have
counterbalanced the warming effect of increasing

atmospheric concentration of greenhouse gases during
the second part of the 19th century when observations
show no significant trend in temperature (Crowley
2000). Simulations with EMICs driven by natural forc-
ings and deforestation during the last millennium per-
formed by Bertand et al. (2002) and Bauer et al. (2003)
highlighted the role of historical land cover changes in
combination with the effect of natural forcings such as
volcanic aerosols, and showed a good correspondence of
simulated NH temperatures with temperatures recon-
structed by Mann and Jones (2003). In another transient
EMIC simulation, Matthews et al. (2003, 2004) evalu-
ated the response of radiative and hydrological fluxes to
land cover changes and estimated the short-wave radi-
ative forcing resulting from land cover change to range
from �0.08 to �0.33 W m�2, in agreement with the
range of �0.2±0.2 W m�2 estimated by Hansen et al.
(1998). While AGCM simulations with prescribed ocean
SSTs by Kleidon et al. (2000) reveal little changes in
global temperature in response to complete deforesta-
tion or afforestation, Renssen et al. (2003) showed that
the non-linear response of ocean circulation to complete
deforestation can lead to a global cooling of 3�C. An-
other important aspect of land cover change is the
comparison of biogeophysical effects with the biogeo-
chemical effects of deforestation that result from CO2

emitted during land conversion (Betts 2000; Claussen
et al. 2002; Brovkin et al. 2004; Matthews et al. 2004). In
the present study we focus on biogeophysical effects
only.

Here, we go beyond previously performed sensitivity
simulations of the climate system to historical land cover
changes by:

1. for the first time, applying transient deforestation
experiments to models with explicit climate variabil-
ity;

2. comparing results of six models forced by consistent
scenarios of land cover changes;

3. analysing the response of the climate system in more
detail, including seasonal and latitudinal changes of
radiative and hydrological fluxes.

For consistency with previous publications, we com-
pare the effect of land cover change with effect of his-
torical CO2 forcing.

2 Methods

2.1 Models

The six models used in this study are: (1) CLIMBER-2
(CLIMBER hereafter, Petoukhov et al. 2000; Gano-
polski et al. 2001); (2) ECBILT-CLIO-VECODE
(Brovkin et al. 1997; Opsteegh et al. 1998; Goosse and
Fichefet 1999); (3) the KNMI model (Opsteegh et al.
1998); (4) the MIT model (Sokolov and Stone 1998); (5)
MOBIDIC (Gallée et al. 1991; Crucifix et al. 2002); and
(6) UVIC (Weaver et al. 2001; Matthews et al. 2004).
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Regarding the atmosphere, ECBILT-CLIO-VECODE
and KNMI models utilise 3-dimensional (3-D) quasi-
geostrophic AGCM, ECBILT; the CLIMBER and MIT
models use 2.5-D and 2-D statistical-dynamical atmo-
spheric models, respectively; MOBIDIC includes a 2-D
quasi-geostrophic model, and UVIC uses a 2-D energy-
moisture balance model. The atmospheric model is the
main source of explicit climate variability within EC-
BILT-CLIO-VECODE, KNMI, and MIT models. The
CLIMBER and MIT models simulate cloudiness
explicitly, and the other models apply cloudiness pre-
scribed from present-day observations. Regarding the
ocean, the ECBILT-CLIO-VECODE, MIT, and UVIC
models employ 3-D oceanic GCMs, CLIMBER and
MOBIDIC—zonally averaged basin models, and
KNMI—mixed-layer model. All EMICs include models
for sea-ice thermodynamics; CLIMBER, ECBILT-
CLIO-VECODE, MOBIDIC, and UVIC also simulate
sea ice dynamics. More details of the atmospheric and
oceanic components of the EMICs are given by Claussen
et al. (2001) and in the EMIP-CO2 intercomparison
study (see Petoukhov et al. 2005).

With respect to terrestrial vegetation cover, CLIM-
BER, ECBILT-CLIO-VECODE, and MOBIDIC in-
clude the dynamic vegetation model VECODE; MIT
model utilises vegetation cover of Matthews (1983);
KNMI model includes vegetation model from IM-
AGE2.2 (Alcamo et al. 1998; Leemans et al. 2002);
UVIC applies aggregated vegetation classes of DeFries
and Townshend (1994), with potential natural vegeta-
tion distributions for this study prescribed from Rama-
nkutty and Foley (1999). Some details of land surface
components important for land-cover sensitivity simu-
lations are summarised in Table 1. In particular, all
models include parameterisations for forest snow
masking (radiative effect I) and for a decrease in snow-
free albedo in the presence of trees (radiative effect II).
The radiative effect I is simulated in different ways. The

CLIMBER, MIT and UVIC models calculate an effec-
tive fraction of snow cover using snow and vegetation
masking depths, whereas the ECBILT-CLIO-VECODE,
KNMI, and MOBIDIC models reduce snow albedo in
the presence of trees or woody plant functional types.
Effectively, radiative effects I and II lead to an increase
in land surface albedo when forest is replaced by crop-
land (grassland). Some models simulate the effect of
vegetation cover on evapotranspiration via changes in
soil water bucket depth (MIT), leaf area index (CLIM-
BER), or surface drag coefficient (UVIC). The KNMI
model has the most advanced hydrological component
that includes a coupled photosynthesis-transpiration
scheme.

