Clim. Past, 5, 183202, 2009 7N -

www.clim-past.net/5/183/2009/ GG Climate
© Author(s) 2009. This work is distributed under of the Past
the Creative Commons Attribution 3.0 License. -

Impacts of land surface properties and atmospheric CQ on the Last
Glacial Maximum climate: a factor separation analysis

A.-J. Henrot!, L. Frangois?, S. Brewer", and G. Munhoven'

ILaboratory of Atmospheric and Planetary Physics, University 8fkj Lege, Belgium
2Unité de Moalisation du Climat et des Cycles Biegchimiques, University of Bige, Lege, Belgium
“now at: Botany Department, University of Wyoming, Laramie, Wyoming, USA

Received: 29 October 2008 — Published in Clim. Past Discuss.: 8 January 2009
Revised: 5 May 2009 — Accepted: 23 May 2009 — Published: 3 June 2009

Abstract. Many sensitivity studies have been carried out, than the pure contributions. Finally, the comparison between
using climate models of different degrees of complexity tothe LGM simulated climate and climatic reconstructions over
test the climate response to Last Glacial Maximum bound-Eurasia suggests that our results reproduce well the south-
ary conditions. Here, instead of adding the forcings succeswest to north-east temperature gradients over Eurasia.

sively as in most previous studies, we applied the separation
method of U. Stein et P. Alpert 1993, in order to determine
rigorously the different contributions of the boundary con- ]
dition modifications, and isolate the pure contributions from1  Introduction

the interactions among the forcings. We carried out a se- ) )
ries of sensitivity experiments with the model of intermediate 1 "€ Last Glacial Maximum (LGM), around 21 000 years be-

complexity Planet Simulator, investigating the contributions foré present (21kBP), represents the largest climate change

of the ice sheet expansion and elevation, the lowering of the?f the recent past. It is characterized by an expansion and

atmospheric C@and of the vegetation cover change on the & thickening of the ice sheets at high latitudes, a large re-
LGM climate. duction in atmospheric COconcentration and a less dense

The separation of the ice cover and orographic Contribu_vegetation cover. Several projects, using palaeoclimatic data,

tions shows that the ice albedo effect is the main contributorhave reconstructed the surface conditions at the LGM, like

to the cooling of the Northern Hemisphere, whereas orograCLIMAP (CLIMAP Project Members197, or more re-

phy has only a local cooling impact over the ice sheets. Thef€Ntly MARGO Kucera et al.2009, making the LGM one
expansion of ice cover in the Northern Hemisphere causef the best documented periods of the recent geologmal past.
a disruption of the tropical precipitation, and a southward AS & result, the LGM has become the subject of numer-
shift of the ITCZ. The orographic forcing mainly contributes OUS Gener.a}l Circulation Model (_GCM) stud!es, in order to
to the disruption of the atmospheric circulation in the North- t€St the ability of the models to simulate a climate markedly
ern Hemisphere, leading to a redistribution of the precipita-different from the present, and to better understand the mech-
tion, but weakly impacts the tropics. The isolated vegetationnisms that lead to abrupt climate changes. Many sensitivity
contribution also induces strong cooling over the continentsStudies have been carried out, using GCMs to test the climate
of the Northern Hemisphere that further affects the tropical™®SPonse to various glacial boundary conditioBsogcoli
precipitation and reinforce the southward shift of the ITCZz, @hd Manabel987h Hewitt and Mitchel| 1997 Ganopolski
when combined with the ice forcing. The combinations of 2003 Schneider von Deimling et a2008.

