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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-physics5

ensemble.
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 −0.4 to −0.1 ◦C and −0.1–0.2 ◦C, respectively. There is an asymmetry between
warming and cooling, with a larger, positive vegetation–climate feedback in the lower10

CO2 climate. Hotspots of climate–vegetation feedback are the boreal zone, the Amazon
rainforest and the Sahara. Albedo parameterisation is the dominant source of uncer-
tainty in the subtropics and at high northern latitudes, while uncertainties in evapotran-
spiration are more relevant in the tropics.

Additionally we find that, even considering the upper range of uncertainties, globally15

the climate–vegetation feedback is rather small compared to the sum of the fast Char-
ney feedbacks. However, it is comparable to the amplitude of the fast feedbacks at high
northern latitudes where it can contribute considerably to polar amplification.

Furthermore we analyse the separate impact of changes in stomatal conductance,
leaf area index and vegetation dynamics on climate and we find that different processes20

are dominant in lower and higher CO2 worlds. The reduction in stomatal conductance
gives the main contribution to temperature increase for a doubling of CO2, while dy-
namic vegetation is the dominant process in the CO2 halving experiments.
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1 Introduction

Vegetation distribution is controlled by climate, predominantly by temperature and pre-
cipitation (e.g. Holdridge, 1947; Köppen, 1936; Prentice et al., 1992). Vegetation struc-
ture is also influenced by the atmospheric CO2 concentration, which affects photosyn-
thesis and consequently the allocation of carbon to the different biomass pools. This5

can result in changes in physically relevant characteristics of the vegetation, 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 conductance
and thus lower evapotranspiration (e.g. Medlyn et al., 2001). The opposite effect has
been observed for a CO2 decrease (e.g. Brodribb et al., 2009).10

Vegetation in turn influences climate through various physical and biochemical pro-
cesses. On one hand changes in vegetation affect the fluxes of sensible and latent
heat from the surface to the atmosphere, the amount of shortwave radiation absorbed
by the surface, the exchange of momentum between the land surface and the air (e.g.
Brovkin et al., 2009; Kleidon et al., 2000). On the other hand vegetation changes are15

accompanied by changes in the vegetation and soil carbon content, which are associ-
ated with changes in surface–air fluxes of CO2 and can alter the concentration of CO2
in the atmosphere (e.g. Arneth et al., 2010; Cox et al., 2000; Friedlingstein et al., 2006;
Schimel, 1995). The first kind of processes is referred to as biogeophysical, the sec-
ond kind as biogeochemical. As a result of these interactions with climate, vegetation20

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 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 result25

of the combination of changes in different surface–atmosphere fluxes (i.e. of energy,
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 relative
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contribution of the single factors and will in general be a function of geographic location
and time of the year.

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, thus reducing the water vapour flux from the leaf interior to the surrounding5

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; Sell-
ers 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 conductance
in models has been shown to cause a decrease in evapotranspiration over land and10

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 pro-
jected to continue to do so into the future (Betts et al., 2007).

In a higher CO2 world, photosynthesis by plants is expected to increase (even without15

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 effect 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 evapotranspiration (e.g.
Betts et al., 2000, 1997; Bonan et al., 1992). Higher CO2 concentrations promote water-20

use efficiency 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 produced per unit water used. Nutrients, particularly nitrogen, could
be a strong limiting factor for CO2 fertilisation, however (Reich et al., 2006; Vitousek
and Howarth, 1991). Betts et al. (1997) showed that structural changes in vegetation,25

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

12970

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-print.pdf
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 12967–13013, 2013

Asymmetry and
uncertainties in

climate-vegetation
feedback

M. Willeit et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

high latitudes the extent of forest is limited mainly by temperature. As projected by cli-
mate models, temperature will increase in a higher CO2 world with an amplification
of the warming in high latitudes. There is a general agreement between models 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 and5

Abe-Ouchi, 2009; Port et al., 2012). On one hand the shift from tundra to forest signif-
icantly decreases surface albedo, especially in the presence of snow, causing surface
air temperatures to rise due to the increased amount of absorbed solar radiation. On
the other hand the expansion of forests will also increase the evapotranspiration in
these regions, resulting in an increase in latent heat flux, which cools the surface di-10

rectly 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 increase in the drag coefficient for turbulent fluxes (e.g. Garratt, 1977).

