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Abstract. The importance of the biogeophysical etationto dominate these are&sgelow et al, 2003. Tropi-
atmosphere-vegetation feedback in comparison withcal forestsin Asia, Africa, and Australia were also decreased;
the radiative effect of lower atmospheric g€oncentrations however, it is still debated whether the tropical forest in
and the presence of ice sheets at the last glacial maximurouth America was also depleted during the LGINa(i-
(LGM) is investigated with the climate system model son and Prentice2003. In recent years, it has been shown
CLIMBER-2. Equilibrium experiments reveal that most of that these differences in vegetation cover between present-
the global cooling at the LGM«5.1°C) relative to (natural) day and the LGM played an important role in the climate sys-
present-day conditions is caused by the introduction oftem during the LGMCrowley and Baun(1997) showed that

ice sheets into the model-B.0°C), followed by the effect a reconstructed vegetation distribution instead of a present-
of lower atmospheric C®levels at the LGM {£1.5°C), day vegetation cover led to changes large enough to reconcile
while a synergy between these two factors appears to benodel results with proxy data in some placdsvis et al.
very small on global average. The biogeophysical effects(1999 showed that the regional vegetation effect on climate
of changes in vegetation cover are found to cool the globals comparable to the radiative effect of a lowered,Gével

LGM climate by 0.6C. The latter are most pronounced in during the LGM.Kubatzki and Claussef1998 explored the

the northern high latitudes, where the taiga-tundra feedbackole of an interactive vegetation versus a prescribed present-
causes annually averaged temperature changes of up tbay potential vegetation distribution during the LGM with a
—2.0°C, while the radiative effect of lower atmospheric £0 coupled atmosphere-vegetation model and showed that the
in this region only produces a cooling of $& Hence, in interactive vegetation led to additional cooling over north-
this region, the temperature changes caused by vegetatiogrn high latitudesWyputta and McAvaney2001) compared
dynamics at the LGM exceed the cooling due to lowerthe climatic effect of a prescribed present-day vegetation
atmospheric C@concentrations. cover to that of a vegetation reconstruction for the LGM.
They found that the use of the LGM reconstruction led to
a widespread cooling in the northern high latitudes as well
as in Australia and northern Africa, and to a warming over
Alaska. The impact of the physiological effect of atmo-
spheric CQ concentrations on vegetation during the LGM

1 Introduction

The climate at the Last Glacial Maximum (LGM) around

21 kyr BP has already been modeled extensively in the pas/@S investigated byarrison and Prentic¢2003. They
(e.g. PMIP, 2000. In most of these studies, the vegeta- could show that forest cover was overestimated in LGM sim-

tion distribution was prescribed, either to proxy-based re-ulations when this effect was not included, especially in the

constructions or to the present-day potential vegetation disifOPICS. However, oceanic feedbacks were missing in all of

tribution. In contrast to the potential present-day vegeta-11€ above studies. Recentyanopolski2003 performed a

tion cover, vegetation reconstructions for the LGM show thatfuII atmosphere-ocean-vegetation (AOV) simulation for the

forests were absent north of 58, allowing herbaceous veg- -CM. showing that changes in ice sheets, atmospherig CO
concentration, and vegetation cover, as well as the reorga-

Correspondence toA. Jahn nization of the thermohaline circulation are important fac-
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Table 1. Setup for all simulations. “PD” stands for present-day 2 Methods

ice sheet forcing, “LGM” for LGM ice sheet forcing according to

Peltier(1994. “280” and “190” stand for pre-industrial (i.e. “nat- 2-1 Model

ural” present-day) and LGM atmospheric g€@vels, respectively.