the forcings generate many non-linear interactions that re- In these studies, boundary condition changes and forcings
inforce or weaken the pure contributions, depending on thevere generally applied in a sequential procedure that con-

climatic mechanism involved, but they are genera”y WeakerSiStEd of a successive addition of the fOfCingS Ieading to the
final LGM state. In that case, the response of the model to

a particular change in a given boundary condition is deter-
Correspondence toA.-J. Henrot mined by the comparison of the runs with and without that
BY (alexandra.henrot@ulg.ac.be) change, neglecting in the analysis the possible interactions
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between the forcings that can take place and contribute t@nd sea-ice distributions were prescribed from the AMIP2
the final climate state. To overcome this shortcomBigin  dataset AMIP2, 2004). This preindustrial heat flux distri-
and Alpert(1993 developed a rigorous method to carry out bution has been used througout the full set of experiments.
sensitivity studies that separates the pure contributions of th&/e did not consider any change in the oceanic circulation
forcings from the interactions resulting from their combina- at the LGM. The land surface and soil models calculate the
tion. surface temperatures from a linearized energy balance equa-
Berger et al(1996 andJahn et al(2005 used theStein  tion and predict soil moisture on the basis of a simple bucket
and Alpert(1993 factor separation method to analyse differ- model. The influence of vegetation is represented by back-
ent contributions to the LGM climateBerger et al(1996 ground albedo and roughness length. Their annual distribu-
used a 1-D radiative-convective climate model to assess th#ions are prescribed, and albedo may only change in grid-
individual and synergistic effects of the ice sheet albedo feed<ells where snow is present.
back and atmospheric GQchanges at LGMJahn et al. The distributions of surface albedo and roughness length
(2009 used CLIMBER-2 Petoukhov et 2000 Ganopol-  were obtained from the dynamic vegetation model CARAIB
ski et al, 2007 to separate the pure contributions of £0 (CARbon Assimilation In the Biosphere)Marnant et al.
ice sheet and vegetation changes from their combinationsl994 Nemry et al, 1996 Laurent et al.200§. CARAIB
Here, we applied thé&tein and Alpert(1993 method to  calculates the carbon fluxes between the atmosphere and
a LGM sensitivity study carried out with the Earth system the terrestrial biosphere and deduces the evolution of car-
model Planet Simulator. We carried out a series of sixteerbon pools, together with the relative abundances of a series
simulation experiments, where we have assessed the effectd plant types. Its different modules respectively focus on
from differences in the vegetation cover, the ice sheet coverthe hydrological cycle, photosynthesis and stomatal regula-
the orography, and the effect of reduced atmospheric carbotion, carbon allocation and biomass growth, heterotrophic
dioxide between a pre-industrial state and the LGM. We re-respiration and litter and soil carbon, and the distribution of
constructed the vegetation distributions with the CARAIB the model plant types, as a function of productivity. Here
dynamic vegetation model (described in S&t. We then  we used a classification with fifteen Plant Functional Types
examined the response of surface temperature and precipitdPFTs), described iGaly et al.(2008. Model derived PFT
tion to the different forcings and discuss the pure contributionassemblages were then translated into biomes to produce
of the four factors on the LGM climate, as well as the inter- vegetation maps. The inputs of the model are meteorological
actions among them. Finally, we evaluated our LGM resultsvariables, which can be taken from meteorological databases
over Eurasia and Africa against LGM climate reconstructionor outputs from GCMs. CARAIB has been used before to
produced by\u et al.(2007). produce LGM vegetation distributions, using climatic forc-
ings derived from a range of GCM simulation experiments
(Francois et 8).1998 1999 Otto et al, 2002 Cheddadi et al.
2 Model setup 2006 Galy et al, 2008. For the present study, we have de-
rived a new global LGM vegetation distribution, which we
The Planet SimulatoiFfaedrich et a).2009 is an Earth sys-  discuss in Secd.1
tem Model of Intermediate Complexity (EMIC). Its central
component is PUMA-2, a spectral GCM with triangular trun-
cation, based upon PUMA-(aedrich et a.1998. PUMA-2 3 Experimental setup
solves the moist primitive equations, representing the con-
servation of momentum, mass and energypatoordinates  We carried out a series of sensitivity experiments with the
in the vertical. It also includes boundary layer, precipita- Planet Simulator, implementing the factor separation method
tion, interactive clouds and radiation parametrizations. Forof Stein and Alpert(1993. This approach calculates and
the present study, we configured it to use a T21 truncatiorisolates the pure contribution of any factor, as well as the
and ten vertical equally spacedlevels. The atmospheric contributions due to interactions among two or more factors,
module is coupled to a 50 m deep mixed-layer ocean, a therusing a linear combination of a number of simulations. 2
modynamic sea-ice and a land surface and soil model. Sesimulations are then required to separate the pure and inter-
surface temperatures are computed from the net atmospheraction contributions of: factors. Following the factor sep-
heat flux in the surface. The transport of heat by oceanicaration method, we carried out a series of sixteen sensitiv-
surface currents is represented by an additional source dty experiments, considering all the possible perturbations of
sink of heat, varying monthly and spatially that is prescribeda given control run configuration by prescribing changes of
within the mixed-layer and the sea-ice. Heat flux adjust-ice sheet cover, orography, vegetation cover (through albedo
ments are applied to ocean grid-cells to mimick heat trans-and roughness length) and atmospheric carbon dioxide. Ta-
port by ocean currents that is not an explicitly representedble 1 lists the changes in boundary conditions used for the
process in the model. Their distribution was determined fromsixteen experiments. The control experiment (CTRL) does
a preindustrial experiment, where sea surface temperatureot consider any of the changes, while the LGM experiment
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Table 1. Characteristics of the 16 simulation experiments. S'm‘%"a“‘)’_‘s- They find that thf Atlant|(.: Meridional Over-
refers to control values ang refers to LGM values. Each of the turning Circulation was 10-40% more intense at the LGM

