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Abstract. Climate–vegetation feedback has the potential to
significantly contribute to climate change, but little is known
about its range of uncertainties. Here, using an Earth sys-
tem model of intermediate complexity we address possible
uncertainties in the strength of the biogeophysical climate–
vegetation feedback using a single-model multi-physics en-
semble. Equilibrium experiments with halving (140 ppm)
and doubling (560 ppm) of CO2 give a contribution of the
vegetation–climate feedback to global temperature change
in the range−0.3 to −0.1◦C and−0.1 to 0.2◦C, respec-
tively. There is an asymmetry between warming and cool-
ing, with a larger, positive vegetation–climate feedback in the
lower CO2 climate. Hotspots of climate–vegetation feedback
are the boreal zone, the Amazon rainforest and the Sahara.
Albedo parameterization is the dominant source of uncer-
tainty in the subtropics and at high northern latitudes, while
uncertainties in evapotranspiration are more relevant in the
tropics. We analyse the separate impact of changes in stom-
atal conductance, leaf area index and vegetation dynamics on
climate and we find that different processes are dominant in
lower and higher CO2 worlds. The reduction in stomatal con-
ductance gives the main contribution to temperature increase
for a doubling of CO2, while dynamic vegetation is the dom-
inant process in the CO2 halving experiments. Globally the
climate–vegetation feedback is rather small compared to the
sum of the fast climate feedbacks. However, it is comparable
to the amplitude of the fast feedbacks at high northern lati-
tudes where it can contribute considerably to polar amplifi-
cation. The uncertainties in the climate–vegetation feedback
are comparable to the multi-model spread of the fast climate
feedbacks.

1 Introduction

Vegetation distribution is controlled by climate, predom-
inantly by temperature and precipitation (e.g.Holdridge,
1947; Köppen, 1936; Prentice et al., 1992). Vegetation struc-
ture is also influenced by the atmospheric CO2 concentration,
which affects photosynthesis and consequently the allocation
of carbon to the different biomass pools. This can result in
changes in physically relevant characteristics of the vegeta-
tion, such as the leaf area index (LAI) (e.g.McCarthy et al.,
2007; Norby et al., 2005; Woodward, 1990). Increased CO2
concentration has been shown to reduce stomatal conduc-
tance and thus lower evapotranspiration (e.g.Medlyn et al.,
2001). The opposite effect has been observed for a CO2 de-
crease (e.g.Brodribb et al., 2009).

Vegetation in turn influences climate through various
physical and biochemical processes. On the one hand,
changes in vegetation affect the fluxes of sensible and la-
tent heat from the surface to the atmosphere, the amount
of short-wave radiation absorbed by the surface and the ex-
change of momentum between the land surface and the air
(e.g.Brovkin et al., 2009; Kleidon et al., 2000; Bala et al.,
2007). On the other hand, vegetation changes are accompa-
nied by changes in the vegetation and soil carbon content,
which are associated with changes in surface–air fluxes of
CO2 and can alter the concentration of CO2 in the atmo-
sphere (e.g.Arneth et al., 2010; Cox et al., 2000; Friedling-
stein et al., 2006; Schimel, 1995). The first kind of processes
is referred to as biogeophysical, the second kind as biogeo-
chemical. As a result of these interactions with climate, vege-
tation has the potential to amplify or dampen climate change
and thus act as a positive or negative feedback on climate. In
this study we focus only on the impact of vegetation on the
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18 M. Willeit et al.: Asymmetry and uncertainties in climate–vegetation feedback

biogeophysical land surface–atmosphere processes and in the
following when we refer to climate–vegetation feedback, we
mean exclusively the biogeophysical part.

The sign and strength of the biogeophysical climate–
vegetation feedback is the result of the combination of
changes in different surface–atmosphere fluxes (i.e. of en-
ergy, water and momentum) which affect near-surface air
temperature, possibly in opposite directions. The net effect
of vegetation changes on climate will depend on the rela-
tive contribution of the single factors and will in general be
a function of geographic location and time of the year (e.g.
Bala et al., 2007).

Changes in CO2 affect vegetation through its effect on
plant physiology. Under higher CO2, stomatal conductance is
expected to decrease because plants open stomata less widely
causing a reduction in the water vapour flux from the leaf in-
terior to the surrounding air. This is confirmed both by free
air CO2-enrichment experiments and by modelling studies
(e.g.Ainsworth and Rogers, 2007; Betts et al., 1997; Medlyn
et al., 2001; Sellers et al., 1996), which suggest a reduction
of stomatal conductance by around 20 % for a doubling of
CO2. The pure physiological effect of CO2 on stomatal con-
ductance in models has been shown to cause a decrease in
evapotranspiration over land and consequently a global land
surface warming of 0.2–0.5◦C (Betts et al., 1997; Boucher
et al., 2008; Cao et al., 2010; Sellers et al., 1996). Reduction
in stomatal conductance has caused a runoff increase during
the last century (Gedney et al., 2006) and is projected to con-
tinue to do so into the future (Betts et al., 2007).

In a higher CO2 world, photosynthesis by plants is ex-
pected to increase (even without climate change) if water and
nutrients are not limiting (e.g.Ainsworth and Rogers, 2007;
Owensby et al., 1999). Via this so-called CO2 fertilisation ef-
fect, plants assimilate more carbon and are more productive
if atmospheric CO2 is higher. This will cause an increase in
the LAI, which lowers surface albedo and increases evap-
otranspiration (e.g.Betts et al., 2000, 1997; Bonan et al.,
1992). Higher CO2 concentrations promote water-use effi-
ciency of plants as the land biosphere can take up more CO2
per unit of water loss. This mechanism would tend to favour
forests over grasslands, because more biomass can be pro-
duced per unit water used. However, nutrients, particularly
nitrogen, could be a strong limiting factor for CO2 fertilisa-
tion (Reich et al., 2006; Vitousek and Howarth, 1991). Betts
et al.(1997) showed that structural changes in vegetation, in
particular increased LAI, could offset the warming caused by
the reduced stomatal conductance.