All models performed three transient simulations
(Table 2). In the HD simulation (historical deforesta-
tion), the land cover was changed in accordance with the
land cover scenario while atmospheric CO2 remained
fixed at a concentration of 280 ppmv. In the HC simu-
lation (historical CO2), atmospheric CO2 concentration
was changed while land cover forcing was not involved.
In simulation HDC (historical deforestation and CO2),
both land cover and CO2 were changed. In all simula-
tions, atmospheric, oceanic and sea-ice components of
the EMICs were interactive. Vegetation dynamics in
CLIMBER and MOBIDIC was switched off in order to
prevent secondary effects of land cover changes in re-
sponse to climatic change. Vegetation was interactive in
ECBILT-CLIO-VECODE but the effect of natural
vegetation dynamics on climate within this model was
negligible.

Since every simulation was conducted just once with
each model, the question may arise whether other real-
isations of the same simulations could lead to different
conclusions. For models without internal atmospheric
variability (CLIMBER, MOBIDIC, and UVIC), multi-
ple realisations are not necessary as the model response
is largely deterministic, so more simulations would give

Table 1 Effects of land cover changes on climate within the EMICs

CLIMBER ECBILT-CLIO-VECODE KNMI MIT MOBIDIC UVIC

Spatial resolution
of the land grid
(lat, lon)

10�·51� T21 (5.6�·5.6�) 5.6�·5.6� 4�·zonally
averaged

5�·two
continents

1.8�·3.6�

Forest masking
of snow cover
(radiative effect I)

Fs=f(Sd, Md);
f—hyperbolic
functiona

at=CÆasnow
b at=CÆasnow Fs=f (Sd, Md);

f—exponential
function

at=0.4,
ag�0.8,
depends
on asnow

Fs=f (Sd, Md)
f—linear
function

Snow-free albedo
of trees and grass
(radiative effect II)

at=0.11,
ag=0.17c

at=0.13,
ag=0.14–0.20

at=0.12–0.14d,
ag=0.17–0.20

at=0.12–0.17,
ag=0.16–0.20

at=0.12,
ag=0.19

at=0.11–0.13,
ag=0.17

Parameters that
modify effects of trees on
transpiration
(hydrological effect)

LAI, root depth – LAI, root depth,
photosynthesis

Soil field capacity – Surface drag

aFs effective fraction of snow, Sd snow depth, Md vegetation masking depth
bat trees albedo, C reduction factor, asnow snow albedo
at trees albedo, ag grass albedo, LAI leaf area index
Depending on the type of trees (grassland) and seasonal dynamics of the canopy
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the same answer. Regarding the models with explicit
variability (KNMI, MIT, and ECBILT-CLIO-VE-
CODE), we assume that their results were affected by the
variability but that the simulations were long enough to
reveal a clear trend in the climate system response to the
forcing, and refer to a recent analysis of uncertainty due
to multiple realisations conducted with ECBILT-CLIO-
VECODE (Goosse et al. 2005).

2.2 Forcings and initial conditions

For historical land cover changes we employ the frac-
tional cropland data set of Ramankutty and Foley
(1999) for the years 1700–1992. The time slice for the
final year (1992) is shown in Fig. 1a in geographically
explicit form and in Fig. 1b (upper panel) as zonally
averaged over the land. The temporal dynamics of

cropland area after 1700 is seen on Fig. 1c. The
Northern hemisphere (NH) extratropics experienced
rapid cropland expansion between 1850 and 1950 (par-
ticularly in North America and the Former Soviet Un-
ion), and cropland abandonment since then. The tropics
have experienced the greatest cropland expansion during
the 20th century, and it is continuing with increasing
rapidity today. Relatively little cropland expansion oc-
curred in the Southern hemisphere (SH) extratropics.
Timing of land cover changes prior to 1700 is highly
uncertain. For simplicity, a linear interpolation of data
is used for years 1000–1700 assuming no cropland in
year 1000.