Different models generally agree on a positive vegetation–climate feedback in high
northern latitudes where the decrease in albedo dominates over the increase in evap-15

otranspiration 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 lat-20

itudes, where agreement between different models is worse (e.g. Sitch et al., 2008).
Several modelling studies showed that the vegetation might be particularly sensitive
to climate change in the Sahara and in the Amazon basin. There is evidence from
both data and modelling studies that the Sahara was greener than today during the
mid-Holocene when summer insolation in the Northern Hemisphere (NH) was higher25

and therefore the west-African monsoon 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, 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
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monsoon by general circulation models (GCMs) which do not include vegetation dy-
namics do not agree on the sign of precipitation anomalies in the Sahel region (Cook
and Vizy, 2006). Some early studies with Earth system models (ESMs) pointed 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 stud-5

ies simulate a minor or no reduction in Amazon forest cover (Levis et al., 2000; Port
et al., 2012).

Unlike the classical Charney feedbacks – water vapour, cloud, lapse rate and albedo
– which are considered to be “fast”, vegetation feedback is treated as a slow one and
is not included in the calculation of equilibrium climate sensitivity. However, it is consid-10

ered of importance for the Earth system sensitivity which also invokes “slow” climate
feedbacks, such as ice sheet, aerosols, etc. (Hansen et al., 2008). In fact, different as-
pects of vegetation response to changing climate and CO2 have different time scales
ranging from years to centuries. For instance, the physiological effect of changes in
CO2 on stomatal conductance occurs on time scales from years to decades, while15

changes in the distribution of vegetation cover are an order of magnitude slower. It is
known that Charney feedbacks are strongly model dependent (Bony et al., 2006; So-
den and Held, 2006; Solomon et al., 2007). It was shown that they can be also strongly
climate state dependent (Colman and McAvaney, 2009; Crucifix, 2006; Yoshimori et al.,
2011). Less is known about vegetation feedback because until recently only few climate20

models performed equilibrium simulations with interactive vegetation.
Altogether, significant uncertainties and intermodel variability exist on the amplitude

and the sign of the biogeophysical vegetation–climate feedback for a CO2 doubling
in current Earth system models (ESMs). Values range from global temperature de-
crease by −0.1 ◦C (Betts et al., 2000) to an increase by 0.1–0.3 ◦C (Falloon et al., 2012;25

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 responsible
processes is fundamental for increasing the reliability of future climate projections on
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continental scales and for improving the understanding of the biosphere–climate inter-
actions.

Here we use a multi-physics ensemble approach (Watanabe et al., 2012) in a sin-
gle model framework to estimate the uncertainty range in the biogeophysical climate–
vegetation feedback at global and continental scales. Unlike the standard approach to5

generate a perturbed physics single-model ensemble, we account not only for param-
eter uncertainties but also for structural uncertainties, such as the choice of sub-grid
snow cover fraction, snow masking by vegetation, albedo and evapotranspiration, in-
cluding stomatal and surface resistances. We benefit from the use of an Earth system
model of intermediate complexity (EMIC) which is highly computationally efficient and10

allows for a systematic analysis of the impact of changes in model structure on the bio-
geophysical climate–vegetation feedback. In this study we use a single and simplified
vegetation model and we do not address the uncertainties that could arise from the
use of different and possibly more comprehensive dynamic global vegetation models
(DGVMs). The spread in modelled changes in vegetation distribution for future climate15

projections as returned by current 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 intermediate complexity CLIMBER-20

2 (Ganopolski et al., 2001; Petoukhov et al., 2000). CLIMBER-2 includes a 2.5-
dimensional 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 vegetation distribution is determined25

only by temperature and precipitation. In general VECODE compares well with other
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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 increased 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 types5

(trees, grass). This is a weakness of our model which has implications described be-
low. The marine carbon cycle components are not used in this study. Atmospheric CO2
is prescribed in all experiments and the potential atmospheric CO2 changes due to
changes in the land surface carbon pools are not considered.