Additional impacts of vegetation on climate come from
changes in vegetation cover. The most studied aspect of it is
the so-called “taiga–tundra” feedback. In northern high lat-
itudes the extent of forest is limited mainly by temperature.
As projected by climate models, temperature will increase in
a higher CO2 world with an amplification of the warming in
high latitudes. There is a general agreement between mod-
els that this temperature increase will allow taiga forest to

expand northward and replace part of the tundra (Bala et al.,
2006; Falloon et al., 2012; Levis et al., 1999; O’ishi and Abe-
Ouchi, 2009; Port et al., 2012). On the one hand, the shift
from tundra to forest significantly decreases surface albedo,
especially in the presence of snow, causing surface air tem-
peratures to rise due to the increased amount of absorbed so-
lar radiation. On the other hand, the expansion of forests will
also increase the evapotranspiration in these regions, result-
ing in an increase in latent heat flux, which cools the surface
directly through evaporative cooling and indirectly through
changes in cloud cover. The increase in roughness length will
increase both latent and sensible heat fluxes through an in-
crease in the drag coefficient for turbulent fluxes, assuming
fixed atmospheric conditions (e.g.Garratt, 1977).

Different models generally agree on a positive vegetation–
climate feedback in high northern latitudes where, for a CO2
doubling, the decrease in albedo dominates over the increase
in evapotranspiration resulting in a net annual warming due
to northward forest expansion.Levis et al.(1999) find a land
warming north of 45◦ N of about 1◦C and 0.5◦C in spring
and summer, respectively, while they find a cooling in winter.
Falloon et al.(2012) find annual warming larger than 1.5◦C
over the same area.

Projected vegetation changes in a warmer climate are more
uncertain in lower latitudes, where agreement between dif-
ferent models is worse (e.g.Sitch et al., 2008). Several mod-
elling studies show that vegetation might be particularly sen-
sitive to climate change in the Sahara and in the Amazon
basin. There is evidence from both data and modelling stud-
ies that the Sahara was greener than today during the mid-
Holocene when summer insolation in the Northern Hemi-
sphere (NH) was higher and therefore the west-African mon-
soon stronger (Brovkin et al., 2002; Claussen et al., 1999;
Doherty et al., 2000; Ganopolski et al., 1998; DeMenocal
et al., 2000). In a 2× CO2 world, the standard CLIMBER-
2 version simulates an expansion of grassland into about
10 % of the Sahara (Claussen et al., 2003). Future projections
of the west-African monsoon by general circulation models
(GCMs) which do not include vegetation dynamics do not
agree on the sign of precipitation anomalies in the Sahel re-
gion (Cook and Vizy, 2006). Some early studies with Earth
system models (ESMs) point to the possibility of a dieback
of the Amazon rainforest under global warming scenarios
(Betts et al., 2004; Cox et al., 2000). This result is strongly
model dependent and other studies simulate a minor or no
reduction in Amazon forest cover (Levis et al., 2000; Port
et al., 2012).

Altogether, significant uncertainties and intermodel vari-
ability exist on the amplitude and the sign of the biogeophys-
ical vegetation–climate feedback for a CO2 doubling in cur-
rent ESMs. Values range from global temperature decrease
by −0.1◦C (Betts et al., 2000) to an increase by 0.1–0.3◦C
(Falloon et al., 2012; Jiang et al., 2011; Levis et al., 2000;
Notaro et al., 2007). Uncertainties are even more pronounced
on regional scales. Quantifying these uncertainties and the
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responsible processes is fundamental for increasing the reli-
ability of future climate projections on continental scales and
for improving the understanding of the biosphere-climate in-
teractions. The analysis of these uncertainties in climate–
vegetation feedbacks is the first issue we address in this pa-
per.

In addition to this uncertainty analysis, it is useful to com-
pare the vegetation feedback with the fast climate feedbacks
in a framework where different feedbacks can be compared
in a consistent way. Unlike the classical Charney feedbacks
– water vapour, cloud, lapse rate and albedo – which are con-
sidered to be “fast”, vegetation feedback is treated as “slow”
and is therefore not included in the calculation of equilib-
rium climate sensitivity. However, it is considered of im-
portance for the Earth system sensitivity which also invokes
“slow” climate feedbacks, such as ice sheet, etc. (Hansen
et al., 2008). In fact, different aspects of vegetation response
to changing climate and CO2 have different timescales rang-
ing from years to centuries. For instance, the physiological
effect of changes in CO2 on stomatal conductance occurs on
timescales from years to decades, while changes in the distri-
bution of vegetation cover are an order of magnitude slower.
The comparison of the vegetation feedback with fast climate
feedbacks is the second issue discussed in the paper.

Finally, it is known that fast climate feedbacks are strongly
model dependent (Bony et al., 2006; Soden and Held,
2006; Solomon et al., 2007) and that they can be also
strongly climate state dependent (Colman and McAvaney,
2009; Crucifix, 2006; Yoshimori et al., 2011). The third
issue we explore in this study is the state-dependence of
the climate–vegetation feedback, in particular the asymme-
try between colder and warmer climates induced by lower
and higher CO2 concentrations, respectively. The knowledge
about asymmetry of climate feedbacks is crucial for the at-
tempts to derive climate (and Earth system) sensitivity from
past climates. It is reasonable to assume that not only the
magnitude of the feedbacks can be state dependent but also
their uncertainties. This is because different processes might
be more or less important depending on the state of the sys-
tem. As an example, larger areas are covered by snow in
colder climates, therefore the uncertainties in the parameter-
ization of snow related processes will result in larger uncer-
tainties in a cold rather than in a warm climate. State depen-
dence and uncertainties in the feedbacks are thus not fully
decoupled but rather have to be considered together.

We use a multi-physics ensemble approach (Watanabe
et al., 2012) in a single model framework to estimate the
uncertainty range in the biogeophysical climate–vegetation
feedback at global and continental scales. Single-model en-
sembles with perturbed physics are routinely used in cli-
mate modelling. However, it is generally believed that single
model ensembles may considerably underestimate the range
of uncertainties compared to multi-model ensembles due to
lack of structural uncertainties (Yokohata et al., 2013). Here
we make an attempt to overcome this deficiency of single-

model ensemble by changing, systematically, not only model
parameters but also the structure of parameterizations of the
relevant biogeophysical processes in a single model frame-
work. Our multi-physics ensemble approach allows us to es-
timate magnitude and uncertainties in the climate–vegetation
feedback and to compare them in a consistent framework
with magnitudes and uncertainties of the fast climate feed-
backs as reported inSoden and Held(2006) for different cli-
mate models.