4 columns corresponds to one of the four factors analysed: atmothan at present-day in four out of nine models, 20-40% less

spheric CQ, ice cover, orography and surface albedo. intense in four other models, and slightly reduced only in one
model.

Acronym CQ ICE ORO VEG We therefore decided to follow the PMIP1 protocol and we
CTRL ~ ~ ~ ~ p_resc_ibed the present-day (control run) oceanic heat flux dis-
C i _ _ _ tributions even for the LGM. As a consequence, the model
| _ n _ may respond with a larger sensitivity and simulate cooling
0 _ _ + _ closer to coupled ocean-atmosphere ones, if compared to
Vv _ — - fixed SSTs runsRraconnot et a).2007). We must neverthe-
Cl + + - - less keep in mind that some feedbacks and regional impacts
Cco + - + - of oceanic circulation changes at the LGM (as shown, e.g. by
cv + - - + Heuwitt et al, 2003or Kim et al,, 2003 cannot be represented.
(o) -+ o+ -
v B + h + 3.1 Boundary conditions and model configuration
oV - - + +
clo + o+ 4+ -
CIV + + _ + All of the experiments, including the CTRL run, use common
cov + - + + orbital forcings, land-sea distribution and oceanic configura-
[e)} - + + + tion. The orbital parameters correspond to 21 kBP (excen-
LGM + + + + tricity 0.018994, longitude of perihelion 114.42and oblig-