2.2 Multi-physics ensemble10

Single-model ensembles with perturbed physics are routinely used in climate mod-
elling. 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 made an attempt to
overcome this deficiency of single-model ensemble by changing systematically not only15

model parameters but also the structure of parameterisations of the relevant biogeo-
physical processes in a single model framework. We consider structural uncertainties in
sub-grid snow cover fraction, snow masking by vegetation, albedo and evapotranspira-
tion, including stomatal and surface conductance. For all these processes we included
several approaches found in the literature in CLIMBER-2.20

2.2.1 Albedo

To account for sub-grid heterogeneities, in most GCMs sub-grid snow cover fraction
is parameterised as a function of grid-cell mean snow height or snow mass (Liston
and Elder, 2004). The relationship used between the grid-cell mean quantities and the
snow cover fraction has a considerable impact on the modelled albedo of snow-covered25

areas. We use five different parameterisations for sub-grid scale snow cover (Fig. 1b
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and Table 1). We prescribed bare soil albedo as being either a constant global value
or prescribed from present day observations. In both cases we also introduced 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 for5

snow covered forests estimated from satellite data are around 0.2–0.3, while for grass-
lands 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 albedos as low as 0.13 for forests and higher than
0.7 for grasslands (e.g. Betts and Ball, 1997). Several different approaches are used10

in state-of-the-art ESMs to parameterise snow masking by vegetation, which are gen-
erally related to the surface albedo scheme used. We included 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 surface15

types. The second, more complex albedo parameterisation, is based on the JSBACH
scheme used in Otto et al. (2011). It uses the leaf and stem area index (LSAI) to de-
termine the fraction of vegetated area which is assigned sub-canopy soil or vegetation
(PFT specific) albedo. A value of 0.11–0.3 is assigned to the albedo of snow covered
canopy. Additionally, for clear sky albedo, we augmented the LSAI parameterisation20

with a solar zenith angle dependence following Hellström (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 included also ensemble members with different representations25

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 turbulent surface–atmosphere water vapour flux to the

12975

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-print.pdf
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 12967–13013, 2013

Asymmetry and
uncertainties in

climate-vegetation
feedback

M. Willeit et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

difference 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 energy (Priestley and
Taylor, 1972) and aerodynamic (Monin–Obukhov) approaches. The Penman–Monteith
and the aerodynamic formulations are most frequently used in ESMs (Pitman et al.,5

1999).
In both approaches, the vegetation controls the exchange of water between the sur-

face and the atmosphere through the resistance exerted by leaf stomata on the diffu-
sion of water from inside the leaf to the atmosphere. Stomatal resistance is tightly cou-
pled to the process of carbon assimilation through photosynthesis and in some ESMs10

it is modelled by the photosynthesis module. Alternative formulations of the stomatal
resistance are based on empirical formulations, where stomatal resistance generally
depends on environmental factors such as radiation, temperature, humidity and on soil
moisture availability. Since CLIMBER-2 does not model photosynthesis explicitly we
included several empirical formulations of the stomatal resistance in the model follow-15

ing (Dickinson et al., 1993; Stewart, 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 enrichment
experiments have shown a decrease in stomatal conductance (inverse of stomatal re-
sistance) for a doubling of environmental CO2 concentration (Ainsworth and Rogers,20

2007; Medlyn et al., 2001). Although they found that the amplitude of the decrease
in stomatal conductance varies largely between different species and with many other
factors, they observed 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 consistent25

with observations (Medlyn et al., 2001). Analogously, for CO2 halving we increased
stomatal conductance by 15–40 %, although there is some evidence from data that the
response might not be symmetric with respect to changes in CO2 concentration and
different species might react differently (Brodribb et al., 2009).
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Over bare soils, where vegetation is not present, evaporation 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 parameterisations of the surface
resistance were implemented into the model based on the work by Mahfouf and Noilhan
(1991). Figure 1a shows the quantity β = Raer

Raer+Rsoil
as a function of the relative soil5

moisture in the top soil layer. Rsoil is the surface resistance and Raer is the aerodynamic
resistance to the transfer of water from the surface to a reference height, assumed to
be 50 sm−1.

A more detailed description of the parameterisations used for the different processes
is shown in Table 1. Additionally to structural uncertainties we also explored the uncer-10

tainty due to parameters which are not well constrained by observations. A description
of these parameters is listed in Table 2. Three values are sampled for each parameter,
two at the borders and one in the middle of the range indicated in Table 2. Where no
reference is added, the parameter range is estimated by expert knowledge.