We benefit from the use of an Earth system model of inter-
mediate complexity (EMIC) which is highly computationally
efficient and allows for a systematic analysis of the impact of
changes in model structure on the biogeophysical climate–
vegetation feedback. In this study we use a single and sim-
plified vegetation model and we do not address the uncer-
tainties that could arise from the use of different and possi-
bly more comprehensive dynamic global vegetation models
(DGVMs). The spread in modelled changes in vegetation dis-
tribution for future climate projections as projected by cur-
rent DGVMs has been studied elsewhere (Sitch et al., 2008;
Cramer et al., 2001).

2 Methodology

2.1 Model

For our analysis we use the Earth system model of inter-
mediate complexity CLIMBER-2 (Ganopolski et al., 2001;
Petoukhov et al., 2000). CLIMBER-2 includes a 2.5-D
dynamical-statistical atmosphere and a multi-basin, zonally
averaged ocean model including sea ice. It also includes
VECODE, a dynamic model of the terrestrial biosphere
(Brovkin et al., 1997, 2002). VECODE distinguishes three
surface cover types: forest, grassland and desert. The veg-
etation distribution is determined only by temperature and
precipitation. In general VECODE compares well with other
dynamic global vegetation models for present-day climate
(Cramer et al., 2001). The CO2 fertilisation effect on net
primary productivity (NPP) is explicitly considered in the
model and thus CO2 directly affects the LAI. NPP is in-
creased by 25 % for a CO2 doubling and decreased by
25 % for a halving of CO2. However, unlike more complex
DGVMs, NPP in VECODE does not directly affect fractions
of plant functional types (trees, grass). This is a weakness
of our model which has implications described below. The
marine carbon cycle components are not used in this study.
Atmospheric CO2 is prescribed in all experiments and the po-
tential atmospheric CO2 changes due to changes in the land
surface carbon pools are not considered.

2.2 Multi-physics ensemble

Here we use a multi-physics ensemble approach (Watanabe
et al., 2012) in a single model framework to estimate the
uncertainty range in the biogeophysical climate–vegetation
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Fig. 1.Parameterizations of(a) subgrid snow cover fraction (Liston
and Elder, 2004) and(b) surface resistance (Mahfouf and Noilhan,
1991). Rsoil is the surface resistance andRaer is the aerodynamic
resistance to the transfer of water from the surface to a reference
height, assumed to be 50 sm−1. See text for further details.

feedback at global and continental scales. We consider struc-
tural uncertainties in sub-grid snow cover fraction, snow
masking by vegetation, albedo and evapotranspiration, in-
cluding stomatal and surface conductance. For all these pro-
cesses we include several approaches found in the literature
in CLIMBER-2 (Tables1, 2).

2.2.1 Albedo

To account for subgrid heterogeneities, in most GCMs sub-
grid snow cover fraction is parameterized as a function of
grid-cell mean snow depth or snow mass (Liston and El-
der, 2004). The relationship used between the grid-cell mean
quantities and the snow cover fraction has a considerable im-
pact on the modelled albedo of snow-covered areas. We use
five different parameterizations for subgrid scale snow cover
(Fig. 1a and Table1). We prescribe bare soil albedo as being
either a constant global value or prescribed from present-day
observations. In both cases we also introduce a soil wetness
dependence, following BATS (Dickinson et al., 1993).

Forests are very efficient in masking snow. In the presence
of snow, surface albedo is significantly lower over forests
than over grasslands. Indicative values of albedo for snow
covered forests estimated from satellite data are around 0.2–
0.3, while for grasslands and surfaces with short vegetation
the albedo can be as high as 0.5–0.6 (Barlage et al., 2005;
Bonan, 2008; Jin et al., 2002; Moody et al., 2007). In situ
measurements show an even higher difference, with snow-
covered albedos as low as 0.13 for forests and higher than
0.7 for grasslands (e.g.Betts and Ball, 1997). Several dif-
ferent approaches are used in state-of-the-art ESMs to pa-
rameterize snow masking by vegetation, which are generally

related to the surface albedo scheme used. We include two
albedo schemes in CLIMBER-2. The first one is based on
BATS (Dickinson et al., 1993) and computes the albedo as
a weighted mean of snow-covered and snow-free vegetation
albedo. The fraction covered by snow is a function of the
roughness length and varies with surface types. The second,
more complex albedo parameterization, is based on the JS-
BACH scheme used inOtto et al.(2011). It uses the leaf and
stem area index (LSAI) to determine the fraction of vegetated
area which is given sub-canopy soil or vegetation (PFT spe-
cific) albedo. A value of 0.11–0.3 is assigned to the albedo of
snow covered canopy. Additionally, for clear sky albedo, we
augment the LSAI parameterization with a solar zenith angle
dependence followingHellström(2000). The fraction of soil
viewing the sky is not only a function of the stem area and
the canopy density but also of the elevation of the sun above
the horizon.

2.2.2 Evapotranspiration

In our ensemble we also include ensemble members with
different representations of evapotranspiration, i.e. Penman–
Monteith and an aerodynamic formulation based on the
Monin–Obukhov similarity theory. The Monin–Obukhov
similarity theory (Monin and Obukhov, 1954) relates tur-
bulent surface–atmosphere water vapour flux to the differ-
ence of mean humidity at two levels in the constant-flux
layer through the universal stability functions. The Penman–
Monteith equation (Monteith, 1965; Penman, 1948) can be
regarded as a physics-based combination of the available en-
ergy (Priestley and Taylor, 1972) and aerodynamic (Monin–
Obukhov) approaches. The Penman–Monteith and the aero-
dynamic formulations are most frequently used in ESMs (Pit-
man et al., 1999).

In both approaches, the vegetation controls the exchange
of water between the surface and the atmosphere through the
resistance exerted by leaf stomata on the diffusion of water
from inside the leaf to the atmosphere. Stomatal resistance is
tightly coupled to the process of carbon assimilation through
photosynthesis and in some ESMs it is modelled by the pho-
tosynthesis module. Alternative formulations of the stomatal
resistance are based on empirical formulations, where stom-
atal resistance generally depends on environmental factors
such as radiation, temperature, humidity and on soil moisture
availability. Since CLIMBER-2 does not model photosyn-
thesis explicitly we include several empirical formulations
of the stomatal resistance in the model followingDickin-
son et al.(1993) andStewart(1988). Stomatal resistance is
also dependent on the CO2 concentration in the atmosphere,
as with higher CO2 levels stomata need to open less to get
the same amount of CO2 into the leaf interior. CO2 enrich-
ment experiments have shown a decrease in stomatal conduc-
tance (inverse of stomatal resistance) for a doubling of envi-
ronmental CO2 concentration (Ainsworth and Rogers, 2007;
Medlyn et al., 2001). Although they find that the amplitude
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Table 1.Parameterizations for different biogeophysical processes included in the model ensemble.