uity 22.949). The solar constant is kept fixed at 1365 \¥/m
The model’s land distribution takes into account the emer-
includes all of them. We included the LGM land-sea distri- 98nce of land points due to the lower sea-level at 21 kBP. The
bution and orbital forcing in the control configuration, taking land-sea mask used with the model has been derived from
into account their contributions to produce a complete LGM Péltier's ICE-5G 1 by 1° resolution ice sheet reconstruction
climate at the end of the series, but neglecting the contribu{Péltier 2004, interpolated onto the model’s grid.
tion of their interactions with the other factors, since they are In order to have a common land-sea mask for all of the
comparatively weak (Secdt.2). sixteen simulation experiments, the CTRL run already takes
A more complete study would have to further consider theinto account the exposure of land at the LGM that results
effects of ocean circulation changes on the LGM climate.from ice sheet growth. We chose not to include this land-
The simple mixed-layer model included in the Planet Sim-S€a mask change in the orography changes, since it brings
ulator precludes the interactive calculation of such circula-@bout additional changes, such as vegetation cover or ice
tion changes that would thus have to be prescribed in a simcoVver, which are analysed separately. Therefore, the effect
ilar fashion to the land surface property changes, which wedf orography changes on the LGM climate considered here
focus on in this study. An adequate prescribed sea surfac@nly relates to the increase of elevation at high latitudes. The
temperature (SST) distribution, such as those provided b)gemerging cells from the LGM land-sea distribution therefore
CLIMAP (CLIMAP Project Members1976 or MARGO also kept their oceanic albedo and roughness length in the
(Kucera et al.2009 reconstructions, would implicitly take CTRL run, making it as similar as possible to a pre-industrial
into account such a change. However, there are two main regonfiguration.
sons fornot adopting this approach. First of aBraconnot As initial conditions over ocean gridpoints, we used the
et al.(2007) show the limitation of the use of CLIMAP SSTs preindustrial SST and sea-ice distributions. The boundary
with slab models, since they fail to produce the magnitudeconditions in time are given by the heat transfer calculated
of the glacial cooling, especially in the tropics. Secondly, by the Planet Simulator for a preindustrial climate, following
the use of fixed SSTs constrains the model sensitivity that rethe PMIP1 protocol.
duces notably the impacts of vegetation changes outside of The CTRL experiment used a preindustrial atmospheric
land areas@anopolski et a).2001). CO; concentration of 280 ppmv. The control continental
Alternatively, we could have derived a LGM heat flux ice cover and orography have also been reconstructed from
distribution from a coupled ocean-atmosphere or a forcedPeltier's ICE-5G for the preindustrial state, considering that
oceanic GCM simulation experiment. However, these sim-grid-cells covered by an ice fraction greater than 50% are
ulation experiments do not yet provide a consistent picturecompletely covered by ice (see Fit). The vegetation pa-
on how the ocean circulation changed at the LGMeber  rameters have been derived from a preindustrial vegetation
et al, 2007 Lynch-Stieglitz et al.2007). Weber et al(2007) distribution calculated from an equilibrium run of CARAIB,
analysed the results from nine different coupled PMIP modelforced with 280 ppmv of C® and the climatology of the
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Neither the effects of lower CHand NO concentrations

9N in the atmosphere, nor those of the higher atmospheric dust
60PN content at the LGM have been taken into account here. These

=T three agents are not included in the radiation scheme of the
30°N

Planet Simulator. Their variations could lead to important ad-
® ditional cooling and provide feedbacks for the LGM climate
system. This is well documented by the resultSohneider

3d’s von Deimling et al (2006 who show that the increase of at-
6 mospheric dust at the LGM yields a net global cooling that is
P;-—-—ﬁ_;.—r"_‘-'—jq. of th_e same order of magnitude than the vegetation induced
90°s cooling.
18¢° 12w 60°W o° 60°E 12 184
—~ e [
S0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 4 Results
Orography (m)
4.1 Simulated LGM vegetation
(b)
N The biome maps (Fig2) show the simulated preindustrial
6PN _'J_.‘I and LGM vegetation distributions, with a resolution of 0.5
" O by 0.5. Globally, the simulated LGM vegetation cover
30N is less dense than the preindustrial one. Grasslands and
© deserts expand, mainly at the expense of forest ecosystems,
in response to the extremely cold and dry LGM conditions.
3e%s iﬁ] CARAIB simulates a reduction of the total carbon stock
oS o (vegetation plus soil) of 734GtC, which is at the lower
'_,—rH_,__E end of the LGM carbon stock reduction range suggested
90°s = from reconstructions of palaeovegetation from palynologi-
o fw w0 ofe  adE aef cal and sedimentological proxy data{00 to—1600 Gt C),
- T ] but slightly higher than estimates obtained with biospheric
%0 500 2000 %00 5:2;;;& (:f)"“ 3500 4000, 4500 5000 model forced with outputs of general circulation models (0

to 700 Gt C, aftePedersen et al2003.

