J2 N A

——— POTSDAM-INSTITUT FUR
KLIMAFOLGENFORSCHUNG

Originally published as:

Willeit, M., Ganopolski, A., Feulner, G. (2014): Asymmetry and uncertainties in
biogeophysical climate—vegetation feedback over a range of CO2 forcings. -
Biogeosciences, 11, 1, 17-32

DOI: 10.5194/bg-11-17-2014



http://dx.doi.org/10.5194/bg-11-17-2014

Biogeosciences, 11, 132 2014
www.biogeosciences.net/11/17/2014/
doi:10.5194/bg-11-17-2014

© Author(s) 2014. CC Attribution 3.0 License.

$S900y uadQ

Asymmetry and uncertainties in biogeophysical climate—vegetation
feedback over a range of CQ forcings

M. Willeit, A. Ganopolski, and G. Feulner
Potsdam Institute for Climate Impact Research, Potsdam, Germany

Correspondence tavl. Willeit (willeit@pik-potsdam.de)

Received: 17 July 2013 — Published in Biogeosciences Discuss.: 7 August 2013
Revised: 27 November 2013 — Accepted: 28 November 2013 — Published: 3 January 2014

Abstract. Climate—vegetation feedback has the potential tol Introduction

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 possiblevegetation distribution is controlled by climate, predom-
uncertainties in the strength of the biogeophysical climate-inantly by temperature and precipitation (eldoldridge
vegetation feedback using a single-model multi-physics en1947 Koppen 1936 Prentice et a).1992. Vegetation struc-
semble. Equilibrium experiments with halving (140 ppm) ture is also influenced by the atmospheric &0Oncentration,
and doubling (560 ppm) of COgive a contribution of the which affects photosynthesis and consequently the allocation
vegetation—climate feedback to global temperature chang@f carbon to the different biomass pools. This can result in
in the range—0.3 to —0.1°C and—0.1 to 0.2C, respec-  changes in physically relevant characteristics of the vegeta-
tively. There is an asymmetry between warming and cool-tion, such as the leaf area index (LAI) (elMcCarthy et al.

ing, with a larger, positive vegetation—climate feedback in the2007 Norby et al, 2005 Woodward 1990. Increased C®
lower COp climate. Hotspots of climate—vegetation feedback concentration has been shown to reduce stomatal conduc-
are the boreal zone, the Amazon rainforest and the Sahar#@nce and thus lower evapotranspiration (8lgdlyn et al,
Albedo parameterization is the dominant source of uncer2003. The opposite effect has been observed for 2 @&
tainty in the subtropics and at high northern latitudes, whilecrease (e.grodribb et al, 2009.

uncertainties in evapotranspiration are more relevant in the Vegetation in turn influences climate through various
tropics. We analyse the separate impact of changes in stonRhysical and biochemical processes. On the one hand,
atal conductance, leaf area index and vegetation dynamics ofhanges in vegetation affect the fluxes of sensible and la-
climate and we find that different processes are dominant if€nt heat from the surface to the atmosphere, the amount
lower and higher C@worlds. The reduction in stomatal con- of short-wave radiation absorbed by the surface and the ex-
ductance gives the main contribution to temperature increaséhange of momentum between the land surface and the air
for a doubling of CQ, while dynamic vegetation is the dom- (€.9.Brovkin et al, 2009 Kleidon et al, 200Q Bala et al,
inant process in the COhalving experiments. Globally the 2007. On the other hand, vegetation changes are accompa-
climate—vegetation feedback is rather small compared to th&ied by changes in the vegetation and soil carbon content,
sum of the fast climate feedbacks. However, it is comparabléVhich are associated with changes in surface—air fluxes of
to the amplitude of the fast feedbacks at high northern lati-CO2 and can alter the concentration of £@ the atmo-
tudes where it can contribute considerably to polar amplifi-SPhere (e.gArneth et al, 201Q Cox et al, 200Q Friedling-
cation. The uncertainties in the climate—vegetation feedbaciétein et al.2006 Schime] 1993. The first kind of processes

are comparable to the multi-model spread of the fast climatdS referred to as biogeophysical, the second kind as biogeo-
feedbacks. 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 tlegpand northward and replace part of the tun@&al4 et al,
following when we refer to climate—vegetation feedback, we 2006 Falloon et al, 2012 Levis et al, 1999 O’ishi and Abe-
mean exclusively the biogeophysical part. Ouchi 2009 Port et al, 2012. On the one hand, the shift

The sign and strength of the biogeophysical climate—from tundra to forest significantly decreases surface albedo,
vegetation feedback is the result of the combination ofespecially in the presence of snow, causing surface air tem-
changes in different surface—atmosphere fluxes (i.e. of enperatures to rise due to the increased amount of absorbed so-
ergy, water and momentum) which affect near-surface aidar radiation. On the other hand, the expansion of forests will
temperature, possibly in opposite directions. The net effectlso increase the evapotranspiration in these regions, result-
of vegetation changes on climate will depend on the rela-ing in an increase in latent heat flux, which cools the surface
tive contribution of the single factors and will in general be directly through evaporative cooling and indirectly through
a function of geographic location and time of the year (e.g.changes in cloud cover. The increase in roughness length will
Bala et al, 2007). increase both latent and sensible heat fluxes through an in-