Process Parameterizations

Subgrid snow cover, Sqrt
Liston and Elder(2004) Asymptotic

Linear
SSIB

Snow masking by vegetation BATS,Dickinson et al.(1993)
ECHAM, Otto et al.(2011)

Evapotranspiration Monin–Obukhov similarity theory,Monin and Obukhov(1954)
Penman–Monteith,Penman(1948); Monteith(1965)

Stomatal conductance BATS,Dickinson et al.(1993)
Stewart, linear,Stewart(1988)
Stewart, non-linear,Stewart(1988)

Surface resistance, Sun (1982)
Mahfouf and Noilhan(1991) Kondo (1990)

Camillo and Gurney (1986)
Deardorff (1978)

Table 2.Range of parameter values for different parameters affecting the biogeophysical processes included in the model ensemble.

Parameter Range

Diffuse new snow albedo 0.85–0.95
Visible soil albedo,Dickinson et al.(1993) 0.1–0.2
Visible snow-covered canopy albedo 0.11–0.3
Height of snow that covers half of forest 0.3–1 m
Height of snow that covers half of grassland 0.05–0.2 m
Forest stem area index,Otto et al.(2011) 1–3 m2m−2

Minimum daily stomatal resistance 140–160 ms−1

Growing degree days for full phenology 200–400 gdd
Fraction of tree roots in the top 10 cm of soil 0.3–0.4
Fraction of grass roots in the top 10 cm of soil 0.45–0.55
Factor for CO2 dependence of stomatal conductance,Medlyn et al.(2001) 0.6–0.85

of the decrease in stomatal conductance varies largely be-
tween different species and with many other factors, they ob-
serve a mean long-term (after more than 1 yr of exposure of
the plants to doubled CO2) decrease of about 20 %. In the
model we introduced a range from 15–40 % for the decrease
in stomatal conductance for a CO2 doubling, which is con-
sistent with observations (Medlyn et al., 2001). Analogously,
for CO2 halving we increase stomatal conductance by 15–
40 %, although there is some evidence from data that the re-
sponse might not be symmetric with respect to changes in
CO2 concentration and different species might react differ-
ently (Brodribb et al., 2009).

Over bare soils, where vegetation is not present, evapo-
ration is largely controlled by water availability in the top
soil layer. This limiting factor is accounted for through the
introduction of a surface resistance. Four different parame-
terizations of the surface resistance are implemented into the
model based on the work byMahfouf and Noilhan(1991).
Figure1b shows the quantityβ =

Raer
Raer+Rsoil

as a function of

the relative soil moisture in the top soil layer.Rsoil is the sur-
face resistance andRaer is the aerodynamic resistance to the
transfer of water from the surface to a reference height, as-
sumed to be 50 s m−1.

A more detailed description of the parameterizations used
for the different processes is shown in Table1. Additionally,
to structural uncertainties we also explored the uncertainty
due to parameters which are not well constrained by obser-
vations. A description of these parameters is listed in Table2.
Three values are sampled for each parameter, two at the lim-
its and one in the middle of the range indicated in Table2.
Where no reference is added, the parameter range is esti-
mated specifically for this study.

To construct the ensemble, we first created all possible
permutations of parameters and parameterizations, which re-
sulted in a large number of combinations. To reduce the num-
ber of ensemble members to a computationally manageable
size, we randomly selected 250 sets of parameters and pa-
rameterizations. Then we run the 250 ensemble members

www.biogeosciences.net/11/17/2014/ Biogeosciences, 11, 17–32, 2014
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Fig. 2. (a)Comparison of the clear-sky (BS) and cloudy-sky (WS)
albedo of snow covered forest and grass for all the ensemble mem-
bers (crosses) with data from MODIS (error bar) (Jin et al., 2002;
Moody et al., 2007). Circles indicate the albedo values from site
observations (Betts and Ball, 1997). (b) Comparison of the mean
annual evapotranspiration rate over land for all the ensemble mem-
bers (crosses) and the reference data from (Mueller et al., 2011)
(error bar).

to equilibrium for 6000 yr with present-day boundary condi-
tions. We excluded ensemble members which were not com-
patible with observations of the albedo of snow covered for-
est and grassland and global land evapotranspiration (Fig.2).
This is essential, because these are two of the fundamental
quantities determining the strength of the climate–vegetation
feedback. In all, 145 ensemble members satisfied these crite-
ria and constitute the final ensemble.

2.3 Forcings

We chose atmospheric CO2 concentration as the external
forcing on the Earth system as it is likely the most rele-
vant radiative forcing for future climate. To cover a wide
range of potential CO2 concentrations we performed experi-
ments with 140 ppm and 560 ppm,1

2× and 2× the preindus-
trial value (280 ppm), respectively. The choice of progressive
CO2 doubling is made because the radiative forcing of CO2
is approximately logarithmic in its concentration. This set-
up allows us to explore the state dependence of the climate–
vegetation feedback.

2.4 Climate–vegetation feedback factor

A traditional way to quantify the interaction between veg-
etation and climate is to look at the feedback factor, simi-
larly to what is traditionally done for the Charney feedbacks.
The equilibrium surface temperature change due to changing
CO2 concentrations can be expressed as (Hansen and Taka-

hashi, 1984)

1Ts =
λ0

1− λ0
∑

Fj

RF, (1)

where RF is the radiative forcing due to CO2 concentration
change,λ0 is the Stefan–Boltzmann response,

λ0 = −

(
∂RTOA

∂Ts

)−1

(2)

andFj are the feedback factors:

Fj =
∂RTOA

∂V j

∂V j

∂Ts
, (3)

whereRTOA is the radiative balance at the top of the atmo-
sphere (TOA),V is a vector of the internal climate variables
which depend on temperature and affect the radiative balance
at TOA through either or both short-wave (SW) and long-
wave (LW) radiation. Additionally to the standard fast feed-
backs (i.e. water vapour, cloud, albedo, lapse rate) here we
also include vegetation, which will affectRTOA through the
different albedo of diverse vegetation types and changes in
water vapour and clouds caused by changes in evapotranspi-
ration. What we call here “albedo feedback” is the standard
Charney feedback which does not include albedo changes
due to shifts in vegetation zones.