The R&F data are aggregated to the spatial resolu-
tion of the models. Changes in cropland area are inter-
preted as changes in tree area, although, in general,
deforestation and increase in crop fraction are not the
same. For example, the latter might be due to conversion

Table 2 Simulations acronyms

Acronym Simulation Land cover forcing CO2 forcing

HD Historical deforestation (land cover changes), 1000–1992 Yesa No
HC Historical CO2 changes, 1800–1992 No Yesb

HDC Historical deforestation (1000–1992) and CO2 changes (1800–1992) Yes Yes

aTrees are replaced with crops in accordance with R&F data for 1700–1992 in all models except KNMI that use HYDE dataset
bAtmospheric CO2 concentration is fixed to 280 ppmv till year 1800. For years 1800–1992, CO2 is prescribed to the filtered Siple station ice
core data and Mauna Loa observations (Fig. 1d)

Fig. 1 Forcings used in the simulation. Cropland map in year 1992, R&F. b Zonal distribution of changes in tree cover within theamodels
from year 1000 to 1992 (low panel) versus cropland fraction of R&F for year 1992 (top panel). For the KNMI model, the changes are from
1700 to 1992. c Changes in global crop area, million km2, years 1700–1992, R&F. d CO2 dynamics
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of grassland, as happened in the Great Plains region of
the USA. Nevertheless, the historical increase in crop
area is approximately equal to the decrease in forest area
on the global scale (Ramankutty and Foley 1999), al-
though on the regional scale the differences between
changes in forest and cropland fractional area could be
quite substantial.

Each model, with the exception of KNMI, begins
with a natural vegetation cover. The CLIMBER, EC-
BILT-CLIO-VECODE, and MOBIDIC models simu-
late vegetation cover in equilibrium with the pre-
industrial climate, whereas the UVIC and MIT models
use potential vegetation datasets. This difference in ini-
tial conditions affects the land cover forcing within the
models. For example, if the tree fraction at the beginning
of a simulation is lower than crop fraction at the end for
a grid cell, than the tree fraction is prescribed to zero (or
to minimum tree fraction) after the given year. This, as
well as a differences in spatial resolution (see Table 1),
explains why changes in forest (tree) cover simulated at
the year 1992 (Fig. 1b, bottom panel) differ among the
models.

Simulations with the KNMI model begin in the year
1700 from the vegetation cover generated by the IM-
AGE model for this year. Historical land cover changes
used within the IMAGE model are based on the HYDE
dataset (Klein Goldewijk 2001). While this dataset dif-
fers from the R&F dataset, it is based on similar sources
of information about land cover changes in the past.
Applications of both datasets for the CLIMBER model
revealed similar dynamics of tree fraction during yrs

1700–1990 (Brovkin et al. 2004). Since about one-third
of land cover changes occurred prior to 1700, the dif-
ferences in tree area changes between the KNMI (for
which changes are from 1700 to 1992) and the other
models (changes are from 1000 to 1992) may be ex-
plained by the differences in initial states (Fig. 1b).

Atmospheric CO2 concentration in simulations HC
and HDC is fixed at a constant level of 280 ppmv during
the years 1000–1800. The trend of CO2 for the period
1800–1992 is taken from Neftel et al. (1994) and Keeling
and Whorf (2005), and is shown in Fig. 1d. In all
models, initial conditions are taken from pre-industrial
equilibrium simulations using present-day orbital forc-
ing and insolation, absence of volcanic eruptions and
land cover changes (except KNMI), and an atmospheric
CO2 level of 280 ppmv.

3 Results

3.1 Transient response of the Northern hemisphere
temperature in the HD simulation

During the last millennium, land areas in the NH have
been deforested to a much larger extent than in the
south. In addition, the NH contains more landmasses
that respond to external climatic forcings (e.g., changes
in insolation or CO2 concentration) more rapidly than
does the thermally inert ocean (IPCC 2001). Conse-
quently, the effect of land cover changes on climate is
more pronounced in the NH. In response to the his-

Table 3 Changes in annual mean global and NH surface air temperature during the last decade of simulation (1983–1992) relative to the
pre-industrial equilibrium, �C

Model DTHD DTHC DTHDC DTHDC– (DTHD+DTHC)