“REF” stands for the use of a prescribed potential present-day vegCLIMBER-2 is a coarse resolution climate system model of

etation distribution as simulated RE F while “interactive” stands  intermediate complexity. It has a resolution of°1i@ lati-

for the use of the interactive vegetation model. The last columntude and 51 in longitude. The atmospheric module is a 2.5
shows the simulated globally averaged annual mean surface air temfimensional statistical-dynamical model and the ocean mod-
perature of each simulation (ftC). ule is a multi-basin, zonally averaged ocean model with 20
uneven vertical levels that also includes a sea-ice model. The
Simulation Ice sheets GO Vegetation Global Temp.  terrestrial vegetation model VECODE within CLIMBER-2

REF PD 280 interactive 13.99 is a reduced-form dynamic global vegetation model (see
LGM; LGM 280 REF 11.03 Cramer et al.2001), which simulates the dynamics of two
LGM¢ PD 190 REF 12.53 plant functional types (PFTs), trees and grass, in response to
LGMcy LGM 190 REF 9.48 changes in climate. The PFT fractions are parameterized as
LGMyy LGM 280 interactive 10.55 a continuous function of growing degree days (sum of mean
LGMcy PD 190  interactive 12.41 daily temperature for days with a temperature above a cer-
LGMcry  LGM 190 interactive 8.86 tain threshold, here°®) and annual precipitation. A more

detailed description of CLIMBER-2 and its performance can
be found inPetoukhov et al2000, Ganopolski et al(2001),
andBrovkin et al.(20023.
included only the biogeophysical vegetation feedback while
Brovkin et al. (20028 analyzed the effect of an interactive 2.2 Experiments and LGM boundary conditions
vegetation on the carbon cycle during the LGM with the same
model. Several equilibrium experiments were performed for this
study, using either present-day or LGM configurations for
ice sheet cover and atmospheric £€dncentration as well
as interactive or fixed vegetation (see Tabléor the setup
f all simulations and Sec®.3for a detailed explanation of

hese experiment). All experiments were integrated for 5000

changes n ice-sheet cover.anc'i the rqd|at|v¢ effect of a IOWe{/ears and the model output averaged over the last 10 years of
atmospheric C@concentration in the simulation of the LGM the equilibrium state was analyzed in this paper

Isnc railb(;?jnsgﬁn;lvﬁwy.c (;/r\]/qe :ﬂzgy:a}ttlleﬂ:gﬂg; nc(:aeo O:] tZESaT Vpere: For the LGM, continental ice sheets and a sea level drop of
g P geophy g105 m were prescribed for the simulatioh6 M;, LGM¢y,

etation f_eedback to detfarmlne their individual contr|but|on_ to LGM,y, andLGMc,y, based on reconstructions Bgltier
the cooling at the LGM; however, we do not account for bio- T

eochemical effects. In difference @anopolski2003, we (1999. Sea level and land-ocean distribution as well as
9 ' P ' a parametrization of gyres in the North Atlantic (due to

use factor separation and feedback analysis instead of factﬁe closure of the Canadian Archipelago during the LGM:;
tor analysis to investigate the climatic change caused by the . . Y

. Lo o : . See Ganopolski and Rahmsto(R001) for details on this
different contributions. Due to this difference in technique,

we can separate the pure contributions of,GBange, ice parametrization) are altered consistently with changes in ice

sheet change and vegetation changes from synergistic ef“fec%sheGt cover, although only the changes in ice sheets are

between them. Furthermore, we are able to investigate th%nentl_oned e_pr|C|tIy in this paper. The GQvas Iower;ad
S . ; rom its pre-industrial value of 280 ppm (assumed as "natu-
individual response of vegetation to lowered £énd im-

posed ice sheets with feedback analysis. Hence, this study %%,5 r(e:sC;ant-day C°”°.e”"a“°T‘) to 190 ppm for all runs using
complementary to the work @anopolsk(2003. . 2 concentrationsRetit et a_l, 1999. For the veg- .
etation, either the modeled potential present-day vegetation

After comparing the individual effects of ice sheet and distribution from simulationR E F was used or the vegeta-
CO;, changes on the global annual surface air temperaturéion model was used interactively, allowing it to adjust to the
with vegetation feedbacks, the ice sheet ang @@tors are  climatic effect of the respective changes in £ ice sheets.
then compared with the results Beérger et al(1996, who Sensitivity studies revealed that using LGM orbital parame-
performed experiments with a 1-D radiative convective cli- ters instead of present-day values did not cause any signif-
mate model in order to separate astronomical-albedo effecteant changes, due to the very similar values of the orbital
from the effect of CQ changes. The comparison of vegeta- parameters at the LGM and at present. Therefore, we used
tion feedbacks with ocean feedbacks will be the subject of gpresent-day orbital parameters in all simulations for consis-
complementary study. tency.