Regionally, the simulated LGM vegetation distribution is
broadly consistent with the results of the Palaeovegetation
Mapping Project BIOME 6000 (Prentice and Jolly200Q
Harrison et al. 2001, Bigelow et al, 2003 Pickett et al.
2009). Polar desert and tundra are modelled in a large part

CLIMATE database version 2.1 (W. Cramer, Potsdam per_of the Northern Hemisphere continents. In Siberia and in
sonal communication) ' ' ’ ' the part of Alaska not covered by ice sheets, they replace

. . . _the boreal forests (tga), when in Western Europe tundra re-
c 3—20 gc?r:ig]nt?:ti;nellﬁc;?ig'%i I&v\\;glre(i( t;goa;g]n%?(ze”c places the temperate forests. Note that the polar desert or ice
. : biome, extremely expanded in our LGM simulation, does not
et gl, 1999. the rec%nsltrucftelcj tEhe coptmehnta:_lc’z\a/l cover represent permanent ice, but the absence of vegetation, due
and orograpny trom eltiers ICE-5G for the LGM (see to extremely cold and dry conditions. The warm temperate
F'gf D). Th? V(_ege'gatlon pe_arameters have been replace_d b(yind mixed forests of Southwestern Europe are replaced by
their LGM distributions derived from a LGM vegetation dis-

. .~ semi-deserts. Colder forest types also appear in our results,
e o st P g i e reconsiucion Gheccad e 2000, This e

. ylce ' e reconstruction differs from the BIOME 6000 one and shows
timate the vegetation impact. We used an equilibrium run

of CARAIB forced with 200 ppmv of C@ and a climate only semi-deserts in the region. North Africa is covered by

. deserts, with a southward expansion of the Sahara by less
denyed from_the ECHAM4.G¢M Roeckner et a,l:1996 than 5 in latitude, replacing tropical grasslands or savannas.
(revised version of the distribution shown Byancois et al.

. .~ In Equatorial Africa the tropical rainforest is reduced, except
Ei?gggeyngﬁlfhu;aizd,\;haen3?{?\??r'g;]gzg?a?ggﬂdggr?ﬂﬁén the western part. In Asia, deserts and grasslands expand,
CLIMATE database version 2.1, as climatic inputs for the with an extension of deserts to the east in the center of Asia,

Fig. 1. Land-sea mask and orography over the glacier mastafor
the CTRL configuration an¢b) the LGM configuration. The ice
sheet expansion is shown by the colored pixels.

LGM simulation, following the approach described@ito
et al.(2002.
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Biome Distribution

[ Boreal/montane forest

I Cool temperate mixed forest

I Cool temperate conifer forest

] Temperate broadleaved deciduous forest
[ ] Warm temperate mixed forest

[ Warm temperate conifer forest

[ ] Warm temperate broadleaved evergreen fc
T B Sub-tropical forest

180-150-120 90 60 30 O 30 60 90 120 150 180 M Tropical seasonal forest

B Tropical rainforest

I Cold temperate/boreal open woodland

[ ] Warm temperate open woodland

[ ] Tropical savanna

] Temperate grassland

[ Tropical grassland

[ ] Tundra

[ ] Semi-desert

[ ] Desert

[ ] Polar Desert or Ice

1 1 1
-180-150-120 -90 -60 -30 0 30 60 90 120 150 180

Fig. 2. Biome distributions from CARAIB preindustrial and LGM equilibrium runs.