CLIMBER �0.24/�0.31a 0.52/0.58 0.29/0.25 0.01/�0.02
ECBILT-CLIO-VECODE �0.13/�0.23 0.27/0.36 0.17/0.14 0.03/�0.01
MIT �0.14/�0.19 0.42/0.51 0.37/0.35 0.09/0.03
MOBIDIC �0.25/�0.36 0.34/0.4 0.10/0.05 0.01/0.01
UVIC �0.17/�0.23 0.62/0.68 0.46/0.47 0.01/0.02

aGlobal/northern hemisphere

-0.4

-0.2

0

0.2

0.4

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Year AD

° C

ECBILT-CLIO-VECODE
MIT
KNMI
MOBIDIC
CLIMBER
UVIC

Fig. 2 Changes in mean annual
surface air temperature (�C) for
NH, 20 years moving average,
simulation HD
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torical land cover changes, all the models simulate a
decline in the NH mean annual temperature of between
0.19 and 0.36�C at the end of the simulation relative to
pre-industrial (Table 3). Among the models, MOBIDIC
and CLIMBER show the strongest cooling (0.36 and
0.31�C, respectively), while the temperature decrease
within the MIT model is the weakest (0.19�C). Cooling
within UVIC and ECBILT-CLIO-VECODE models
(0.23�C) as well as KNMI model (0.26�C) is close to the
average response of the six models of 0.26�C. Since the
ECBILT-CLIO-VECODE, KNMI, and MIT models
possess internal climate variability, averaging of the re-
sults over the last 10 years might not be fully represen-
tative of the trend. However, the general cooling
tendency for these models is clearly seen in Fig. 2. The
rate of this cooling accelerates during the 19th century,
reaches a maximum in the first part of the 20th century,
and declines at the end of the 20th century. The trend is
explained by the temporal and spatial dynamics of the
land cover changes, as the effect of deforestation on
temperature is less pronounced for tropics than for
temperate regions, and reforestation in northern tem-
perate areas during the second part of the 20th century
partly offsets the cooling trend. Indeed, cropland
expansion in some parts of the NH extratropics and the

tropical regions were rapid during the first half of the
20th century (Fig. 1c). However, in the second half of
the 20th century, while croplands expanded further in
the tropics, they were abandoned in some parts of the
NH extratropics (eastern North America, Europe, and
China) and replaced by regrowing forests.

3.2 Effects of historical land cover changes on zonal and
seasonal temperature and albedo

The cooling effect of land cover changes on NH tem-
perature increases monotonically with time in the mod-
els without internal climatic variability, and fluctuates in
the models with explicit climatic variability (Fig. 2). To
evaluate the effect of land cover changes on seasonal and
latitudinal temperature, we analyse a difference between
the last decade of simulations (1983–1992) and the initial
state (that corresponds to the natural vegetation cover in
year 1000 for all models except KNMI which began
from an initial state equilibrated with vegetation cover
as of year 1700) assuming this is representative for
models with explicit climatic variability. The effect of
land cover changes on zonally averaged air surface
temperature is shown on Fig. 3. In the annual average,
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Fig. 3 Zonally averaged changes in surface air temperature (�C) for different seasons, simulation HD, difference between final and initial
10-year average. a Annual; b December–February; c March–May; d June–August
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all models show a substantial cooling in the northern
extratropics (above 40�N) of between 0.2 and 0.5�C, and
one model, MOBIDIC, shows a cooling of up to 1�C at
50�N (Fig. 3a). A decrease in temperature to the north
of the deforested areas (above 60�N) is not due to direct
forcing but rather because of changes in SSTs and sea ice
cover.

The response in the tropical regions and in the SH is
less significant. This is explained by the geographical
distribution of the forcing and the much larger land
masses in the NH relative to the SH. For example, the
maximum land cover forcing in the SH around 40 s
(Fig. 1b) has no effect on zonally averaged temperature
since the land fraction in this latitude is negligible. In the
tropical regions, the MIT model and ECBILT-CLIO-
VECODE show no changes in temperature while the
other models simulate a cooling of about 0.2�C. Similar
model differences in the tropics are seen for seasonal
temperatures as well (see Fig. 3b–d). Let us note that
response of the ECBILT-CLIO-VECODE model in the
tropics to external forcings is usually quite weak (see,
e.g., Petoukhov et al. 2005).

During the northern spring (MAM, Fig. 3c), the ef-
fect of land cover changes is most pronounced in all the
models in the high northern latitudes with cooling
reaching 1.4, 1.1, and 1.0�C in the MOBIDIC, MIT, and

ECBILT-CLIO-VECODE models, respectively. The
other models show response between 0.5 and 0.7�C.
During June–August, the cooling is significant but not as
substantial as during March–May (Fig. 3d). A cooling
in the southern high latitudes is mostly explained by an
increase in sea ice in the Southern ocean.