Since the LGM climate has been simulated before with
CLIMBER-2 (Ganopolski et a].1998 Ganopolski 2003,
the goal of this study is to investigate the role of dynamic
vegetation in comparison with the roles played by prescribe
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90N -16 Table 2. Annual averaged global temperature changes caused by
60N 1 20 the ice sheet factorf}), the CQ factor (f¢), their synergy term
(fc1), the vegetation feedback to the climatic change caused by the
© 30N - -6 ice sheet factorJ(IV), the vegetation feedback to the climatic change
g 4 caused by the C®factor (fY), and the vegetation feedback to the
5 EQ- o ¢ .
o climatic change caused by the synergy teyfé’,(). The calculation
g 308 of these terms is described in Sez8.
60S Factors ChangeifiC Feedbacks ChangedC
90S = 14
y T T T y —2.96 —0.48
180 1200 60W 0  60E 120E 180 fi Ji
Longitude fc —1.46 2 -0.12
fer —0.09 4 —0.02

Fig. 1. Annually averaged surface air temperature differences (in
°C) between the full LGM simulation(G M¢;y) and the present-
day reference ruREF.

In the factor separation, the forcing is prescribed, while in
the feedback analysis, the feedback is a factor of the state of
the system and it changes in response to the forcing. Here
we have chosen ice sheets and C&3 forcing/factor, be-
cause ice sheets and g@re not simulated interactively in

2.3 Factor separation and feedback analysis

To quantify the individual contributions of the prescribed

changes in C@concentration and ice sheet cover, a factor . .
: A the present version of CLIMBER. In both factor separation
separation was performed followirggein and Alper(1993. and feedback analysis, the same terms, such as pure contribu-

They developed this technique to separate pure Contrlbufion and synergy, appear, but there are different assumptions

tions of different processes in a climate change signal frombehind them. In the factor separation, the tefareflects the

synergistic effects that result from non-linear processes in i
the climate systemBerger 2007. In order to separate the response of the system to g@rcing. In the feedback anal-

i |4
pure contribution ofn factors from the synergies between ysis, the termf reflect the response of the system to the

them, 2 simulations are necessary. Therefore four simula-;;eget?;'gns c:;irngetsé rthat Ogguirc?ss tLia;z%?tig%;T?etsMgﬁse
tions were necessary: a present-day reference RUF); 9. ynergy termyc; dep P

a simulation with LGM ice sheets but reference £¢»n- of the system to applying both forcings, gand ice sheets,

centration { G M;); a simulation with LGM CQ concentra- s:irpnultanreouslri/. Tze S)t/n(i;]gyvterﬁ%/, tiShr?\;VS Ejhbe as?tloinrﬁl it
tion but reference ice coveL(GM¢); and a run with both climate response due to the vegetation eedback 1o simuita-

LGM ice sheets and LGM Cg&concentration LGMcy). neously applied C@and ice sheets forcing.

From the surface air temperatures at the end of these sim-

ulations (o, T7, Tc, Tcy, respectively), the two factors and 3 Results

the synergy term (caused by simultaneous changes in CO

concentration and ice sheet cover) were calculated followingrpne LGM climate simulated in the full LGM experiment

Stein and Alpert(1993, i.e. f;=T;—To, fc=Tc—To, and (LG M¢;y) shows a global annual mean surface air temper-