and the replacement of subtropical and temperate forests bpnate. The change in the orbital forcing reduces the global
tropical grasslands essentially in Southeastern Asia. In Norttimean surface temperature by @Afrom 15.2C at prein-
America, the forest biomes are shifted southwards and redustrial times, but it does not significantly affect the pre-
placed by tundra or polar deserts, and the subtropical typesipitation. Local cooling does not exceee).5°C over the

are limited to Florida. However, the predominance of desertscontinents and the open ocean. It may nevertheless reach
and grasslands in the west coast of North America, simu—4°C over sea-ice, especially in the Antarctic ocean, due to
lated by CARAIB, does not agree with the reconstructions ofthe persistence of sea-ice in summer, following the lower-
Williams et al.(2000 used in the BIOMEG600O results, which ing of the obliquity at 21 kBP that reduces insolation at high
show mainly cool mixed forests and open woodlands in thislatitudes in both hemispheres during their respective sum-
region. It is more in line with the recontruction 8idams  mers. The modification of the land-sea mask (with emerging
et al.(1990. A fragmentation of the tropical rainforest and grid-cells keeping oceanic surface albedo) warms the global
its remplacement by savannas or subtropical forests occur imean temperature by G@. This warming is mainly due to
the north of South America, while the southern part is dom-the replacement of ocean by land grid-cells, preventing the
inated by tundra and deserts. Finally, the tropical grasslandformation of sea-ice on some grid-cells at high latitudes and
and deserts prevailing in the center and the southwest of Austhe resulting strong albedo feedback to take place, and limit-
tralia in the simulated preindustrial distribution are replaceding the evaporation on some emerged grid-cells in the trop-

by warm and open forests. ics. Finally, the CTRL climate, combining both forcings, is
close to a preindustrial climate (with a global surface tem-

4.2 Control experiment perature lowered by-0.1°C only). The surface temperature
and precipitation distributions for the control state are shown

As mentioned before, the control state differs from a prein-°" F19-3.

dustrial one by the 21 kBP orbital configuration and land-sea
distribution that we separate from the other factors, due to
the weak contributions of their interactions. Nevertheless,
the pure effects of both factors contribute to the LGM cli-
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(a) Table 2. Comparison of the pure contributions with the effects of

I | the interactions between the factors on the global, oceanic and conti-
nental annual surface temperature®@). (See Fig5 for additional
information.)

Acronym Global Ocean Continent
C -2 -19 -19
I 27 -14 57
(0] +0.1 +0.4 -09
\% -13 -0.8 —-25
Cl +0.1 +0.0 +0.1
CcoO +0.1 +0.1 +0.1
e ] cv ~00 ~01 +02
Surface TemperaturéQ) 10 +0.2 +0_ 1 +04
(b) \Y +0.2 +0.1 +0.5
ov +0.1 +0.1 +0.0
ClO +0.1 +0.1 -01
CIv +0.1 +0.2 -0.2
Cov +0.0 +0.2 -0.3
IOV +0.0 +0.1 -01
LGM -0.0 -01 +0.1

Table 3. Comparison of the pure contributions with the effects of
the interactions between the factors on the global, oceanic and con-
tinental annual precipitation (in mfgr). (See Fig5 for additional
information.)

120E 186

0 25 50 75 100 150 200 250 300 400 500 600 800 1000 150020003000
Precipitation (mm/yr)

Acronym Global Ocean Continent
Fig. 3. Control experiment (CTRL) result¢a) annual surface tem- C -33 _29 -33
perature{b) precipitation. I —47 _23 —99
o} -1 -2 -1
\% —-29 -5 =77
4.3 Global responses Cl +4 +4 45
Cco +0 —4 +9
We present here the global impacts of the pure contributions cv 42 -0 +8
of the four factors, as well as the contributions of their inter- 10 +5 +4 +7
actions. The magnitude of the impacts of boundary condition 1V +13 +5 +31
changes on surface temperature and precipitation are shown OV +2 -1 +6
in Fig. 4, representing the anomalies between each experi- €O +1 +6 -9
ment and the control run. Ice cover change (experiment|) is Clv +2 =0 +6
the factor producing globally the largest cooling and dryness, cov +2 +5 —4
. . I [e)V] +1 +4 -3
followed by CQ (experiment C) that gives an additional LGM 2 g 0