To construct the ensemble we first created all possible permutations of parameters15

and parameterisations, which resulted in a large number of combinations. To reduce
the number of ensemble members to a computationally manageable size, we randomly
selected 250 sets of parameters and parameterisations. Then we run the 250 ensem-
ble members to equilibrium for 6000 yr with present day boundary conditions. Finally
we applied climatological constraints to exclude ensemble members which were not20

compatible with present day observations in terms of global annual temperature and
precipitation. Additionally, we excluded ensemble members which were not compatible
with observations of the albedo of snow covered forest 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. 145 ensemble25

members satisfied these criteria and constitute the final ensemble.
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2.3 Forcings

We chose atmospheric CO2 concentration as the external forcing on the Earth system
as it likely is the most relevant radiative forcing for future climate. To cover the range
of potential CO2 concentrations from the recent past to the near future we performed
experiments with 140 ppm and 560 ppm, 1

2× and 2× the preindustrial value (280 ppm),5

respectively. The choice of progressive CO2 doubling is made because the radiative
forcing of CO2 is approximately logarithmic in its concentration. This setup allows a
direct comparison between the feedback strength over the range of forcings.

2.4 Climate–vegetation feedback factor

A traditional way to quantify the interaction between vegetation and climate is to look10

at the feedback factor, similarly 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 Takahashi, 1984):

∆Ts =
λ0

1− λ0
∑

Fj
RF, (1)

where RF is the radiative forcing due to CO2 concentration change, λ0 is the Stefan–15

Boltzmann response:

λ0 = −
(
∂RTOA

∂Ts

)−1

(2)

and Fj are the feedback factors:

Fj =
∂RTOA

∂V j

∂V j

∂Ts
, (3)

12978

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-print.pdf
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 12967–13013, 2013

Asymmetry and
uncertainties in

climate-vegetation
feedback

M. Willeit et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

where RTOA is the radiative balance at the top of the atmosphere (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 feedbacks (i.e. water vapour, cloud, albedo, lapse rate)
here we also include vegetation, which will affect RTOA trough the different albedo of5

diverse vegetation types and changes in water vapour and clouds caused by changes
in evapotranspiration. 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 feedbacks Fj of a
given climate model (Cess et al., 1990; Soden et al., 2004; Wetherald and Manabe,10

1988). Here we apply the offline TOA radiation method, which has been pioneered by
Wetherald and Manabe (1988). It is based on the direct calculation of the radiative per-
turbation at TOA resulting from a substitution of one climate variable V j from perturbed
experiments at a time in the control runs, keeping all the other variables fixed. This
quantity, normalized by the change in global mean temperature, can then be taken as15

a direct measure of the feedback strength of the variable V j . Vegetation affects the
radiative balance at the TOA directly through changes in surface albedo and indirectly
through changes in evapotranspiration which affect the amount of water vapour and
cloud cover.

It should be stressed here that compared to the fast feedbacks, vegetation changes20

occur on time scales of decades to centuries. Since in this study we focus on equilib-
rium conditions rather than transient behaviour of the climate system, the equal treat-
ment of vegetation and Charney feedbacks is justified.

2.5 Experiments

With the described modelling setup we performed different equilibrium experiments:25

(a) C: a control experiment with interactive vegetation and a preindustrial CO2 concen-
tration of 280 ppm; experiments with CO2 at 140 and 560 ppm: (b) R: only the radiative
effect of CO2 doubling or halving on climate with all vegetation properties prescribed
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from the control; (c) RP: experiments different from R by including the physiological
effect of CO2 on stomatal conductance but not changing LAI and vegetation cover; (d)
RPL: same as RP but including also the effect of CO2 fertilization on LAI, and (e) RPLV:
the same as RPL but allowing vegetation cover to adjust to the changed climatic condi-
tions. This setup allows to disentangle the impact of the different vegetation processes5

on climate. The experiments are outlined in Table 3. All experiments were run to equi-
librium for 6000 model years using preindustrial climate state as initial condition. The
mean variables over the last 1000 yr of simulation 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 simulations10

again, substititing vegetation from the control run with vegetation simulated in RPLV
experiments and computing the radiative imbalance at TOA. With the same proce-
dure, but from R experiments, we also determined the strength of the traditional fast
(Charney) feedbacks: water vapour, clouds, lapse rate and albedo (without changes in
vegetation).15