Changes in C@ affect vegetation through its effect on crease in the drag coefficient for turbulent fluxes, assuming
plant physiology. Under higher COstomatal conductance is  fixed atmospheric conditions (e @arratf 1977).
expected to decrease because plants open stomata less widelyDifferent models generally agree on a positive vegetation—
causing a reduction in the water vapour flux from the leaf in- climate feedback in high northern latitudes where, for CO
terior to the surrounding air. This is confirmed both by free doubling, the decrease in albedo dominates over the increase
air COp-enrichment experiments and by modelling studiesin evapotranspiration resulting in a net annual warming due
(e.g.Ainsworth and Roger2007, Betts et al, 1997 Medlyn to northward forest expansiobevis et al.(1999 find a land
et al, 200% Sellers et a].1996, which suggest a reduction warming north of 435N of about 1°C and 0.5C in spring
of stomatal conductance by around 20 % for a doubling ofand summer, respectively, while they find a cooling in winter.
COu. The pure physiological effect of Gn stomatal con-  Falloon et al (2012 find annual warming larger than °6
ductance in models has been shown to cause a decreasedmer the same area.
evapotranspiration over land and consequently a global land Projected vegetation changes in a warmer climate are more
surface warming of 0.2—0%% (Betts et al. 1997 Boucher  uncertain in lower latitudes, where agreement between dif-
et al, 2008 Cao et al.201Q Sellers et a].1996. Reduction  ferent models is worse (e.§itch et al, 2008. Several mod-
in stomatal conductance has caused a runoff increase duringlling studies show that vegetation might be particularly sen-
the last centuryGedney et a).2006 and is projected to con-  sitive to climate change in the Sahara and in the Amazon
tinue to do so into the futureéBgtts et al, 2007). basin. There is evidence from both data and modelling stud-

In a higher CQ world, photosynthesis by plants is ex- ies that the Sahara was greener than today during the mid-
pected to increase (even without climate change) if water andHolocene when summer insolation in the Northern Hemi-
nutrients are not limiting (e.cAinsworth and Roger2007, sphere (NH) was higher and therefore the west-African mon-
Owensby et a).1999. Via this so-called Cfertilisation ef- soon strongerBrovkin et al, 2002 Claussen et gl.1999
fect, plants assimilate more carbon and are more productiv®oherty et al. 2000 Ganopolski et aJ.1998 DeMenocal
if atmospheric CQ@ s higher. This will cause an increase in et al, 2000. In a 2x CO, world, the standard CLIMBER-
the LAI, which lowers surface albedo and increases evap2 version simulates an expansion of grassland into about
otranspiration (e.gBetts et al. 200Q 1997 Bonan et al. 10 % of the Saharadlaussen et gl2003. Future projections
1992. Higher CQ concentrations promote water-use effi- of the west-African monsoon by general circulation models
ciency of plants as the land biosphere can take up morge CO(GCMs) which do not include vegetation dynamics do not
per unit of water loss. This mechanism would tend to favouragree on the sign of precipitation anomalies in the Sahel re-
forests over grasslands, because more biomass can be prgion (Cook and Vizy 2006. Some early studies with Earth
duced per unit water used. However, nutrients, particularlysystem models (ESMs) point to the possibility of a dieback
nitrogen, could be a strong limiting factor for G@ertilisa- of the Amazon rainforest under global warming scenarios
tion (Reich et al.2006 Vitousek and Howarth1997). Betts (Betts et al. 2004 Cox et al, 2000. This result is strongly
et al. (1997 showed that structural changes in vegetation, inmodel dependent and other studies simulate a minor or no
particular increased LA, could offset the warming caused byreduction in Amazon forest covetvis et al, 2000 Port
the reduced stomatal conductance. et al, 2012).

Additional impacts of vegetation on climate come from  Altogether, significant uncertainties and intermodel vari-
changes in vegetation cover. The most studied aspect of it iability exist on the amplitude and the sign of the biogeophys-
the so-called “taiga—tundra” feedback. In northern high lat-ical vegetation—climate feedback for a €@oubling in cur-
itudes the extent of forest is limited mainly by temperature.rent ESMs. Values range from global temperature decrease
As projected by climate models, temperature will increase inby —0.1°C (Betts et al. 2000 to an increase by 0.1-0°8
a higher CQ world with an amplification of the warming in  (Falloon et al. 2012 Jiang et al.2011 Levis et al, 200Q
high latitudes. There is a general agreement between modNotaro et al.2007). Uncertainties are even more pronounced
els that this temperature increase will allow taiga forest toon regional scales. Quantifying these uncertainties and the
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responsible processes is fundamental for increasing the relimodel ensemble by changing, systematically, not only model
ability of future climate projections on continental scales andparameters but also the structure of parameterizations of the
for improving the understanding of the biosphere-climate in-relevant biogeophysical processes in a single model frame-
teractions. The analysis of these uncertainties in climate-work. Our multi-physics ensemble approach allows us to es-
vegetation feedbacks is the first issue we address in this paimate magnitude and uncertainties in the climate—vegetation
per. feedback and to compare them in a consistent framework

In addition to this uncertainty analysis, it is useful to com- with magnitudes and uncertainties of the fast climate feed-
pare the vegetation feedback with the fast climate feedbackbacks as reported iBoden and Hel@006 for different cli-
in a framework where different feedbacks can be comparednate models.
in a consistent way. Unlike the classical Charney feedbacks We benefit from the use of an Earth system model of inter-
— water vapour, cloud, lapse rate and albedo — which are cormediate complexity (EMIC) which is highly computationally
sidered to be “fast”, vegetation feedback is treated as “slow’efficient and allows for a systematic analysis of the impact of
and is therefore not included in the calculation of equilib- changes in model structure on the biogeophysical climate—
rium climate sensitivity. However, it is considered of im- vegetation feedback. In this study we use a single and sim-
portance for the Earth system sensitivity which also invokesplified vegetation model and we do not address the uncer-
“slow” climate feedbacks, such as ice sheet, ettar(sen tainties that could arise from the use of different and possi-
et al, 2008. In fact, different aspects of vegetation responsebly more comprehensive dynamic global vegetation models
to changing climate and Chave different timescales rang- (DGVMSs). The spread in modelled changes in vegetation dis-
ing from years to centuries. For instance, the physiologicaltribution for future climate projections as projected by cur-
effect of changes in C&on stomatal conductance occurs on rent DGVMs has been studied elsewhe®égh et al, 2008
timescales from years to decades, while changes in the distri€ramer et a.2001J).
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. 2 Methodology

Finally, it is known that fast climate feedbacks are strongly 21 Model
model dependentBpny et al, 2006 Soden and Held '