Jfer=Tci—(Tc—To)—(T1—To)—To. ature of 8.9C, which is 5.2C lower than in the present-day
To compare the temperature changes due to the changegference run REF). This temperature decrease is in the

in CO, concentration and ice sheet cover with the tem-range of simulated changes from AOGCMs that find a LGM

perature change caused by the vegetation feedbacks igooling between 3% (Hewitt et al, 2003 and 10C (Kim

response to the cooling caused by £@nd ice sheet et al, 2003. The cooling is centered over the ice sheets of

changes, a feedback analysis was performed. For thighe northern hemisphere (NH) and is much weaker over the

feedback analysis, three more experiments were necesouthern hemisphere (SH) (Fib.

sary: a simulation with LGM C@ concentration and  This global LGM cooling of 5.1C can be attributed to

interactive vegetation (GMcy); a run with LGM ice  the ijce sheet and GOactors, their synergy, and the vegeta-

sheets and interactive vegetatiohdM,v); and a sim-  tjon feedback to each of these terms by factor separation and

ulation with LGM ice sheets, LGM C§ and interac-  feedback analysis (see Tal®le The largest part of the global

tive vegetation LGMcv). These simulations provided cooling is due to the presence of LGM ice shegtd (which

the surface air temperatur@gy, T;v, andTc;v, respec-  |eads to a global cooling of 3:@, followed by the effect of

tively. The feedback factorg,”, /¥, and f/, were then  the CQ drop to 190 ppm fc), which resuits in a global

calculated as follows: fY =Tcy—Tc, f'=T;v—Ti, and  temperature decrease of 4G The termf,”, describing the

fCV,:TC]V—TCI—(TCV—TC)—(TIV—TI). temperature change caused by the vegetation feedback to the

www.climate-of-the-past.net/cp/1/1/ Climate of the Past, ¥, 2005
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Fig. 2. Annually averaged surface air temperature changedd)rcaused bya) the presence of an ice shegy), (b) lowering of CG to
190 ppm (f¢), (c) synergy between ice sheets andi@creasef;), (d) vegetation change in response to an ice srﬁ%),((e)vegetation

change in response to the Ioweredgqcv), and(f) vegetation change in response to the synergy between presence of ice sheets and CO
- v
lowering (f¢;)-

cooling produced by the LGM ice sheets, leads to an addicirculation by 7 Sv; this increases the northward heat trans-
tional global temperature decrease of°@5 The vegetation  port by 0.2 PW, thereby cooling the Southern Ocean. As a
feedback to the cooling caused by the Iower2C((ZJCV ) pro- consequence, sea-ice cover in the SH increases, which fur-
duces a cooling of 0°L, which is the same amount of cool- ther decreases the temperature in southern high latitudes due
ing as generated by, (the additional temperature change to the sea-ice-albedo feedback. The Of@ctor f- gener-
due to the simultaneous GQGand ice sheet change). The ates the strongest cooling in the high latitudes of both hemi-
vegetation feedback to the cooling caused by the synerggpheres; however, the cooling is larger in the SH than in the
between CQ and ice sheet forcingf@’,) leads to a global NH (Fig. 2b). The stronger cooling in the high latitudes (“po-
temperature decrease of substantially less th&ft00.1 lar amplification”) is caused by the positive sea-ice-albedo
As shown in Fig2, there is considerable variation in the and snow-albedo feedbacks operating in both hemispheres.
regional distribution of the cooling due to each of these fac-At the same time, the northward oceanic heat transport is
tors/feedback terms. The presence of ice sheets causessiiengthened atlower atmospheric &@ncentrations; how-
cooling mainly over the ice covered regions of the NH dueever, this change is smaller as that found for This
to the increase in albedo and altitude (F2g). The cool-  strengthening of northward heat transport serves as a nega-
ing in the NH leads to an increase in the Atlantic overturning tive feedback in the NH, and as additional positive feedback

Climate of the Past, 1, 7--2005 www.climate-of-the-past.net/cp/1/1/
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Fig. 3. (a) Change in the annually averaged surface air temperature due to the biogeophysical vegetation feedb@glks¢itb) the
associated change in fractional tree coverage compared to the prescribed potential present-day vegetation cover (i.e. vegetation chang
betweenLGM¢; andLGMcyy). The blue line in (b) represents the boundary of 60% inland ice coverage within a grid cell.