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 prescribed vegetation from the control runs. The global mean
temperature changes are (5–95 percentile range) ∆T 1

2×
= −3.3 to −3.1 ◦C, ∆T2× = 2.9–20

3.0 ◦C for halving and doubling of CO2, respectively, which is close to equilibrium cli-
mate sensitivity of the standard CLIMBER-2 model version. The fact that the values
∆T 1

2×
and ∆T2× are not equal points to the existence of weak non-linearities in the

climate feedbacks in the model. The temperature anomalies are amplified in high lati-
tudes (Fig. 3a and b).25
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Analogously, for global precipitation, ∆P 1
2×

= −0.29 to −0.27 mmday−1 and ∆P2× =

0.28–0.30 mmday−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 climate by adding new pro-5

cesses step-by-step. All results refer to differences from the radiative only (R) exper-
iment. We start from the physiological effect of CO2 on stomatal conductance, 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–R10

We find that the (prescribed) reduction in stomatal conductance by 15–40 % due to the
pure physiological effect of CO2 doubling causes a warming of 0.1–0.3 ◦C over land
(Fig. 6a). 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. Evapotranspiration over land is reduced by −0.04 to −0.3 mmday−1

15

(Fig. 6d), 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 particularly significant were evap-
otranspiration is important, such as in the tropics and in NH mid-latitudes with values
higher than 0.5 ◦C in the Amazon region (Fig. 7b). All ensemble members consistently20

show a warming in the tropics and the NH (Fig. 8b).
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. 6a, 7a and 8a).
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3.2.2 CO2 fertilisation on LAI: RPL–R

As a response to enhanced CO2 the LAI increases everywhere, predominantly at mid-
latitudes where a zonal mean increase in growing season peak LAI of up to 1 m2 m−2 is
modelled (Fig. 5c). Higher LAI partially offsets the warming caused by closing stomata
enhancing evapotranspiration and thus cooling the surface, particularly over NH land5

(Figs. 6a and 7d). This is in qualitative agreement with the results of (Betts 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 reduced (Fig. 6b and d). The10

impact of increased LAI on surface albedo plays only a secondary role.
In the 140 ppm experiments, the LAI decreases by more than 1 m2 m−2 in mid-

latitudes. This causes a warming which almost completely offsets the small cooling
caused by higher stomatal conductance (Figs. 6a, 7c and 8a).

3.2.3 Dynamic vegetation: RPLV–R15

Modelled vegetation distribution changes substantially as a response to changing cli-
matic conditions in both higher and lower CO2 worlds. Anomalies of vegetation cover
with respect to preindustrial are shown in Fig. 5. In the warmer climate simulations
with 560 ppm of CO2 forest cover increases significantly in high northern latitudes and
decreases in mid-latitudes. The modelled response to a colder climate (140 ppm) is op-20

posite, but not fully symmetric to warming. Simulated changes in forest fractions in the
high latitudes correspond to a northward (southward) tree line migration by ≈ 300 km
for 2×CO2 (1

2×CO2). The change in tropical forest is strongly dependent on the model
structure, with the main contribution to uncertainties coming from the equatorial South
America. The parameterisation of stomatal conductance is the dominant factor explain-25

ing this uncertainty, with higher reductions in forest cover simulated in the ensemble
members using the linear model from Stewart (1988). The forest changes for 1

2×CO2
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are approximately symmetric to those for warmer climates, except for the tropics, where
no significant changes are modelled.

Desert changes are substantial in high northern latitudes where the desert fraction
increases with increasing CO2 concentrations. Moreover, desert anomalies are signif-
icant in the NH subtropics, where desert expands in warmer climates and retracts in5

colder climates (Fig. 5b). The “greening” of the Sahara is the most uncertain aspect.
Here the parameterisation of soil albedo gives the main contribution to the uncertainty
range.