Different methods have been applied in the past to quantify
the feedbacksFj of a given climate model (Cess et al., 1990;
Soden et al., 2004; Wetherald and Manabe, 1988). Here we
apply the offline TOA radiation method, which has been pi-
oneered byWetherald and Manabe(1988). It is based on the
direct calculation of the radiative perturbation at TOA result-
ing from a substitution of one climate variableV j from per-
turbed experiments at a time in the control runs, keeping all
the other variables fixed. This quantity, normalised by the
change in global mean temperature, can then be taken as a
direct measure of the feedback strength of the variableV j .

It should be stressed here that, compared to the fast feed-
backs, vegetation changes occur on timescales of decades to
centuries. Since in this study we focus on equilibrium con-
ditions rather than transient behaviour of the climate system,
the equal treatment of vegetation and Charney feedbacks is
justified.

2.5 Experiments

With the described modelling set-up we performed different
equilibrium experiments: (a)C – a control experiment with
interactive vegetation and a preindustrial CO2 concentration
of 280 ppm; experiments with CO2 at 140 and 560ppm: (b)R
– only the radiative effect of CO2 doubling or halving on cli-
mate with all vegetation properties prescribed from the con-
trol; (c) RP – experiments different fromR by including the
physiological effect of CO2 on stomatal conductance but not
changing LAI and vegetation type; (d) RPL – same as RP
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Fig. 3.Ensemble-mean annual temperature anomalies relative to the
preindustrial climate (R-C) for (a) 1

2× CO2 and (b) 2× CO2 for
experiments with prescribed vegetation from the control. All values
are significant at the 95 % level.

but including also the effect of CO2 fertilisation on LAI; and
(e) RPLV – the same as RPL but allowing vegetation cover
to adjust to the changed climatic conditions. This set-up al-
lows one to disentangle the impact of the different vegeta-
tion processes on climate. The experiments are outlined in
Table3. All experiments were run to equilibrium for 6000
model years using the preindustrial climate state as initial
condition. The mean variables over the last 1000 yr of simu-
lation are used in the analysis.

Additionally, to determine the strength of the climate–
vegetation feedback in terms of the instantaneous radiative
imbalance at the TOA, we run the control simulations again,
substituting vegetation from the control run with vegetation
simulated in RPLV experiments and computing the radia-
tive imbalance at TOA. With the same procedure, but from
R experiments, we also determined the strength of the tradi-
tional fast (Charney) feedbacks: water vapour, clouds, lapse
rate and albedo (without changes in vegetation).

3 Results and discussion

3.1 Experiments with fixed vegetation:R-C

Figure 3 illustrates modelled climate changes relative to
preindustrial under different atmospheric CO2 with pre-
scribed vegetation from the control runs. The global mean
temperature changes are(median (5% value, 95% value))

1T 1
2×

= −3.2 (−3.3 ,−3.1) ◦C, 1T2× = 2.9 (2.9 ,3.0)◦C
for halving and doubling of CO2, respectively, which is close
to equilibrium climate sensitivity of the standard CLIMBER-
2 model version. The fact that the values1T 1

2×
and1T2× are

not equal points to the existence of weak non-linearities in
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Fig. 4. Ensemble-mean annual precipitation anomalies relative to
the preindustrial climate (R-C) for (a) 1

2× CO2 and(b) 2× CO2 for
experiments with prescribed vegetation from the control. All values
are significant at the 95 % level.

the climate feedbacks in the model. The temperature anoma-
lies are amplified in high latitudes (Fig.3a and b).

Analogously, for global precipitation,1P 1
2×

= −0.28

(−0.27 ,−0.29) mm day−1 and 1P2× = 0.29 (0.28 ,0.3)
mm day−1. Precipitation changes relative to preindustrial are
located mainly in the tropics (Fig.4a and b).

3.2 The effect of interactive vegetation

In the following we discuss the effects of vegetation on cli-
mate by adding new processes step-by-step. All results refer
to differences from the radiative only (R) experiment. We
start from the physiological effect of CO2 on stomatal con-
ductance, then we add the CO2 fertilisation effect on LAI
and finally we include the impact of dynamic vegetation and
discuss the total combined effect of vegetation on climate.

3.2.1 CO2 physiological effect: RP-R

The prescribed reduction in stomatal conductance by 15–
40 % due to the pure physiological effect of CO2 doubling
causes a warming of 0.1 (0.05, 0.3)◦C over land (Fig.5a).
This is consistent with previous modelling results (Betts
et al., 1997; Cao et al., 2010; Sellers et al., 1996), although it
is close to the lower range of values from these studies. Evap-
otranspiration over land is reduced by−0.1 (−0.05,−0.3)
mmday−1 (Fig. 5d), which is higher than was found in most
previous studies (e.g.Cao et al., 2010). As a consequence
the hydrological cycle is weakened and precipitation over
land is reduced by about 0.1 mmday−1. Warming is particu-
larly significant where evapotranspiration is important, such
as in the tropics and in NH mid-latitudes with values higher
than 0.5◦C in the Amazon region (Fig.6b). The warming
is caused by a reduced surface latent heat flux and more
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Fig. 5.Global annual land anomalies of(a) surface air temperature,
(b) precipitation,(c) net short-wave radiation at the surface and(d)
evapotranspiration for RP, RPL and RPLV experiments. All anoma-
lies are relative to theR experiment which considers only the radia-
tive effect of CO2. Shown are the median and the 5–95 percentile
range of the ensemble.

short-wave radiation absorbed at the surface due to less cloud
cover (Fig.5c–d). The effect of cloud cover changes domi-
nates in the boreal zone, while the weaker latent heat flux is
more important in the tropics. All ensemble members consis-
tently show a warming in the tropics and the NH (Fig.7b).

In the simulations with 140 ppm, the CO2 physiological
effect results in a widespread but small cooling over land of
less than 0.1◦C due to enhanced evapotranspiration (Figs.5a,
6a and7a).