in the SH, which explains the stronger cooling in the high feedbacks. Therefore, care has to be taken to not confuse the
latitudes of the SH compared to the NH. The synergy fac-effect of non-linear processes with the effect of climate feed-
tor fcr produces a strong cooling over the North Atlantic backs when calculating individual contributions of feedbacks
and a warming over the Southern Ocean (Bg). This tem-  close to bifurcation points in the climate system.
perature change is caused by a decrease in northward heatThe cooling effect off,‘/ is strongest over land in the
transport in the ocean and a displacement of the deep wasorthern high latitudes (Fi@d). It is due to the replacement
ter formation site to the south, which means that the ocearf forest by herbaceous vegetation in response to the cool-
circulation changes from its “warm” mode (in which itis in ing caused by the ice sheet factgi), which increases the
REF,LGM;,andLGM¢) to its “cold” mode (inLGMcy) albedo of these regions especially in winter and spring when
(seeGanopolski and Rahmste2001, Fig. 2). the surface is snow covered (€®vkin et al, 2003. In ad-
dition, this so called taiga-tundra feedback is amplified by an
As shown inGanopolski and Rahmsto(R001), the bi-  increase in snow coverage over these regions. The cooling
furcation transition between cold and warm modes occurs irgenerated by‘c" is strongest over North America (Fige),
the domain of negative anomalous freshwater forcing for theas a result of the taiga-tundra feedback in this region. As seen
full glacial conditions. However, for a somewhat warmer cli- in Fig. 2f, fCV, causes the strongest cooling over the North
mate, the position of bifurcation transition moves to the do- Atlantic and northern latitudes of Eurasia, combined with a
main of positive freshwater flux, i.e. the warm mode becomeswarming of the Southern Ocean. The cooling over the North
stable under zero freshwater anomalous flux. Thereby thétlantic is a result of a further decrease of the northward heat
global cooling is another bifurcation parameter of the model,transport and an associated increase in sea-ice cover com-
and for unperturbed freshwater flux, the global temperaturepared toLG M. The decrease in northward heat transport
determines which mode of the thermohaline circulation isis also responsible for the warming in the SH. In the northern
stable. The critical temperature threshold is crossed in thidatitudes of Eurasiafc", shows a cooling over regions where
study when CQ@ and ice sheets are changed simultaneouslytree cover decreases, again due to the taiga-tundra feedback.
to LGM conditions (i.e. inLGMcj). As intended byStein To compare the cooling caused by the total vegetation
and Alpert(1993, the effect of this non-linear climate re- feedback with the radiative effect of lowered atmospheric
sponse is captured by the synergy tefay. However, sen-  CO, concentrations, the temperature changes of all three
sitivity studies show that the combined cooling due t0,CO vegetation feedback terms are added (B&). Over the land
decrease and presence of ice sheets is just large enough &®eas of northern Siberia, the combined effect of the vegeta-
trigger the change in the ocean circulation. A slightly smallertion changes leads to a cooling of abo8€2while the CQ
cooling, as caused for example by a £&ncentration of  reduction to 190 ppm irf¢ (Fig. 2b) causes a temperature
200 ppm instead of 190 ppm in combination with ice sheets,decrease of 1% in this region. This strong cooling by the
does not cause this change in the ocean circulation modesegetation occurs exactly in those regions with the greatest
In this case, the additional cooling produced by the vegetadecrease in tree cover (as shown in Fhg). Hence, even
tion feedback triggers the change in the ocean circulationthough the cooling effect of the G@actor makes up 29% of
and the large temperature change associated with it is thethe global cooling, while the total vegetation feedback only
included in the termfY,. This could lead to a misinterpre- causes 12% of the global temperature change, the cooling
tation of the termeVI, since the large temperature change is due to the vegetation feedback in the high latitudes of east-
not produced by vegetation feedbacks per se, but by a nonlinern Eurasia is larger than the @@duced cooling in this
ear process that is only triggered by the effect of vegetatiorregion.
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