The significant cooling in the northern high latitudes
is explained mostly by changes in land surface albedo
due to the snow-masking effect of forests (Fig. 4).
Around 50�N, annually averaged albedo has been in-
creased by 0.05–0.06 in CLIMBER and MOBIDIC
models, and by about 0.02 in the other models (Fig. 4a).
The strong increase in the albedo of CLIMBER and
MOBIDIC corresponds to a strong deforestation in this
region (about 25–30% of land, see Fig. 1b). The lower
surface albedo change simulated by UVIC is likely a
direct consequence of the differences in cropland forcing
evident in Fig. 1b, though differences in the model pa-
rameterisations of surface albedo also contribute to the
spread in surface albedo changes between the six models.
During December–February the increase in surface al-
bedo is rather high and approaches 0.07, 0.09, and 0.10
in MIT, MOBIDIC, and CLIMBER models, respec-
tively (Fig. 4b). Since the amount of incoming solar
radiation during the winter season is quite small, this
albedo change has only a moderate effect on tempera-
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ture (see Fig. 3b). During March–May (the snow
thawing season), the increase in the albedo in the
northern high latitudes is very pronounced (Fig. 4c).
The albedo changes become small during the summer
season since the deforested areas are snow free and
radiative effect I (snow-masking of forest) is absent
(Fig. 4d). Radiative effect II (higher albedo of grassland
relative to forests in the absence of snow) results in a
land albedo increase of about 0.01.

Changes in planetary albedo (Fig. 5) reflect changes
in surface albedo and cloud cover (two models—MIT
and CLIMBER—explicitly simulate interactive cloud
cover while the others do not). Annually averaged
changes in the albedo are well below 0.01 in all regions
except at latitudes around 50�N, where the signal is
stronger, especially in the CLIMBER and MOBIDIC
models. The wave-like pattern in the changes in plane-
tary albedo simulated by the MIT model is associated
with changes in cloud cover, which, in turn, are caused
by small changes in position and intensity of the Hadley
circulation cell. A similar pattern is present in the tran-
sient response of the MIT model to the CO2 increase,
although it is almost invisible in the equilibrium re-

sponse of the model to the CO2 forcing (Petoukhov et al.
2005).

3.3 Effects of historical land cover changes on zonal
outgoing long-wave radiation and evapotranspiration
(evaporation)

In response to the land cover changes, outgoing long-
wave radiation (OLWR) decreases by up to 0.6 W m�2

in the annual mean. This decrease is most pronounced in
the NH (Fig. 6a); CLIMBER in particular shows a
stronger reduction in OLWR than do the other models.
The reduction is mostly explained by a decrease in the
surface air temperature (Fig. 3a). The MIT model again
shows a wavy response which is most pronounced dur-
ing the spring season (Fig. 6b). The other high-resolu-
tion models (ECBILT-CLIO-VECODE and KNMI) do
not demonstrate this spatial variability, presumably due
to prescribed cloudiness.

In most cases, trees have higher transpiration than
herbaceous plants due to their higher leaf area index and
deeper roots, which transport water from the deep soil
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layers. This hydrological mechanism is build into several
EMICs (CLIMBER, MIT, and KNMI—see Table 1). In
the UVIC model, evaporation is parameterised based on
surface roughness and the larger roughness length
associated with trees also results in higher evapotrans-
piration in forested areas. Evaporation over land is also
controlled by changes in hydrological cycle, on the first
order by changes in precipitation and temperature: de-
crease in either of these factors leads to reduced evap-
oration. This is the main mechanism behind the effect of
deforestation on evaporation in the ECBILT-CLIO-
VECODE, UVIC, and MOBIDIC models, which do not
simulate transpiration processes. In general, one can
expect that in response to deforestation and simulated
cooling, the models would simulate a decrease in
evapotranspiration. Indeed, in response to reduced tree
(forest) cover, four out of the six models simulate a
reduction in annually averaged evapotranspiration over
land (Fig. 7a). During the northern summer, changes in
evapotranspiration are highly varied between models
(Fig. 7b). During this season, the amplitude of changes
is stronger than in the annual average since the hydro-
logical cycle is most affected by vegetation growth dur-
ing the summer growing season. The ECBILT-CLIO-
VECODE and MOBIDIC models show a substantial
increase in evaporation in temperate northern latitudes,
whereas the MIT model reveals some increase in
evapotranspiration in the tropics that is counterbalanced
by strong reduction in the northern subtropics. While
the wavy tropical pattern in the MIT model is in line
with the simulated shift in the Hadley circulation cell,
changes in ECBILT-CLIO-VECODE and MOBIDIC
are driven by changes in temperature and precipitation.
For example, increased evaporation between 30 and
60�N in ECBILT-CLIO-VECODE is due to simulta-
neous decrease in temperature and increase in precipi-
tation over the Asian coast and Far East. In this region,
summer evaporation within the model is limited by the
lack of available water in the soil bucket. As precipita-
tion increases, there is more water available for evapo-

ration in the soil and evaporation can increase even if
temperature decreases. In MOBIDIC, the increase in
summer evaporation around 50�N is associated with
increased precipitation over the continents. Models that
do not explicitly simulate the seasonal cycle of vegeta-
tion growth, like the UVIC model, show lower seasonal
variability in modelled evapotranspiration changes.