3.2.2 CO2 fertilisation on LAI: RPL- R

As a response to enhanced CO2 the LAI increases every-
where, predominantly at mid-latitudes where a zonal mean
increase in growing-season peak LAI of up to 1 m−2 is mod-
elled (Fig.8c). Higher LAI enhances evapotranspiration and
partially offsets the reduction in evapotranspiration due to
closing stomata, dampening the surface warming caused by
the physiological effect of CO2, particularly over NH land
(Figs. 5a and6d). This is in qualitative agreement with the
results ofBetts et al.(1997), although they found a stronger
cooling effect of increased LAI. The difference can at least
partly be explained by the much larger increase in LAI in
their model, also because they implicitly included changes in
LAI from shifts in vegetation cover. Global land precipitation
and evapotranspiration are only slightly increased (Fig.5b
and d). The impact of increased LAI on surface albedo plays
only a secondary role.

In the 140 ppm experiments, the LAI decreases by more
than 1 m2m−2 in mid-latitudes. This causes a warming which
almost completely offsets the small cooling caused by higher
stomatal conductance (Figs.5a,6c and7a).
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Fig. 7. Zonal annual land temperature anomalies relative toR for
RP (blue), RPL (green) and RPLV (red) experiments for CO2 of
140 ppm(a) and 560 ppm(b). Shown are the median and the 5–95
percentile range of the ensemble.

3.2.3 Dynamic vegetation: RPLV-R

Modelled vegetation distribution changes substantially as a
response to changing climatic conditions in both higher and
lower CO2 worlds. Anomalies of vegetation cover with re-
spect to preindustrial are shown in Fig.8. In the warmer
climate simulations with 560 ppm of CO2, forest cover in-
creases significantly in high northern latitudes and decreases
in mid-latitudes. The modelled response to a colder cli-
mate (140 ppm) is the opposite, but not fully symmetric
to warming. Simulated changes in forest fractions in the
high latitudes correspond to a northward (southward) treeline
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Fig. 8. Zonal forest, desert and LAI anomalies relative to preindus-
trial for experiments with fully interactive vegetation (RPLV). CO2
of 140 ppm (blue) and 560 ppm (red). Solid lines indicate the me-
dian and the shading represents the 5–95 percentile range of the
ensemble. For LAI also the anomalies for the RPL experiment are
shown (dashed lines). LAI anomalies are computed from values in
the peak growing season.

migration by≈ 300 km for 2× CO2 (1
2× CO2). The change

in tropical forest is strongly dependent on the model struc-
ture, with the main contribution to uncertainties coming from
the equatorial South America. The parameterization of stom-
atal conductance is the dominant factor explaining this un-
certainty, with higher reductions in forest cover simulated in
the ensemble members using the linear model fromStewart
(1988). The forest changes for12× CO2 are approximately
symmetric to those for warmer climates, except for the trop-
ics, where no significant changes are modelled.

Desert changes are substantial in high northern latitudes
where the desert fraction decreases with increasing CO2 con-
centrations. Moreover, desert anomalies are significant in the
NH subtropics, where desert expands in warmer climates and
retracts in colder climates (Fig.8b). The “greening” of the
Sahara is the most uncertain aspect. Here the parameteriza-
tion of soil albedo gives the main contribution to the uncer-
tainty range.

Forest expansion in high northern latitudes for higher CO2
concentrations is consistent with previous modelling results
(Notaro et al., 2007; O’ishi and Abe-Ouchi, 2009; Port et al.,
2012; Lucht et al., 2006; Bala et al., 2006). The greening of
the Sahara in projections of future climate with higher CO2
levels is seen in some models. In transient simulations with
the RCP8.5 scenario,Port et al.(2012) found an initial de-
crease in the desert fraction over the Sahel/Sahara region,
followed by an increase around the end of the 21st century.
O’ishi and Abe-Ouchi(2009) found an expansion of vegeta-
tion in the Sahel/Sahara region for doubling and quadrupling
of CO2.

Amazon forest dieback under global warming is a feature
of some models (Betts et al., 2004; Cox et al., 2000; Hunt-
ingford et al., 2008). Other models simulate a more mod-
est reduction in forest cover (Port et al., 2012). O’ishi and
Abe-Ouchi(2009) found no significant change in the Ama-
zon forest in a 2× CO2 climate. This broad range of model
behaviours is well represented in our ensemble.

In the fully interactive vegetation runs, changes in LAI are
the result of the combined effects of CO2 fertilisation and
response of vegetation distribution to climate change. Zonal
mean LAI is increased by forest expansion in high northern
latitudes and decreased by forest retreat in mid-latitudes and
in the Amazon region (Fig.8c). For 1

2 × CO2 the impact of
dynamic vegetation on zonal LAI is a reduction between 50–
70◦ N due to a southward retreat of forest and an increase
between 30–40◦ N due to an expansion of forest.

Vegetation dynamics act as a positive feedback on climate
in most ensemble members amplifying the warming in 2×

CO2 and the cooling in1
2× CO2 experiments. With a CO2

of 140 ppm, vegetation dynamics is the main contributor to
the total cooling caused by vegetation, while for CO2 dou-
bling the contribution is only minor (Fig.5a). Dynamic veg-
etation is very important in high latitudes in the CO2 halving
simulations, where it causes significant additional cooling,
up to 1◦C in the zonal annual mean (Figs.6e and7a). Ad-
ditionally it causes warming (cooling) over central Asia in
the 140 ppm (560 ppm) experiments due to a reduction (in-
crease) in desert area (Fig.6e and f), mainly because of sur-
face albedo changes.

For both 1
2× CO2 and 2× CO2, vegetation dynamics en-

hance the uncertainty range relative to the RPL-R experi-
ments everywhere (Figs.5a and7a and b), because the way
the biogeophysical processes are parameterized influences
the shifts in vegetation cover.

When considering this finding one should keep in mind
that the vegetation distribution in VECODE is not affected by
changes in NPP, but only by temperature and precipitation.
Thus, although we implicitly account for an increase in water
use efficiency because for increased CO2 NPP is increasing
and stomata are closing, this does not affect the distribution
of vegetation. The expansion of forest in our model might
thus be underestimated in CO2 doubling experiments.