Grass cover changes are complementary to the desert and forest changes.
Forest expansion in high northern latitudes for higher CO2 concentrations is consis-10

tent with previous modelling results (Notaro et al., 2007; O’ishi and Abe-Ouchi, 2009;
Port et al., 2012; Lucht et al., 2006). The greening of the Sahara in projections of fu-
ture climate with higher CO2 levels is a feature common to many models. In transient
simulations with the RCP8.5 scenario, Port et al. (2012) found an initial decrease in the
desert fraction over the Sahel/Sahara region, followed by an increase around the end15

of the 21st century. O’ishi and Abe-Ouchi (2009) found an expansion of vegetation 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; Huntingford et al., 2008). Other models simulate a more
modest reduction in forest cover (Port et al., 2012). O’ishi and Abe-Ouchi (2009) found20

no significant change in the Amazon 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.
As a result of CO2 fertilisation, LAI is generally increased in the 2×CO2 experiments.25

Zonal mean LAI is additionally increased by forest expansion in high northern latitudes
and decreased by forest retreat in mid-latitudes and in the Amazon region (Fig. 5c).
For 1

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

The changes in vegetation cover have a non-negligible impact on climate. Vegetation
dynamics acts as a positive feedback on climate in most ensemble members. It both
amplifies the warming in 2×CO2 and the cooling in 1

2×CO2 experiments. With a CO25

of 140 ppm vegetation dynamics is the main contributor to the total cooling caused by
vegetation, while for CO2 doubling the contribution is only minor (Fig. 6a). Dynamic
vegetation 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. 7e
and 8a). Additionally it causes warming (cooling) over central Asia in the 140 ppm10

(560 ppm) experiments due to a reduction (increase) in desert area (Fig. 7e and f).
For both 1

2×CO2 and 2×CO2, vegetation dynamics enhances the uncertainty range
everywhere (Figs. 6a and 8a and b), because the way the biogeophysical processes
are parameterised influences the shifts in vegetation cover. When considering this find-
ing one should keep in mind that the bioclimatic scheme of VECODE does not take into15

account increase of water use efficiency under high CO2 which can compensate the
effect of reduced precipitation on forest cover. The expansion of forest might thus be
underestimated in 2×CO2 experiments.

The global land temperature differences between the simulations with interactive
vegetation and those with prescribed preindustrial vegetation are (5–95 percentile20

range): ∆T veg
1
2×

= −0.4 to −0.1 ◦C and ∆T veg
2× = −0.1–0.3 ◦C (Fig. 6a). These values rep-

resent the effect of fully interactive vegetation on climate.
Figure 9 shows the seasonal surface air temperature change due to vegetation

changes for the experiments with doubling and halving of the preindustrial CO2 con-
centration. In the 140 ppm case, vegetation has the biggest impact on temperature in25

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). This is also where the uncertainty is most relevant (Fig. 9c),
with values as high as the signal itself.
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For doubling of CO2, vegetation causes significant warming of about 1 ◦C over the
tropics throughout the year (Fig. 8b). This is a consequence of the reduced evapo-
transpiration 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, during5

winter. At 20◦ N a warming is found because of Sahara “greening” and at 30◦ N a cool-
ing because of larger desert fraction in central Asia. Major uncertainties, higher than
100 %, are found around 5◦ S, mainly because of the Amazon, and between 20–30◦ N
because of the uncertain “greening” of the Sahara and expansion of desert in central
Asia. Significant uncertainties are found also north of 60◦ N in spring (Fig. 9d).10

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 energy 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. This15

effect will be particularly strong when snow is present, because 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 evapotranspiration also affect atmospheric water content and
cloudiness that also affect surface air temperature. The relative contribution of albedo20

and evapotranspiration to surface temperature change varies as a function of latitude
and season. To quantify when and where which of the two effects dominates we com-
puted for each latitude and each month the correlation between the zonal mean near
surface air temperature and both evapotranspiration and albedo in the ensemble. We
first excluded insignificant and unphysical (negative) correlations and then chose the25

highest between temperature–evapotranspiration and temperature–albedo correlations
for each latitude and month of the year. We changed sign to the correlation coefficient
of temperature with albedo and sum the two fields to obtain a metric between −1 and 1,
with −1 indicating perfect correlation of temperature with albedo and +1 perfect corre-
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lation of temperature with evapotranspiration. The result shows that evapotranspiration
has the dominant effect on temperature in the tropics and albedo is more important in
the subtropics for both halving and doubling of CO2 (Fig. 10). In the 140 ppm exper-
iments albedo 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 evapotranspiration5

dominates in summer. This helps interpreting the seasonal temperature variations in
Fig. 9.