3.4 Effects of land cover and CO2 forcings on global
temperature and precipitation

Since more than half of the global land cover changes
has occurred since the industrial revolution, it is
important to compare the effects of historical land cover
with the effects of CO2 increases. We analyse results
from five of the presented EMICs (the KNMI model was
excluded because the version with mixed layer ocean
used in the present study has an unrealistically high CO2

sensitivity). A comparison with observed temperature
changes is not included here since several historical
forcings (insolation, volcanism, non-CO2 greenhouse
gases, and aerosols) are not accounted for.

In response to land cover changes only (HD), global
temperature is decreased by 0.13–0.25�C (Table 3);
cooling within the KNMI model, 0.17�C, falls within
this range. Simulated transient changes in global tem-
perature (Fig. 8a) qualitatively follow those for the
Northern hemisphere (Fig. 2) while the quantitative re-
sponse of the Northern hemisphere is stronger (see dis-
cussion in the Sect. 3.1). All the models simulate a
decrease in global precipitation, albeit quite small
(Fig. 8b); CLIMBER shows the strongest reduction in
precipitation in particular due to the inclusion of inter-
active cloud cover.

In response to CO2 forcing only (HC), all models
demonstrate a similar trend of global temperature in-
crease. However, the magnitude of the increase differs
among the models with ECBILT-CLIO-VECODE sim-
ulating the smallest temperature increase (0.36�C) and
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the UVIC model simulating the largest (0.68�C) (Fig. 8c,
see more details in EMIP-CO2 intercomparison study by
Petoukhov et al. (2005). In the HC simulation, the glo-
bal hydrological cycle is enhanced in all models and
precipitation increases with CLIMBER showing a re-
sponse almost two times stronger than in the other
models (Fig. 8d). Despite substantial differences among
the models, they all fall within the scatter of precipita-
tion to temperature changes of the AMIP GCMs driven
by 2 times CO2 forcing (see Fig. 7 in Petoukhov et al.
2005).

In response to the combination of land cover and
CO2 forcings in simulation HDC, all models show an

increase in temperature at the end of the simulation
(Fig. 8e). The models reveal a temperature minimum in
the first half of the 19th century associated with the
onset of CO2 forcing which begins to offset the defor-
estation forcing after the year 1800 (Fig. 8e). In the 20th
century, the CO2-induced warming dominates over the
cooling associated with land-cover changes. The same
qualitative pattern also holds for precipitation (Fig. 8f).

In models without internal climatic variability
(CLIMBER, MOBIDIC, and UVIC) the sum of global
temperature changes in HD and HC simulations is very
close to the temperature changes in the HDC simulation
(see Table 3). This indicates a linear additivity of model
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forcings at the global scale, though non-linearities are
present on regional scales. The MIT model and EC-
BILT-CLIO-VECODE model show some non-linearity
at the global scale (the effect of combined forcing is
stronger than the sum of effects of each forcing). For
example, for the MIT model DTHDC=0.37�C while
DTHD+DTHC=0.28�C (Table 3); the difference is
mainly caused by discontinuity in the sea ice changes in
the SH (see Fig. 6f in Petoukhov et al. 2005). Also, both
models posses internal climate variability that could be
responsible for this non-additive response as well.

4 Discussion

In the HD simulation, the EMICs reveal a biogeo-
physical cooling of 0.13–0.25�C at the global scale (Ta-
ble 3). This range is within the range of cooling reported
by previous studies (Table 4). As noted in the intro-
duction, most previous AGCM experiments with land
cover changes have been performed in equilibrium sim-
ulations with prescribed SSTs and sea ice; this fixes the
mean climate state and severely limits the global tem-
perature response. The advantage of using AGCMs is
the ability to simulate high-resolution atmospheric
dynamics like planetary waves. Simulations with the

NCAR model (Chase et al. 2000; Pitman and Zhao
2000; Zhao and Pitman 2002) suggest that teleconnec-
tions associated with wave dynamics may offset the di-
rect effect of albedo changes and result in a pronounced
warming in northern temperate and high latitudes that
leads to a global warming of 0.05–0.06�C. However,
experiments with the HadCM model reveal prevailing
cooling effect of 0.02�C on the global scale (Betts 2001).