2006 Solomon et al. 2007 and that they can be also o oyr analysis we use the Earth system model of inter-
strongly climate state depender@diman and McAvaney  megiate complexity CLIMBER-2Ganopolski et a).2001
2009 Crucifix, 200§ Yoshimori et al. 2011). The third  paigukhov et al. 2000. CLIMBER-2 includes a 2.5-D
issue we explore in this study is the state-dependence ofiynamical-statistical atmosphere and a multi-basin, zonally
the climate-vegetation feedback, in particular the asymmeyyeraged ocean model including sea ice. It also includes
try between colder and warmer climates induced by IowerVECODE, a dynamic model of the terrestrial biosphere
and higher C@ concentrations, respectively. The knowledge (Brovkin et al, 1997 2009. VECODE distinguishes three
about asymmetry of climate feedbacks is crucial for the al-grface cover types: forest, grassland and desert. The veg-
tempts to derive climate (and Earth system) sensitivity froMgaiion distribution is determined only by temperature and
past climates. It is reasonable to assume that not only thg eciitation. In general VECODE compares well with other
magnitude of the feedbacks can be state dependent but alsg,namic global vegetation models for present-day climate
their uncertainties. This is because different processes m'ghttCramer et al.200]). The CQ fertilisation effect on net
be more or less important depending on the state of the SYS5rimary productivity (NPP) is explicitly considered in the
tem. As an example, larger areas are covered by SNOW ifyoqe| and thus Cg@directly affects the LAIL NPP is in-
colder climates, therefore the uncertainties in the parameters o 55ed by 25% for a GOdoubling and decreased by
ization of snow related processes will result in larger uncer-,5 o4 tor a halving of C@. However, unlike more complex
tainties in a cold rather than in a warm climate. State depe”DGVMs, NPP in VECODE does not directly affect fractions
dence and uncertainties in the feedpacks are thus not fully plant functional types (trees, grass). This is a weakness
decoupled but rather have to be considered together. of our model which has implications described below. The
We use a multi-physics ensemble approa@atanabe  yarine carbon cycle components are not used in this study.
et al, 2019 in a single model framework to estimate the aymospheric CQis prescribed in all experiments and the po-

uncertainty range in the biogeophysical climate—vegetationgig| atmospheric C©changes due to changes in the land
feedback at global and continental scales. Single-model eng,tace carbon pools are not considered.

sembles with perturbed physics are routinely used in cli-

mate modelling. However, it is generally believed that single2 2 Multi-physics ensemble

model ensembles may considerably underestimate the range

of uncertainties compared to multi-model ensembles due tddere we use a multi-physics ensemble appro&thténabe
lack of structural uncertaintie¥gkohata et al.2013. Here et al, 2012 in a single model framework to estimate the
we make an attempt to overcome this deficiency of single-uncertainty range in the biogeophysical climate—vegetation
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. 1 related to the surface albedo scheme used. We include two

0:) Og,b) albedo s_chgmes in CLIMBER-2. The first one is based on
' i ' BATS (Dickinson et al. 1993 and computes the albedo as
0.8} 0.8} a weighted mean of snow-covered and snow-free vegetation
_ o7t o7t albedo. The fraction covered by snow is a function of the
& T roughness length and varies with surface types. The second,
g 0.6 5 08 more complex albedo parameterization, is based on the JS-
5050/ < 05 BACH scheme used i@tto et al.(2011). It uses the leaf and
g 0.4 < 0.4t stem area index (LSAI) to determine the fraction of vegetated
§ A S area which is given sub-canopy soil or vegetation (PFT spe-
03 03} cific) albedo. A value of 0.11-0.3 is assigned to the albedo of
0.2 CLINBER growig snom 02l snow covered canopy. Additionally, for clear sky albedo, we
S meting shew - augment the LSAI parameterization with a solar zenith angle
01 NeAm o1 Camilo and Gurmey 1985 dependence followinglellstrom(2000. The fraction of soil
SSiBup Deardorff 1978 . . . .
0% 55 20 a0 4 o s 05 : viewing the sky is not only a function of the stem area and
Snow depth [mm water equivalent] relative soil moisture the canopy density but also of the elevation of the sun above
the horizon.

Fig. 1. Parameterizations ¢&) subgrid snow cover fractiori.{ston

and Elder 2004 and(b) surface resistancéfahfouf and Noilhan
1997). Rgpjl is the surface resistance aRgeris the aerodynamic
resistance to the transfer of water from the surface to a referenc
height, assumed to be 50 sth See text for further details.

2.2.2 Evapotranspiration

fn our ensemble we also include ensemble members with
different representations of evapotranspiration, i.e. Penman—
Monteith and an aerodynamic formulation based on the
feedback at global and continental scales. We consider strué¥lonin—Obukhov: similarity theory. The Monin-Obukhov
tural uncertainties in sub-grid snow cover fraction, snow Similarity theory (Monin and Obukhoy 1954 relates tur-
masking by vegetation, albedo and evapotranspiration, inbulent surface—atmosphere water vapour flux to the differ-
cluding stomatal and surface conductance. For all these prg2nce of mean humidity at two levels in the constant-flux
cesses we include several approaches found in the literatuf@yer through the universal stability functions. The Penman—

in CLIMBER-2 (Tablesl, 2). Monteith equationlonteith, 1965 Penman 1948 can be
regarded as a physics-based combination of the available en-
2.2.1 Albedo ergy (Priestley and Taylgrl972 and aerodynamic (Monin—

Obukhov) approaches. The Penman—Monteith and the aero-

To account for subgrid heterogeneities, in most GCMs sub-dynamic formulations are most frequently used in ESRI& (
grid snow cover fraction is parameterized as a function ofman et al.1999.
grid-cell mean snow depth or snow masssfon and El- In both approaches, the vegetation controls the exchange
der, 2004). The relationship used between the grid-cell meanof water between the surface and the atmosphere through the
quantities and the snow cover fraction has a considerable imresistance exerted by leaf stomata on the diffusion of water
pact on the modelled albedo of snow-covered areas. We usiom inside the leaf to the atmosphere. Stomatal resistance is
five different parameterizations for subgrid scale snow covertightly coupled to the process of carbon assimilation through
(Fig. 1a and Tablel). We prescribe bare soil albedo as being photosynthesis and in some ESMs it is modelled by the pho-
either a constant global value or prescribed from present-dayosynthesis module. Alternative formulations of the stomatal
observations. In both cases we also introduce a soil wetnesesistance are based on empirical formulations, where stom-
dependence, following BAT 2ckinson et al. 1993. atal resistance generally depends on environmental factors