cooling effect when added to the ice cover change (exper-
iment CI). Vegetation cover changes also significantly cool
and dry the climate (experiment V), when orography changes
slightly tend to warm the global climate (experiment O). The The LGM cooling obtained here is consistent with the
experiment CIV, adding ice, GOand vegetation changes, cooling simulated by the models used in PMIP1 (frer2
is then the coolest and the dryest of the series, even mort® —6°C for atmospheric GCMs with computed sea sur-
than the complete LGM one, due to the absence of orographface temperatureggussaume and Tay|®000) and PMIP2
change. The global LGM coolingis5.2°C (—10.#Conthe  (between—3.6 and—5.7°C for coupled atmosphere-ocean
continents and-1.8C on the oceans), and the global LGM models Braconnot et a).2007), but it is at the cooler
precipitation reduction is-79 mmyyr (—105mnyyr on the ~ end of this range. This may be due to the lack of an ex-
continents and-45 mn}/yr on the oceans)_ pllClt representation of ocean circulation in our m0d3|, as
the slab models used in PMIP1 tended to produce stronger
cooling over the Northern Hemisphere than the coupled
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Fig. 4. Global surface temperature and precipitation anomalies (EXPERIMENT-minus-CTRL). All results reported here are global means
over the last 20 years of 50-year simulations, allowing 30 years for the model to equilibrate.
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Fig. 5. Comparison of the pure contributions with the effects of the interactions between the factors on the global, oceanic and continental
annual(a) surface temperature ar) precipitation. The C, I, O, V effects represent the pure contributions of each factor. The Cl to LGM
effects represent the contributions of theeractionsamong the corresponding factors, not the actual effects, shown o4.Fig.
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ocean-atmosphere modeBréconnot et aJ.2007). How- weakly affects the Southern Hemisphere. The weak impact
ever, none of the PMIP1 models and only a few of the PMIP20f the ice cover effect in the Southern Hemisphere is due to
models have taken into account vegetation changes at LGMhe lack of ocanic circulation changes in our model. Only the
The additional cooling simulated in our experiments may small ice cap covering Patagonia leads to a pronounced local
therefore be also due to the additional contribution of veg-cooling. The largest decreases of surface temperature are lo-
etation change. This is partially supported by the CIO ex-cated over the ice sheets and over the North Atlantic and the
periment, which does not include vegetation changes. ThidArctic Oceans, resulting from an extension and thickening
simulated a global temperature anomaly-6£.3°C, which of sea-ice. The mid and low northern latitudes are also af-
better fits the range of the PMIP1 and PMIP2 model coolingfected by some weaker cooling, but some tropical regions, as
than the total LGM cooling of£-5.2°C. Equatorial Africa and India, are subjected to warming that is
The impacts of the interactions of two or more factors more pronounced during summer and linked to a decrease of
on global, continental and oceanic surface temperature areummer rainfall.
shown respectively on Figa and Tabl&, and on Fig5b and Vegetation cover changes result in a large cooling on the
Table3. The contributions of the pure factors (ice, £®eg-  Northern Hemisphere, mainly over the continents (experi-
etation and orography anomalies) are also shown for comment V, Fig.6c). The vegetation contribution is compara-
parison. Note that we do not consider Antarctica in the cal-ble in terms of magnitude to the ice cover effect over the
culation of the continental mean. Large changes especiallynid and low latitudes of the Northern Hemisphere. As de-
in surface temperature that have only a weak impact on locascribed above, vegetation cover changes affect surface albedo
climate and are not indicative of large scale climate changeand roughness length, but the albedo impact on surface tem-
can occur there. The interactions should be taken into acperature is dominant, because of its direct impact on the en-
count in the climate analysis, since they show evidence ofergy balance. The cooling produced on the continents of the
the non linear feature of effects caused by the different facNorthern Hemisphere is directly linked to the increase of sur-
tor combinations. For example, the combination of the iceface albedo by more than 10%, caused by the replacement
and vegetation cover changes (experiment V) produces nonf boreal and temperate forests by tundra or semi-deserts.
linear effects that result in an increase of surface temperatur&urther, the induced cooling can be reinforced by the snow
and precipitation. These effects act in the opposite directioralbedo feedback, on grid-cells covered by snow. However,
of the pure contributions of ice and vegetation. The total Equatorial Africa and India also show some warming, re-
cooling due to ice and vegetation cover change3.&C on  lated to a decrease of evaporation and summer rainfall, as
global surface temperature, see Fy.is then weaker than in experiment |. Surface temperatures also increase in Aus-
the simple addition of both pure contributionsZ.7°C for tralia and South Africa, but are caused instead by the increase
ice plus—1.3°C for vegetation that is-4°C), since the in-  of surface albedo, caused by the replacement of deserts and
teraction between both forcings gives a slight warming (of grasslands by forest biomes. Finally, there is pronounced but
+0.2°C globally). Nevertheless, the interaction effects re- localized cooling over emerging land grid-cells at LGM, due
main weaker than the pure contributions effects. Only theto the replacement of their control oceanic albedos of 7%
interactions between ice and vegetation, and ice and orogdirectly by LGM vegetation albedo greater than 15%. In ex-
raphy (experiments IV and I0) have comparable effects toperiment IV (Fig.7a), the application of vegetation changes
the pure contribution ones, especially on the continents. Théogether with the presence of ice sheets reinforces and ex-
interaction 10 notably warms the continental surface temper{ands southwards the cooling induced by the ice cover ef-
ature by 0.4 C, while the pure orographic contribution leads fect, especially over the high latitudes and the continents in
to a continental warming of 0°€ (Fig.5). The increase of the Northern Hemisphere. A stronger warming occurs in
precipitation caused by the interaction 31 mnyyr) also  Equatorial Africa and India. However, the Southern Hemi-
compares to the decrease of precipitation due to thecoo- sphere remains weakly affected by both factors. Only vege-