In comparison with GCMs, the EMICs presented
here have simplified parameterisations and often coarse
resolution, but they are capable of being run in multi-
centennial experiments with all the important compo-
nents (atmosphere, land, and ocean) interacting with
each other. Due to this interaction, the direct effect of
land cover changes is amplified by positive feedbacks, in
particular those involving sea-ice and water vapour.
Four out of six models use prescribed cloud cover and
therefore do not simulate cloud feedback, which, while
being highly uncertain, is positive in most of the AG-
CMs (Colman 2003). In the absence of the cloud feed-
back, the climate response is likely to be underestimated
in the HC simulation, but the effect in the HD simula-
tion is not as clear. Most AGCMs simulate increases in
cloud cover in response to surface cooling which de-
creases the impact of changes in surface albedo on net
radiative fluxes at the top of the atmosphere. This would

Table 4 Biogeophysical response of climate system to land cover changes

Publication Model Land cover dataset Ocean
mode

Time frame Global SAT
changes, �C

Main features

Historical land cover changes
Brovkin et al.
(1999)

CLIMBER HGT (1983) Dynamic 1000–1990 �0.35 Strong cooling
in spring

Betts (2001) HadAM3 (Wilson and
Henderson-Sellers 1985)

Fixed Preindust-rial,
1990s

�0.02 Winter cooling,
summer warming

Chase et al. (2000) NCAR CCM3 BATS,
(Nemani et al. 1996)

Fixed Preindust-rial,
1990s

0.05 (DJF) Winter warming

Pitman and
Zhao (2001);
Zhao and
Pitman (2002)

NCAR CCM3 BATS,
(Nemani et al. 1996)

Mixed layer Preindust-rial,
1990s

0.06 Warming in high
northern latitudes

Feddema et al.
(2005)

DOE-PCM IMAGE 2.2 Dynamic Preindust-rial,
1990s

�0.39 Strong cooling within
deforested regions
in mid-latitudes

Bertrand et al.
(2002)

MOBIDIC HGT (1983) Dynamic 1000–2000 �0.11 Vegetation changes
allows to reinforce
the Little Ice
Age period

Matthews et al.
(2004)

UVIC R&F, HYDE Dynamic 1700–1992 �0.06 to �0.22 Global cooling
sensitive to the land
dataset and cropland
albedo

Brovkin et al.
(2004)

CLIMBER R&F, HYDE Dynamic 1000–2000 �0.26 (R&F),
�0.27(HYDE)

Strong cooling in spring,
weak cooling in summer

This study 6 EMICs R&F Dynamic 1000–1992 �0.13 to �0.25 Cooling, especially strong
in temperate northern
latitudes

Future land cover changes
De Fries et al.
(2002)

CSU GCM + Sib2 IPCC SRES B
(RIVM)

Fixed 2000, 2050 0.1 (DJF),
�0.6 (JJA)a

Warming in tropics

Sitch et al. (2005) CLIMBER2-LPJ IPCC SRES A2,
B1 (RIVM)

Dynamic 1990–2100 �0.15 (A2),
0.05 (B1)

Cooling for A2,
warming for B1

aAverage over the land
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reduce forcing due to deforestation, although the signal
may vary geographically and seasonally. On average,
EMICs used in this study show somewhat stronger
global response to the land cover forcing than do the
GCMs. The spread in the EMICs’ response presented in
previously published sensitivity simulations (�0.06 to
�0.35�C, see Table 4) is likely caused by different model
parameterisations as well as by different reconstruction
of land cover changes.

The biogeophysical cooling reported here could be
directly expressed in the radiative forcing terms. For
ECBILT-CLIO-VECODE, a decrease in radiative forc-
ing in response to R&F land cover changes amounts to
0.14 and 0.20 W m�2 for the periods 1700–1992 and
1000–1992, respectively, as estimated from simulations
carried out by Goosse et al. (2005). For the MIT model,
an approach based on changes in short-wave radiation
at the top of the atmosphere reveals a decrease in radi-
ative forcing in the HD simulation by 0.35 W m�2 for
the years 1000–1992. For CLIMBER-2, changes in
radiative forcing due to R&F land cover changes be-
tween 1000 and 1992 have been estimated to be
�0.5 W m�2 (Sitch et al. 2005). For the MIT and
CLIMBER-2 models, changes in radiative forcing are
slightly modified due to effect of interactive cloudiness.
Matthews et al. (2004) estimated the radiative forcing in
the UVic model as �0.2 W m�2 using the R&F dataset.
This estimate is well within the range of Myhre and
Myhre (2003), who estimated a range of �0.29 to �0.02
for the R&F dataset, using a high-resolution radiative
transfer model and three albedo datasets. Myhre and
Myhre (2003) also reported a radiative forcing range
from �0.66 to 0.1 W m�2 for different versions of the
HYDE dataset. While CLIMBER-2 simulations reveal
almost no difference in biogeophysical effects between
the R&F and HYDE datasets (Brovkin et al. 2004), in
the UVic model, radiative forcing was calculated at
�0.28 W m�2 when the HYDE dataset was used, com-
pared to �0.2 W m�2 for R&F. We suppose that the
differences among the EMIC and GCM estimates are
caused by: (a) different parameterisation of the vegeta-
tion influence on land surface albedo; (b) different ap-
proaches for estimation of radiative forcings in EMIC
simulations since, in some cases, feedbacks were not
switched off (like interactive cloudiness within CLIM-
BER-2 and MIT models).