Forests are very efficient in masking snow. In the presencesuch as radiation, temperature, humidity and on soil moisture
of snow, surface albedo is significantly lower over forestsavailability. Since CLIMBER-2 does not model photosyn-
than over grasslands. Indicative values of albedo for snowthesis explicitly we include several empirical formulations
covered forests estimated from satellite data are around 0.2ef the stomatal resistance in the model followiBickin-
0.3, while for grasslands and surfaces with short vegetatiorson et al.(1993 and Stewart(1988. Stomatal resistance is
the albedo can be as high as 0.5-@Bar{age et al.2005 also dependent on the G@oncentration in the atmosphere,
Bonan 2008 Jin et al, 2002 Moody et al, 2007. In situ as with higher CQ levels stomata need to open less to get
measurements show an even higher difference, with snowthe same amount of CQnto the leaf interior. CQ enrich-
covered albedos as low as 0.13 for forests and higher thament experiments have shown a decrease in stomatal conduc-
0.7 for grasslands (e.detts and Ball 1997). Several dif- tance (inverse of stomatal resistance) for a doubling of envi-
ferent approaches are used in state-of-the-art ESMs to paonmental CQ concentrationAinsworth and Roger2007,
rameterize snow masking by vegetation, which are generallyedlyn 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, Sart
Liston and Eldef2004) Asymptotic

Linear

SSIB

Snow masking by vegetation  BATBjckinson et al(1993

ECHAM, Otto et al.(201])

Monin—Obukhov similarity theopnin and Obukho{1954)
Penman—-MonteittPenman(1948; Monteith (1965

BATBjckinson et al(1993
Stewart, linearStewart(1988
Stewart, non-lineaiStewart(1988

Surface resistance, Sun (1982)

Mahfouf and Noilhar(1991) Kondo (1990)
Camillo and Gurney (1986)
Deardorff (1978)

Evapotranspiration

Stomatal conductance

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 albedoDickinson et al(1993 0.1-0.2

Visible snow-covered canopy albedo 0.11-0.3
Height of snow that covers half of forest 0.3-1m
Height of snow that covers half of grassland 0.05-0.2m
Forest stem area inde®tto et al.(2011) 1-3nfm=2
Minimum daily stomatal resistance 140-1601ds
Growing degree days for full phenology 200-400gdd
Fraction of tree roots in the top 10 cm of soil 0.3-04
Fraction of grass roots in the top 10 cm of soil 0.45-0.55
Factor for CQ dependence of stomatal conductariMedlyn et al.(200) 0.6-0.85

of the decrease in stomatal conductance varies largely bethe relative soil moisture in the top soil lay&sj is the sur-
tween different species and with many other factors, they obface resistance anil,¢; is the aerodynamic resistance to the
serve a mean long-term (after more than 1 yr of exposure ofransfer of water from the surface to a reference height, as-
the plants to doubled C£) decrease of about 20%. In the sumed to be 50s .
model we introduced a range from 15—40 % for the decrease A more detailed description of the parameterizations used
in stomatal conductance for a G@doubling, which is con-  for the different processes is shown in Tablédditionally,
sistent with observationdfedlyn et al, 2001). Analogously,  to structural uncertainties we also explored the uncertainty
for CO, halving we increase stomatal conductance by 15-due to parameters which are not well constrained by obser-
40 %, although there is some evidence from data that the revations. A description of these parameters is listed in Table
sponse might not be symmetric with respect to changes irrhree values are sampled for each parameter, two at the lim-
CO, concentration and different species might react differ-its and one in the middle of the range indicated in Table
ently (Brodribb et al, 2009. Where no reference is added, the parameter range is esti-
Over bare soils, where vegetation is not present, evapomated specifically for this study.
ration is largely controlled by water availability in the top ~ To construct the ensemble, we first created all possible
soil layer. This limiting factor is accounted for through the permutations of parameters and parameterizations, which re-
introduction of a surface resistance. Four different paramesulted in a large number of combinations. To reduce the num-
terizations of the surface resistance are implemented into thber of ensemble members to a computationally manageable
model based on the work bBylahfouf and Noilhan(1991). size, we randomly selected 250 sets of parameters and pa-

Figure 1b shows the quantity = ﬁ%so" as a function of  rameterizations. Then we run the 250 ensemble members

www.biogeosciences.net/11/17/2014/ Biogeosciences, 113272014
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Fig. 2. (a) Comparison of the clear-sky (BS) and cloudy-sky (WS) spr_\ere (TOA)YV is a vector of the internal climatg yariables
albedo of snow covered forest and grass for all the ensemble mem¥hich depend on temperature and affect the radiative balance

bers (crosses) with data from MODIS (error balin(et al, 2002 at TOA through either or both short-wave (SW) and long-
Moody et al, 2007). Circles indicate the albedo values from site Wave (LW) radiation. Additionally to the standard fast feed-
observationsBetts and Ball 1997). (b) Comparison of the mean backs (i.e. water vapour, cloud, albedo, lapse rate) here we
annual evapotranspiration rate over land for all the ensemble memalso include vegetation, which will affedroa through the
bers (crosses) and the reference data frifugler et al, 2011) different albedo of diverse vegetation types and changes in
(error bar). 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
to equilibrium for 6000 yr with present-day boundary condi- due to shifts in vegetation zones.
tions. We excluded ensemble members which were not com- Different methods have been applied in the past to quantify
patible with observations of the albedo of snow covered for-the feedbacké’; of a given climate modelGess et a).1990Q
est and grassland and global land evapotranspirationZfig. Soden et al.2004 Wetherald and Manab&988. Here we
This is essential, because these are two of the fundament@pPply the offline TOA radiation method, which has been pi-
quantities determining the strength of the climate—vegetatiorPneered byVetherald and Manali@988. It is based on the
feedback. In all, 145 ensemble members satisfied these critélirect calculation of the radiative perturbation at TOA result-