3.3 Climate–vegetation feedback factor

The feedback factor approach allows to directly compare the vegetation feedback with
the Charney feedbacks. The global feedback factors for the experiments with different10

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). Compared to Soden
and Held (2006), our model underestimates the water vapour feedback while the lapse
rate feedback lies in the upper range from GCMs estimates. But the sum of these two
feedback is within the GCM range. Albedo and cloud feedbacks are fully consistent15

with the range from GCMs. The vegetation feedback is globally relatively small. For
CO2 doubling it covers the range from −0.2 to +0.2 Wm−2 K−1. The ensemble mean is
very close to zero. Climate–vegetation feedback is positive for CO2 halving with values
up to 0.3 Wm−2 K−1. Thus the vegetation feedback is state dependent. The feedback
is more important in colder climates for two reasons. First, the albedo increase for CO220

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 because
the area of tundra and polar desert are already small for the preindustrial climate.25

The albedo feedback (excluding vegetation) has already been shown to be state-
dependent, the feedback being stronger at lower CO2 concentrations (Colman and
McAvaney, 2009). This can be explained by non-linearities in the sea-ice albedo feed-
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back. Similarly to what happens for vegetation, for colder climates the potential for sea
ice expansion to lower latitudes is less limited compared to the poleward sea-ice retreat
in warmer climates.

Zonal mean plots of the feedback factors illustrate how the vegetation feedback is
comparable with the other feedbacks in high northern latitudes, while it is close to zero5

elsewhere, even if significant differences exist between different ensemble members
(Fig. 12a). For both CO2 concentrations the vegetation feedback is positive in high
northern latitudes but slightly negative in mid-latitudes with major uncertainties in the
subtropics (Fig. 12b), especially for CO2 doubling.

There is a reasonably high correlation between the global vegetation feedback factor10

and global mean temperature change due to vegetation feedback (Fig. 13). The linear
relation 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.

The range in the strength of the vegetation–climate feedback presented here origi-15

nates only from the uncertainties in biogeophysical land–atmosphere processes. Addi-
tional uncertainties would come from the response of vegetation cover to climate which
is not represented in our study, because we use a single vegetation model. On a more
fundamental level the uncertainty range would also be affected by the strength of the
Charney feedbacks, i.e. the climate sensitivity, which in our study covers only a small20

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 uncertainties in the strength of the25

biogeophysical vegetation–climate feedback. We find that uncertainties are in many
cases larger than the signal itself.
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For CO2 doubling there is not even an agreement on the sign of the global vegetation
feedback between ensemble members. A step-by-step analysis of different vegetation
processes shows evidence that a large part of the uncertainties comes from the re-
sponse to vegetation shift. A robust warming of 0.1–0.4 ◦C over land is modelled due
to a CO2 induced reduction in stomatal conductance and, as the result, reduced tran-5

spiration. The increased LAI slightly reduces this warming in all ensemble members.
Allowing vegetation to adjust to the new climatic conditions results in an increase of
the uncertainties and a total effect of vegetation on temperature over land that ranges
from a −0.1 ◦C cooling to a +0.3 ◦C warming with a median around +0.1 ◦C. This value
is reduced to essentially zero if the global temperature is considered. Nevertheless we10

find that vegetation causes an 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 ensemble15

members.
For CO2 halving the vegetation feedback is found to be robustly positive with an

enhanced cooling over land of −0.1 to −0.4 ◦C. The main contribution comes from
the high northern latitudes and is caused by an albedo increase due to southward
retreat of the tree line. Globally, vegetation causes the temperature to decrease by a20

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 radiative imbalance at the top of the
atmosphere with the traditional Charney feedbacks shows a globally small contribution25

of vegetation. Consistently with vegetation induced changes in global temperature we
find that the vegetation feedback factor is slightly positive for CO2 halving and varies
around a median value of zero for CO2 doubling. However, at high northern latitudes
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vegetation feedback is comparable or even more important than the fast feedbacks,
particularly in the 140 ppm experiments.