A cooling in the tropical region in the HD simulation
by up to 0.2�C, at a first glance, contradicts results of
AGCM simulations and observations, which show
pronounced temperature increase over deforested trop-
ical land due to the decreased ratio of latent to sensible
heat fluxes (Henderson-Sellers et al. 1993; Snyder et al.
2004). However, most of the AGCM simulations were
conducted with prescribed SSTs, which modify the glo-
bal response considerably. Prescribed SSTs neglect the
water vapour feedback over the sea surface and may
reverse the sign of zonally averaged temperature changes
in the tropics (Ganopolski et al. 2001). In the AGCM
simulation with interactive mixed layer ocean by Zhang

et al. (2001) zonally averaged surface air temperature in
the tropics declined by up to 0.2�C in response to
tropical deforestation. Studying the response of a cou-
pled atmosphere-ocean GCM to historical land cover
changes, Feddema et al. (2005) have found a decrease in
zonally averaged surface air temperature in the tropics
by 0.2�C, in line with EMIC simulations. Besides,
deforestation in tropical regions in the HD simulation is
rather minor relative to the temperate and boreal
deforestation (Fig. 1b). There is apparent consensus
between EMICs and GCMs that deforestation in the
snow covered regions leads to a decrease in annually
averaged temperature. For example, Feddema et al.
(2005) showed stronger cooling in the northern mid-
latitudes than in the tropics, especially over the land, and
maximum cooling of 1�C over the Arctic.

In the design of the HD simulation we have inter-
preted cropland changes as changes in forest cover.
While this approach is valid on a global scale, patterns
of deforestation and cropland differ on a regional scale.
This leads in particular to underestimation of recent
deforestation in the tropical regions. This limitation of
our study is caused by an absence of a global dataset of
historical land cover changes highly resolved in time and
space. The global synthesis of land cover changes in the
past is also a missing key to testing hypotheses of the
human influence on climate through land cover changes
(e.g., Ruddiman 2003).

In the future, the biogeophysical effects of land cover
changes will likely be different from what has occurred
historically because of different spatial patterns of land
use. Most areas that have been deforested in the past are
located in the northern temperate latitudes, while in the
future most of forest conversion to cropland is projected
to be in the tropics. Simulations with the CSU GCM
model coupled to the SiB2 biosphere model in response
to the IPCC land-cover scenario SRES B revealed a
warming over tropical regions due to land clearing and
some cooling in the areas not affected by land conver-
sion (DeFries et al. 2002). CLIMBER simulations with
IPCC SRES scenarios suggest that future land cover
scenarios may lead to biogeophysical warming as well as
cooling depending on the scenario of land cover changes
(Sitch et al. 2005), see Table 4. Since the biogeophysical
effect of land cover changes might be comparable to
biogeochemical effect of CO2 emissions due to defores-
tation (Brovkin et al. 2004; Matthews et al. 2004), they
both need to be accounted for during assessments of
CO2 mitigation options which include land conversion.

5 Conclusions

Learning lessons from the past is crucially important in
order to provide a solid basis for projections of future
climate change. Our study demonstrates that anthro-
pogenic change in land cover has been a substantial
climate forcing during the last several centuries. Forced
by a consistent scenario of historical land cover changes,
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six EMIC models reveal a biogeophysical cooling effect
within a range of 0.13–0.25�C on a global scale. This
effect is comparable with a greenhouse effect of CO2

released during land conversion (Brovkin et al. 2004;
Matthews et al. 2004).

In the future, land conversion may occur for reasons
that are different from the causes of historical land cover
changes. In particular, reforestation might be chosen as
an option for the enhancement of terrestrial carbon
sequestration. Our results indicate that biogeophysical
mechanisms need to be accounted for in the assessment
of land management options for climate change miti-
gation, as well as in the studies of detection and attri-
bution of climate change, which usually neglect these
effects of land cover change. In further analysis of effect
of land cover changes on climate, the challenge will be to
apply models of different complexity in complementary
ways, exploiting both the computational efficiency of the
EMICs and the state-of-the-art sophistication of GCMs.
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