ria and constitute the final ensemble. ing from a substitution of one climate varialdte; from per-
turbed experiments at a time in the control runs, keeping all
2.3 Forcings 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 varishle
It should be stressed here that, compared to the fast feed-
backs, vegetation changes occur on timescales of decades to
range of potential C®concentrations we performed experi- centuries. Since in this .StUdy we f_ocus on eqL_uhbnum con-
ditions rather than transient behaviour of the climate system,

ments with 140 ppm and 560 pprhix and 2« the preindus- . .
trial value (280 ppm), respectively. The choice of progressiv _the equal treatment of vegetation and Charney feedbacks is

CO; doubling is made because the radiative forcing o,co Justified
is approximately logarithmic in its concentration. Th|§ set- 25 Experiments
up allows us to explore the state dependence of the climate—

We chose atmospheric GQconcentration as the externa
forcing on the Earth system as it is likely the most rele-
vant radiative forcing for future climate. To cover a wide

vegetation feedback. With the described modelling set-up we performed different
equilibrium experiments: (aff — a control experiment with
2.4 Climate—vegetation feedback factor interactive vegetation and a preindustrial £&ncentration

of 280 ppm; experiments with CGt 140 and 560ppm: (I}
A traditional way to quantify the interaction between veg- — only the radiative effect of C&doubling or halving on cli-
etation and climate is to look at the feedback factor, simi-mate with all vegetation properties prescribed from the con-
larly to what is traditionally done for the Charney feedbacks. trol; (c) RP — experiments different from by including the
The equilibrium surface temperature change due to changinghysiological effect of C@on stomatal conductance but not
CO», concentrations can be expressedtdansen and Taka- changing LAl and vegetation type; (d) RPL — same as RP
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Fig. 3. Ensemble-mean annual temperature anomalies relative to thf:ig_ 4. Ensemble-mean annual precipitation anomalies relative to
reindustrial climate R-C) for (a) 1y CO, and(b) 2x CO, for ; il ali 1

p ) ) X 27 the preindustrial climateR-C) for (a) 5 x CO, and(b) 2x CO; for

experiments with prescribed vegetation from the control. All values experiments with prescribed vegetation from the control. All values

are significant at the 95 % level. are significant at the 95 % level.

but including also the effect of Certilisation on LAl; and  the climate feedbacks in the model. The temperature anoma-
(e) RPLV — the same as RPL but allowing vegetation coverlies are amplified in high latitudes (Figa and b).

to adjust to the changed climatic conditions. This set-up al- Analogously, for global precipitationAP%x = —-0.28
Ipws one to dlsentangle the impact of the different v_egete!-(_0.27 ~0.29) mmday® and AP, = 0.29 (0.28,0.3)
tion processes on climate. The experiments are outlined iy gay-1. Precipitation changes relative to preindustrial are
Table 3. All expe_nments were run.to equmbrlum for 690_0_ located mainly in the tropics (Figa and b).

model years using the preindustrial climate state as initial

condition. The mean variables over the last 1000yr of simu-3.2  The effect of interactive vegetation

lation are used in the analysis.

Additionally, to determine the strength of the climate— In the following we discuss the effects of vegetation on cli-
vegetation feedback in terms of the instantaneous radiativénate by adding new processes step-by-step. All results refer
imbalance at the TOA, we run the control simulations again,to differences from the radiative onhR} experiment. We
substituting vegetation from the control run with vegetation start from the physiological effect of Gn stomatal con-
simulated in RPLV experiments and computing the radia-ductance, then we add the g@ertilisation effect on LAl
tive imbalance at TOA. With the same procedure, but fromand finally we include the impact of dynamic vegetation and
R experiments, we also determined the strength of the tradidiscuss the total combined effect of vegetation on climate.
tional fast (Charney) feedbacks: water vapour, clouds, lapse
rate and albedo (without changes in vegetation). 3.2.1 CQ physiological effect: RPR

The prescribed reduction in stomatal conductance by 15—
40 % due to the pure physiological effect of €@oubling

3 Results and discussion causes a warming of 0.1 (0.05, 0°8) over land (Fig5a).
. . o This is consistent with previous modelling resulBefts
3.1 Experiments with fixed vegetation:R-C etal, 1997 Cao et al,201Q Sellers et a.1996), although it

) ) i ) is close to the lower range of values from these studies. Evap-
Figure 3 illustrates modelled climate changes relative to otranspiration over land is reduced by0.1 (~0.050.3)
preindustrial under different atmospheric £@ith pre- mmday ! (Fig. 5d), which is higher than was found in most
scribed vegetation from the c_:ontrol runs. The global meany evious studies (e.gCao et al, 2010. As a consequence
temperature changes amedian (5% value, 95% value)  the hydrological cycle is weakened and precipitation over
AT%X =—32(-33-31) °C, AT2x = 2.9 (2.9,3.0)°C land is reduced by about 0.1 mmddyWarming is particu-
for halving and doubling of C&) respectively, which is close  |arly significant where evapotranspiration is important, such
to equilibrium climate sensitivity of the standard CLIMBER- a5 in the tropics and in NH mid-latitudes with values higher
2 model version. The fact that the valtmf%x andATzx are  than 0.5°C in the Amazon region (Figsb). The warming
not equal points to the existence of weak non-linearities inis caused by a reduced surface latent heat flux and more
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(b) precipitation,(c) net short-wave radiation at the surface &dg
evapotranspiration for RP, RPL and RPLV experiments. All anoma-
lies are relative to th& experiment which considers only the radia-
tive effect of CQ. Shown are the median and the 5-95 percentile
range of the ensemble.