3.2.4 Total effect of vegetation on climate

Asymmetry

The global land temperature differences between the simu-
lations with interactive vegetation and those with prescribed
preindustrial vegetation are1T

veg
1
2×

= −0.2 (−0.05 ,−0.3)◦C

and 1T
veg
2×

= 0.1 (−0.05 ,0.3)◦C (Fig. 5a). Globally, the
climate–vegetation feedback is larger in the 140 ppm than
in the 560 ppm climate. Two simple considerations can ex-
plain this asymmetric behaviour, which is determined mainly
by asymmetries in the boreal zone (Fig.7). First, the albedo
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Fig. 9. Zonal mean near-surface land–air temperature differences
between fully interactive (RPLV) and fixed (R) vegetation runs as a
function of latitude and season for experiments with 140 ppm (left)
and 560 ppm (right). Shown are the median (top) and the 5–95 per-
centile range (bottom) of the ensemble. Annual mean zonal values
are also shown on the right of each panel.

increase for CO2 halving is larger than the albedo decrease
for CO2 doubling because snow in the NH extends further
south in the colder climate, thus enhancing the changes in
albedo due to vegetation cover shifts. Second, there is a
higher potential of southward vegetation retreat compared to
the northward vegetation expansion in warmer climates be-
cause the area of tundra and polar desert are already small
for the preindustrial climate.

The impact of vegetation changes on climate varies as a
function of latitude and season (Fig.9a–b). In the 140 ppm
case, vegetation has the biggest impact on temperature in
high northern latitudes. At latitudes higher than about 40–
50◦ N vegetation acts as a positive feedback amplifying
the cooling, particularly in spring, when snow masking by
forests is important (Fig.9).

For doubling of CO2, vegetation changes cause significant
warming of about 1◦C over the tropics throughout the year
(Fig. 9b). This is a consequence of the reduced evapotran-
spiration due to the reduced stomatal conductance, combined
with a reduction in forest over the Amazon in some ensemble
members. North of 40◦ N, warming of up to 1◦C is modelled
during spring and summer and cooling, around−0.5◦C, dur-
ing winter. At 20◦ N a warming is found because of Sahara
“greening” and at 30◦ N a cooling because of larger desert
fraction in central Asia.

The changes in surface air temperature due to vegetation
changes are the result of the combined effect of variations in
several biogeophysical processes controlling the surface en-
ergy balance. Albedo and evapotranspiration changes are the
two dominant effects. A transition from grass to forest, or an
increase in LAI, increases the short-wave radiation absorbed
by the surface through a lowering of the surface albedo. This

Table 3.Experiments description.

Experiment CO2 Vegetation set-up

C 280 ppm fully interactive

R 140 ppm
prescribed fromC

560 ppm

RP 140 ppm CO2 effect on stomatal conductance
560 ppm LAI prescribed fromC

vegetation cover prescribed fromC

RPL 140 ppm CO2 effect on stomatal conductance
560 ppm CO2 effect on LAI

vegetation cover prescribed fromC

RPLV 140 ppm CO2 effect on stomatal conductance
560 ppm CO2 effect on LAI

dynamic vegetation

effect will be particularly strong when snow is present, be-
cause of the strong snow masking effect of forests. On the
other hand, more water is evaporated and transpired from
forests as compared to grass. This will increase the latent
heat flux and thus cool the surface. Changes in evapotranspi-
ration also affect atmospheric water content and cloudiness
that also affect surface air temperature. The relative contribu-
tion of albedo and evapotranspiration to surface temperature
change varies as a function of latitude and season (Fig.10).
To quantify when and where each of the two effects dom-
inates, we computed for each latitude and each month the
correlation between the zonal mean near-surface air temper-
ature and both evapotranspiration and albedo in the ensem-
ble. We first excluded insignificant and unphysical (positive)
correlations and then, for each latitude and month of the
year, we chose the highest value between the temperature–
evapotranspiration correlation and the temperature–albedo
correlation. We changed sign of the correlation coefficient of
temperature with evapotranspiration and sum the two fields
to obtain a metric between−1 and 1, with−1 indicating
perfect correlation of temperature with albedo and+1 per-
fect correlation of temperature with evapotranspiration. The
result shows that evapotranspiration has the dominant ef-
fect on temperature in the tropics and albedo is more im-
portant in the subtropics for both halving and doubling of
CO2 (Fig. 10). In the 140 ppm experiments the albedo ef-
fect dominates throughout the year also north of 50◦ N. For
CO2 doubling, north of 40◦ N the albedo is more important
in spring and winter, but the evapotranspiration effect dom-
inates in summer. This helps interpreting the seasonal tem-
perature variations in Fig.9.
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Fig. 10. Representation of the relative importance of albedo and
evapotranspiration changes due to vegetation changes to surface
air temperature anomalies over land as a function of latitude and
season. Green shading indicates that evapotranspiration and purple
shading that the albedo effect is dominant in determining tempera-
ture anomalies. See text for further explanation on how this metric
is computed.

Uncertainties

Not only are the mean ensemble values of the climate–
vegetation feedback state-dependent, but so are the uncer-
tainties. In general uncertainties in the boreal zone are dom-
inant in the 140 ppm climate, while uncertainties in the trop-
ics and subtropics are more important in the 560 ppm climate
(Figs.7 and9c–d).

In the 140 ppm experiments the uncertainty is largest in
the high northern latitudes (Fig.9c), with values as high as
the signal itself. In this region the main contribution to the
uncertainty range comes from the representation of the snow
masking by vegetation and is largest in spring/early summer,
when snow is still on the ground and insolation is increas-
ing, so that surface albedo becomes important. Minor uncer-
tainties are found in the subtropics, because of an uncertain
retreat of desert in central Asia.

In the 560 ppm experiments, major uncertainties, higher
than 100 %, are found around 5◦ S, mainly because of the
Amazon rain-forest dieback in some ensemble members, and
between 20–30◦ N because of the uncertain “greening” of the
Sahara and expansion of desert in central Asia (Fig.9d). The
uncertainties over the Amazon are an indirect effect of the
impact of different evapotranspiration parameterizations on
the fate of the rain-forest, which has the main control on
the changes in evaporative surface cooling. Over desert re-
gions, the parameterizations of both surface albedo and evap-
otranspiration influence the degree to which desert expands
in central Asia and retreats over the Sahara in a warming cli-
mate. Significant uncertainties are found also north of 60◦ N
in spring and are attributable to the snow masking parame-
terization.
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Fig. 11. Global feedback factors for cloud, lapse rate (LR) plus
water vapour (WV), albedo and vegetation for experiments with
140 ppm (blue), and 560 ppm (red). The filled squares indicate the
ensemble median. For the vegetation feedback, the bars show the
range from the ensemble. For the fast feedbacks, the errorbars rep-
resent the inter-model range from the AR4 models fromSoden and
Held (2006).