Our results demonstrate that there is an asymmetry in the vegetation–climate feed-
back between higher and lower CO2 worlds and that changes in different vegetation
processes affect climate in very different ways in CO2 induced warmer and colder5

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 distribution
is the dominant factor in climates colder than preindustrial. This highlights the need
for caution when using past glacial climate change to derive Earth system sensitivity
applicable for future climate change.10

In this work we explore only part of the uncertainties affecting the strength of the
vegetation–climate feedback. Additional uncertainties will arise from e.g. the dynamic
vegetation model itself and the climate sensitivity. Better observational constraints on
the choice of parameters and parameterisations of biogeophysical processes are re-
quired to reduce the uncertainty range.15
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Table 1. Parameterizations for different biogeophysical processes included in the model en-
semble.

Process Parameterisations

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)
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Table 2. Range of parameter values for different parameters affecting the biogeophysical pro-
cesses 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 m2 m−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
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Table 3. Experiments description.

Experiment CO2 Vegetation setup

C 280 ppm fully interactive

R 140 ppm
prescribed from C

560 ppm

RP 140 ppm CO2 effect on stomatal conductance
560 ppm LAI prescribed from C

vegetation cover prescribed from C

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

vegetation cover prescribed from C

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

dynamic vegetation
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Fig. 1. Parameterizations of (a) surface resistance (Mahfouf and Noilhan, 1991) and (b) sub-
grid snow cover fraction (Liston and Elder, 2004).
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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 members (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 members (crosses) and the reference data from (Mueller et al., 2011) (error bar).
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Fig. 3. Annual mean temperature anomalies relative to the preindustrial climate (R–C) for
1
2×CO2 (a) and 2×CO2 (b) for experiments with prescribed vegetation from the control.
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Fig. 5. Zonal forest, desert and LAI anomalies relative to preindustrial for experiments with fully
interactive vegetation (RPLV). CO2 of 140 ppm (blue) and 560 ppm (red). Solid lines indicate
the median 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.
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Fig. 6. Global annual land anomalies of (a) surface air temperature, (b) precipitation, (c) net
shortwave radiation at the surface and (d) evapotranspiration for RP, RPL and RPLV experi-
ments. All anomalies are relative to the R experiment which considers only the radiative effect
of CO2. Shown are the median and the 5–95 percentile range of the ensemble.
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Fig. 7. Ensemble mean annual temperature anomalies relative to R for RP (top), RPL (middle)
and RPLV (bottom) experiments for CO2 of 140 ppm (left) and 560 ppm (right).
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Fig. 8. Zonal annual land temperature anomalies relative to R 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.
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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 percentile
range (bottom) of the ensemble. Annual mean zonal values are also shown on the right of each
panel.
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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 lati-
tude and season. Green shading indicates that evapotranspiration and purple shading that the
albedo effect is dominant in determining temperature anomalies. See text for further explana-
tion on how this metric is computed.

13010

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-print.pdf
http://www.biogeosciences-discuss.net/10/12967/2013/bgd-10-12967-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 12967–13013, 2013

Asymmetry and
uncertainties in

climate-vegetation
feedback

M. Willeit et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Water vaporCloud Lapse rate Albedo Vegetation

−0.2

0

0.2

0.4

0.6

0.8

1
F

e
e
d
b
a
c
k
 f
a
c
to

r 
[W

m
−

2
K

−
1
]

SUM

1.6

1.8

2

2.2

2.4

2.6

2.8

F
e
e
d
b
a
c
k
 f
a
c
to

r 
[W

m
−

2
K

−
1
]

 

 

140 ppm

560 ppm

Fig. 11. Global feedback factors for water vapour, cloud, lapse rate, albedo and vegetation for
experiments with 140 ppm (blue), and 560 ppm (red). The bars show the 5–95 percentile range
from the ensemble. The panel on the right shows the sum of all the single feedback factors.
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Fig. 12. Zonal mean feedback strength for experiments with 140 ppm (left) and 560 ppm (right).
The median and the 5–95 percentile range from the ensemble is plotted for all the feedbacks.
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Fig. 13. Global vegetation feedback factor vs. global temperature difference between interactive
and prescribed vegetation experiments (RPLV–R). The sign of ∆Tveg for 140 ppm is reversed.
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