Fig. 6. Ensemble mean annual temperature anomalies relatiie to
for RP (top), RPL (middle) and RPLV (bottom) experiments for
CO, of 140 ppm (left) and 560 ppm (right). Dots indicate areas
where values are significant at the 95 % level.

o 80N [a) —— b) e 180N
short-wave radiation absorbed at the surface due to less clout rel 2
cover (Fig.5c—d). The effect of cloud cover changes domi- .| el B Json
nates in the boreal zone, while the weaker latent heat flux is " e
more important in the tropics. All ensemble members consis- wonl '_I:. HE Laon
tently show a warming in the tropics and the NH (Fib). T %
In the simulations with 140 ppm, the GQhysiological 'y =
effect results in a widespread but small cooling over land of 20Ny M Fe [
less than 0.2C due to enhanced evapotranspiration (Figs. ey =1
6a and7a). = b
(=) e
b, o
3.2.2 CQfertilisation on LAl: RPL- R 20S} o~ o 1208
@ L}
As a response to enhanced £Me LAl increases every- .|l ¢ R :? E laos
where, predominantly at mid-latitudes where a zonal mean *_RPLV-R 8 L ®
increase in growing-season peak LAl of up to 1%is mod- -2 -1 ATEC) 0 - 0 ATEC) ! 2

elled (Fig.8c). Higher LAI enhances evapotranspiration and
partially offsets the reduction in evapotranspiration due toFig. 7. Zonal annual land temperature anomalies relativ® tor
closing stomata, dampening the surface warming caused bRP (blue), RPL (green) and RPLV (red) experiments for,G®
the physiological effect of C& particularly over NH land 140 ppm(a) and 560 ppn(b). Shown are the median and the 5-95
(Figs. 5a and6d). This is in qualitative agreement with the percentile range of the ensemble.
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 3.2.3 Dynamic vegetation: RPLVR
their model, also because they implicitly included changes in ) o ]
LAI from shifts in vegetation cover. Global land precipitation M0delled vegetation distribution changes substantially as a
and evapotranspiration are only slightly increased (Blg. '€SPonse to changing cllmgtlc condltlons_ in both hlgher and
and d). The impact of increased LAl on surface albedo playdoWer € worlds. Anomalies of vegetation cover with re-
only a secondary role. spect to _premd.ustrlallare shown in Fig. In the warmer

In the 140 ppm experiments, the LAI decreases by moreFlimate simulations with 560 ppm of GOforest cover in-
than 1 n¥m~2in mid-latitudes. This causes a warming which Créases s!gnlflcantly in high northern latitudes and decreages
almost completely offsets the small cooling caused by highefn Mid-latitudes. The modelled response to a colder cli-

stomatal conductance (Figsa, 6c and7a). mate (14_10 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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Aforest fraction Adesert fraction ALAI [m¥m?] Amazon forest dieback under global warming is a feature
BN~ T S 80N of some modelsRetts et al. 2004 Cox et al, 200Q Hunt-
ingford et al, 2008. Other models simulate a more mod-
60N~ 160N est reduction in forest coveP¢rt et al, 2012. O’ishi and
Abe-Ouchi(2009 found no significant change in the Ama-
40N~ 40N zon forest in a 2 CO» climate. This broad range of model
behaviours is well represented in our ensemble.
20N~ 120N In the fully interactive vegetation runs, changes in LAl are
the result of the combined effects of g@ertilisation and
0 10 response of vegetation distribution to climate change. Zonal
mean LAl is increased by forest expansion in high northern
208~ 1208 latitudes and decreased by forest retreat in mid-latitudes and
in the Amazon region (Fig3c). For% x COy the impact of
408~ 1408 dynamic vegetation on zonal LAl is a reduction between 50—

70° N due to a southward retreat of forest and an increase
between 30—40N due to an expansion of forest.

Fig. 8. Zonal forest, desert and LAl anomalies relative to preindus- ~ Vegetation dynamics act as a positive feedback on climate
trial for experiments with fully interactive vegetation (RPLV). €0  in most ensemble members amplifying the warming i 2

of 140 ppm (blue) and 560 ppm (red). Solid lines indicate the me-CO, and the cooling in%x CO, experiments. With a C®
dian and the shading represents the 5-95 percentile range of thef 140 ppm, vegetation dynamics is the main contributor to
ensemble. For LAl also the anomalies for the RPL experiment arethe total cooling caused by vegetation, while for £@bu-
shown (dashe_d lines). LAl anomalies are computed from values irbling the contribution is only minor (Figsa). Dynamic veg-

the peak growing season. etation is very important in high latitudes in the €Balving
simulations, where it causes significant additional cooling,
up to 1°C in the zonal annual mean (Figge and7a). Ad-

in tropical forest is strongly dependent on the model struc-dr:t'oiljgy I cagzgs warming (_Coollng)dover centrgl A_5|a n
ture, with the main contribution to uncertainties coming from the ppm ( ppm) experiments ue o a reduction (in-
the equatorial South America. The parameterization of stom< rease) in desert area (Fige and ), mainly because of sur-

: : - . face albedo changes.
| con nce is th minant f r explaining this un- . .
atal conductance is the dominant factor explaining this u For both%x COy and 2x COy, vegetation dynamics en-

certainty, with higher reductions in forest cover simulated in . A .
y 9 hance the uncertainty range relative to the RPL-R experi-

the ensemble members using the linear model fBiawart : h Figs 47 db) b h
(1988. The forest changes f(é‘x CO;, are approximately tmhznbsoe\s)ryﬁv S?;gl( Ir?)ci:sr:as ‘;r‘zn ar)a’mgf:rgss q 'r?ﬂw:zces
symmetric to those for warmer climates, except for the trop- logeophysical p P 1zed ihfiu

the shifts in vegetation cover.

ics, where no significant changes are modelled. When considering this finding one should keep in mind

Desert changes are substantial in high northern latitude . ST :
where the desert fraction decreases with increasing - %hat the vggetatlon distribution in VECODE is not affe.ct.ed .by
hanges in NPP, but only by temperature and precipitation.

centrations. Moreover, desert anomalies are significant in th§hus althouah we implicitly account for an increase in water
NH subtropics, where desert expands in warmer climates an » althoug plicitly L .
use efficiency because for increased QPP is increasing

retracts in colder climates (Fi@b). The “greening” of the . . AR
Sahara is the most uncertain aspect. Here the parameterizg?d Stom"’?ta arehclosmg, th's dofefs not gffect the %'S}”bwﬁn
tion of soil albedo gives the main contribution to the uncer- ?hu\;egstsglgg;ezti?nztxerzjaasggooubl?r:eﬁ In our modet mig t
tainty range. g experiments.