3.3 Climate–vegetation feedback factor

The feedback factor approach allows one to directly compare
the vegetation feedback with the Charney feedbacks. The
global feedback factors for the experiments with different
CO2 concentrations are shown in Fig.11. The fast feedbacks
for doubling of CO2 can be compared with the results from
GCMs (Soden and Held, 2006). The vegetation feedback
is globally relatively small. For CO2 doubling it covers the
range from−0.2 to+0.2 Wm−2K−1. The ensemble mean is
very close to zero. Climate–vegetation feedback is positive
for CO2 halving with values up to 0.2 Wm−2K−1 and higher.
The uncertainty in the global climate–vegetation feedback
for CO2 doubling is similar to the inter-model spread in the
fast climate feedbacks (Fig.11).

The vegetation feedback is comparable with the other
feedbacks in high northern latitudes, while it is close to zero
elsewhere, even if significant differences exist between dif-
ferent ensemble members (Fig.12a). For both CO2 concen-
trations the vegetation feedback is positive in high northern
latitudes but slightly negative in mid-latitudes with major un-
certainties in the subtropics (Fig.12b), especially for CO2
doubling.

There is a reasonably high correlation between the global
vegetation feedback factor and global mean temperature
change due to vegetation feedback (Fig.13). The linear re-
lation is valid for both halving and doubling of CO2 and has
approximately the same slope in both cases. The vegetation
feedback factor is thus a robust measure of the strength of the
climate–vegetation feedback, at least at global scale.
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Fig. 12. Zonal mean feedback strength for experiments with
140 ppm (left) and 560 ppm (right). The ensemble median is plotted
for all feedbacks and the 5–95 percentile range from the ensemble
is additionally plotted for the vegetation feedback.

The range in the magnitude of the vegetation–climate
feedback presented here originates only from the uncer-
tainties in biogeophysical land-atmosphere processes. Addi-
tional uncertainties would come from the response of vege-
tation cover to climate which is not represented in our study,
because we use a single vegetation model. On a more fun-
damental level the uncertainty range would also be affected
by the strength of the fast climate feedbacks (i.e. the climate
sensitivity), which in our study covers only a small portion of
the possible range estimated from data and different models.
Considering also these factors could lead to an even larger
uncertainty range in vegetation–climate feedback, thus our
estimates can be regarded as conservative.

4 Conclusions

Using a multi-physics ensemble we studied the uncertain-
ties in the strength of the biogeophysical vegetation–climate
feedback. We find that uncertainties are in many cases larger
than the signal itself.

For CO2 doubling, there is not even an agreement on
the sign of the global vegetation feedback between ensem-
ble members. A step-by-step analysis of different vegetation
processes shows evidence that a large part of the uncertain-
ties comes from the response to vegetation shift. A robust
warming of 0.1 (0.05,0.3)◦C over land is modelled due to a
CO2 induced reduction in stomatal conductance and, as the
result, reduced transpiration. The increased LAI slightly re-
duces this warming in all ensemble members. Allowing veg-
etation to adjust to the new climatic conditions results in
an increase of the uncertainties and a total effect of vege-
tation on temperature over land of 0.1 (−0.05 ,0.3)◦C. This

value is reduced to essentially zero if the global mean tem-
perature is considered. Nevertheless we find that vegetation
causes an ensemble mean annual warming over the Amazon
of 0.5◦C with values up to 2◦C in some ensemble members
exhibiting rainforest dieback in this region. In northern mid-
and high latitudes vegetation amplifies the seasonal cycle by
about 1◦C through warming in spring-summer and cooling
in winter. Major uncertainties arise from the forest reduction
in the Amazon region and the Sahara “greening” in some en-
semble members.

For CO2 halving, the vegetation feedback is found to be
robustly positive with an enhanced cooling over land of−0.2
(−0.05 ,−0.3)◦C. The main contribution comes from the
high northern latitudes and is caused by an albedo increase
due to southward retreat of the treeline. Globally, vegeta-
tion causes the temperature to decrease by a median value
of −0.2◦C, which is less than 10 % of climate sensitivity.
The physiological effect of lower CO2 and the decrease in
LAI have only a minor effect on surface air temperature.

A comparison of vegetation feedback in terms of radia-
tive imbalance at the top of the atmosphere with the tradi-
tional fast climate feedbacks shows a globally small contri-
bution of vegetation feedback. Consistently with vegetation
induced changes in global temperature we find that the veg-
etation feedback factor is slightly positive for CO2 halving
and varies around a median value of zero for CO2 doubling.
However, at high northern latitudes vegetation feedback is
comparable or even more important than the fast feedbacks,
particularly in the 140 ppm experiments. The uncertainty in
the vegetation–climate feedback is comparable to the inter-
model spread in the fast climate feedbacks.

Our results demonstrate that there is an asymmetry in the
vegetation–climate feedback between higher and lower CO2
worlds and that changes in different vegetation processes af-
fect climate in very different ways in CO2 induced warmer
and colder climate. The physiological effect of CO2 on plants
is shown to be most important in elevated CO2 climates,
while the effect of changes in climate on vegetation distri-
bution is the dominant factor in climates colder than prein-
dustrial. This highlights the need for caution when using past
glacial climate change to derive Earth system sensitivity ap-
plicable for future climate change.

In this work we explore only part of the uncertainties af-
fecting the strength of the vegetation–climate feedback. Ad-
ditional uncertainties will arise from, for example, the dy-
namic vegetation model itself and the climate sensitivity.
Better observational constraints on the choice of parame-
ters and parameterizations of biogeophysical processes are
required to reduce the uncertainty range.
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Fig. 13. Global vegetation feedback factor vs. global tempera-
ture difference between interactive and prescribed vegetation ex-
periments (1Tveg= TRPLV − TR) for all ensemble members. Red
crosses represent the experiments with 560 ppm and blue crosses
those with 140 ppm. The sign of1Tveg is reversed in the 140 ppm
case to allow a direct comparison with the 560 ppm case. In reality
1Tvegvalues are negative for all ensemble members in the 140 ppm
experiments. A positive vegetation feedback indicates a vegetation
induced global cooling for CO2 halving and a global warming for
CO2 doubling.
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