Forest e>_<pan_sion in r_]igh nor_thern Ia_titudes for h_igheQCO 3.2.4 Total effect of vegetation on climate
concentrations is consistent with previous modelling results
(Notaro et al. 2007 O'ishi and Abe-Ouchi2009 Portetal,  Asymmetry
2012 Lucht et al, 2006 Bala et al, 2006. The greening of
the Sahara in projections of future climate with higher,CO The global land temperature differences between the simu-
levels is seen in some models. In transient simulations withations with interactive vegetation and those with prescribed
the RCP8.5 scenari®ort et al.(2012 found an initial de-  preindustrial vegetation ase T, Y = —0.2 (—0.05 ~0.3)°C

1
crease in the desert fraction over the Sahel/Sahara region, veg 2
followed by an increase around the end of the 21st centuryf”‘lri]r(:1 Ath\x/ - ?t (n—]E).OCSjBOﬁk)"iC I(Frlg. rsiir?'tfloff(l)ly’ :Eeth N
O'ishi and Abe-Ouch{2009 found an expansion of vegeta- c tha 65_6596 a c;' ete Tac S alge id N i PP a
tion in the Sahel/Sahara region for doubling and quadruplingIn ne Kbuppm climate. Iwo Simple considerations can ex-
of COy. plain this asymmetric behaviour, which is determined mainly

by asymmetries in the boreal zone (Ffy. First, the albedo

-0.2 0 0.2 -0.2 0 0.2

migration by~ 300 km for 2« CO» (% x CQOp). The change
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Table 3. Experiments description.

[GOz] =140 ppm [CO2] =560 ppm
JFMAMJJASONDAN JFMAMJJASONDANN H :
zgz a) B 3 . Experiment (e{C] Vegetation set-up
40N iy C 280ppm  fully interactive
20N 0
0 05 R 140 ppm prescribed fronC
560 ppm
208 -1
408 e RP 140ppm  C@effect on stomatal conductance
80: ) = a) 560ppm LAl prescribed fron®
% : vegetation cover prescribed frofh
40N
-_- 15
20N | 1 RPL 140ppm CQ effect on stomatal conductance
0 E— ——— 560 ppm CQ effect on LAI
izz 05 vegetation cover prescribed frofh
JFMAMJJASONDAW JEMAMJ JASONDAN RPLV 140ppm CQ effect on stomatal conductance
. . . 560 ppm CQ effect on LAI
Fig. 9. Zonal mean near-surface land—air temperature differences dynamic vegetation

between fully interactive (RPLV) and fixe®] 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 value€ffect will be particularly strong when snow is present, be-
are also shown on the right of each panel. 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
increase for C@ halving is larger than the albedo decrease heat fluxand thus cool the surface. Changes in evapotranspi-
for CO, doubling because snow in the NH extends furtherfation also affect atmospherlc water content anq cloudln_ess
south in the colder climate, thus enhancing the changes ifhat also affect surface air temperature. The relative contribu-
albedo due to vegetation cover shifts. Second, there is sion of albedo and evapotranspiration to surface temperature
higher potential of southward vegetation retreat compared t¢hange varies as a function of latitude and season (fig.
the northward vegetation expansion in warmer climates beJ0 quantify when and where each of the two effects dom-

cause the area of tundra and polar desert are already smallates, we computed for each latitude and each month the
for the preindustrial climate. correlation between the zonal mean near-surface air temper-

The impact of vegetation changes on climate varies as &turé and both evapotranspiration and albedo in the ensem-
function of latitude and season (Figa—b). In the 140ppm  ble. We first excluded insignificant and unphysical (positive)
case, vegetation has the biggest impact on temperature iForrelations and then, for each latitude and month of the
high northern latitudes. At latitudes higher than about 40-year, we chose the highest value between the temperature—
50° N vegetation acts as a positive feedback amplifying vapotranspiration correlation and the temperature—albedo

the cooling, particularly in spring, when snow masking by correlation. We changed sign of the correlation coefficient of
forests is important (Fic). temperature with evapotranspiration and sum the two fields

For doubling of CQ, vegetation changes cause significant {0 0btain a metric betweer 1 and 1, with—1 indicating
warming of about 2C over the tropics throughout the year Perfect correlation of temperature with albedo and per-
(Fig. 9b). This is a consequence of the reduced evapotranfeCt correlation of temperature Wlth evapotranspwaﬂ_on. The
spiration due to the reduced stomatal conductance, combinei@Sult shows that evapotranspiration has the dominant ef-
with a reduction in forest over the Amazon in some ensemblef€Ct On temperature in the tropics and albedo is more im-
members. North of 40N, warming of up to C is modelled ~ Portant in the subtropics for both hqlvmg and doubling of
during spring and summer and cooling, arour@5°C, dur- CO, (F|g_. 10). In the 140 ppm experiments the albedo ef-
ing winter. At 20 N a warming is found because of Sahara féct dominates throughout the year also north ofl[SOFor
“greening” and at 30N a cooling because of larger desert CO» doubling, north of 40N the albedo is more important
fraction in central Asia. in spring and winter, but the evapotranspiration effect dom-

The changes in surface air temperature due to vegetatiof'ates in summer. This_ helps interpreting the seasonal tem-
changes are the result of the combined effect of variations jrfP€rature variations in Fig.
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
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Fig. 10. Representation of the relative importance of albedo and
evapotranspiration changes due to vegetation changes to surfac
air temperature anomalies over land as a function of latitude and
season. Green shading indicates that evapotranspiration and purpl
shading that the albedo effect is dominant in determining tempera-
Fure anomalies. See text for further explanation on how this metricFig_ 11. Global feedback factors for cloud, lapse rate (LR) plus
is computed. water vapour (WV), albedo and vegetation for experiments with
140 ppm (blue), and 560 ppm (red). The filled squares indicate the
o ensemble median. For the vegetation feedback, the bars show the
Uncertainties range from the ensemble. For the fast feedbacks, the errorbars rep-

) resent the inter-model range from the AR4 models f®oden and
Not only are the mean ensemble values of the climate—e|q(2004.

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- 3.3 Climate—vegetation feedback factor

ics and subtropics are more important in the 560 ppm climate
(Figs.7 and9c—d). The feedback factor approach allows one to directly compare

In the 140 ppm experiments the uncertainty is largest inthe vegetation feedback with the Charney feedbacks. The
the high northern latitudes (Fi§c), with values as high as global feedback factors for the experiments with different
the signal itself. In this region the main contribution to the COz concentrations are shown in Fijl. The fast feedbacks
uncertainty range comes from the representation of the snoor doubling of CQ can be compared with the results from
masking by vegetation and is largest in spring/early summerGCMs (Soden and Held2006. The vegetation feedback
when snow is still on the ground and insolation is increas-is globally relatively small. For C®doubling it covers the
ing, so that surface albedo becomes important. Minor uncertange from—0.2 to+0.2 Wn2K~1. The ensemble mean is
tainties are found in the subtropics, because of an uncertaidery close to zero. Climate-vegetation feedback is positive
retreat of desert in central Asia. for CO, halving with values up to 0.2 Wnf K ~1 and higher.

In the 560 ppm experiments, major uncertainties, higherThe uncertainty in the global climate-vegetation feedback
than 100 %, are found around S, mainly because of the for CO, doubling is similar to the inter-model spread in the
Amazon rain-forest dieback in some ensemble members, anf@st climate feedbacks (FigJ).
between 20—-30N because of the uncertain “greening” ofthe ~ The vegetation feedback is comparable with the other
Sahara and expansion of desert in central Asia @y. The  feedbacks in high northern latitudes, while it is close to zero
uncertainties over the Amazon are an indirect effect of theelsewhere, even if significant differences exist between dif-
impact of different evapotranspiration parameterizations onferent ensemble members (FitRa). For both CQ concen-
the fate of the rain-forest, which has the main control ontrations the vegetation feedback is positive in high northern
the changes in evaporative surface cooling. Over desert rdatitudes but slightly negative in mid-latitudes with major un-
gions, the parameterizations of both surface albedo and evagertainties in the subtropics (Fig2b), especially for CQ
otranspiration influence the degree to which desert expandgoubling.
in central Asia and retreats over the Sahara in a warming cli- There is a reasonably high correlation between the global
mate. Significant uncertainties are found also north 660 Vvegetation feedback factor and global mean temperature
in spring and are attributable to the snow masking paramechange due to vegetation feedback (Fig). The linear re-
terization. lation is valid for both halving and doubling of G@nd 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.

N S
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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 2C 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 CQ halving, the vegetation feedback is found to be
robustly positive with an enhanced cooling over land-6f2
(—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.

Fig. 12. Zonal mean feedbgck strength for experiments with The physiological effect of lower Cand the decrease in
140 ppm (left) and 560 ppm (right). The ensemble median is plotted; o| haye only a minor effect on surface air temperature.

for all feedbacks and the 5-95 percentile range from the ensemble b . . .
is additionally plotted for the vegetation feedback. A comparison of vegetation feedback in terms of radia

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 fu

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 @@alving

and varies around a median value of zero for,@©ubling.
However, at high northern latitudes vegetation feedback is

nc_omparable or even more important than the fast feedbacks,

damental level the uncertainty range would also be affected@rticularly in the 140 ppm experiments. The uncertainty in

by the strength of the fast climate feedbacks (i.e. the climat

dhe vegetation—climate feedback is comparable to the inter-

sensitivity), which in our study covers only a small portion of model spread in the fast climate feedbacks.

the possible range estimated from data and different models. ;
Considering also these factors could lead to an even large¥e9etation
uncertainty range in vegetation—climate feedback, thus ou

estimates can be regarded as conservative.

4 Conclusions

Our results demonstrate that there is an asymmetry in the
—climate feedback between higher and lower CO
worlds and that changes in different vegetation processes af-
fect climate in very different ways in GOnduced warmer
and colder climate. The physiological effect of £@h plants

is shown to be most important in elevated £€imates,
while the effect of changes in climate on vegetation distri-
bution is the dominant factor in climates colder than prein-

Using a multi-physics ensemble we studied the uncertaindustrial. This highlights the need for caution when using past
ties in the strength of the biogeophysical vegetation—climateglacial climate change to derive Earth system sensitivity ap-
feedback. We find that uncertainties are in many cases larggulicable for future climate change.

than the signal itself.

In this work we explore only part of the uncertainties af-

For CQ doubling, there is not even an agreement onfecting the strength of the vegetation—climate feedback. Ad-
the sign of the global vegetation feedback between ensemditional uncertainties will arise from, for example, the dy-
ble members. A step-by-step analysis of different vegetatiomamic vegetation model itself and the climate sensitivity.
processes shows evidence that a large part of the uncertaifBetter observational constraints on the choice of parame-
ties comes from the response to vegetation shift. A robusters and parameterizations of biogeophysical processes are
warming of 0.1 (0.05,0.3)C over land is modelled due to a required to reduce the uncertainty range.

COs induced reduction in stomatal conductance and, as the
result, reduced transpiration. The increased LAl 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 0.2.05,0.3yC. This

Biogeosciences, 11, 132, 2014
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