tribution (—33 mnyyr) (Fig. 5). tation changes produce a weak warming, due to a decrease in
albedo.

4.4 Spatial responses The CQ contribution causes a rather uniform temperature
cooling, of about —2C (experiment C, Figed). The magni-

4.4.1 Surface temperature tude of the cooling is similar over continents and oceans, and

in both Northern and Southern Hemispheres, making it the
Figures6 and7 illustrate the surface temperature responsesmost important contributor to sea surface temperature cool-
to the prescription of the boundary condition forcings. Theing. Further, the C@contribution results in a stronger cool-
presence of ice sheets increases the albedo of ice coveredg around the poles, especially over the Antarctic ocean,
grid-cells by more than 40% in comparison to the control linked to an expansion and thickening of sea-ice. This re-
state. The pure ice cover effect (experiment |, [6@) pro-  inforces the cooling trend in the Northern Hemisphere initi-
duces the largest cooling only in the Northern Hemisphere, imated by ice sheet and vegetation albedo effects, when all three
comparison to the other pure contributions of the series, buforcings are combined (experiment CIV, Fige), and gives
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Fig. 6. Annual surface temperature anomalies (EXPERIMENT-minus-CTRL{apexperiment I(b) experiment O(c) experiment V(d)
experiment C.

an additional cooling in the Southern Hemisphere, notably The combination of the four factors (experiment LGM,

stronger than the vegetation warming impact in Australia andFig. 7d), keeps the cooling profile induced by ice cover, vege-

South Africa. tation and CQ changes, as in the experiment CIV. However,
In contrast to the previous contributions, orography experiment LGM is warmer than experiment CIV, due to the

changes do not have a net cooling effect in the Northerncontrib”tion of orography changes, warming the oceans and

Hemisphere (experiment O, Figp). The increased elevation some continental regions of the mid latitudes in the Northern
produces large cooling over the ice sheets, especially over th@emsphere.

Laurentide ice sheet, which has its surface at 3000 ma.s.l. in

the LGM reconstruction. The cooling also affects the Arctic 4.4.2 Precipitation

and North Atlantic oceans. However, North America, Europe

and also the West Pacific and North Atlantic experience largerigures8 and 9 illustrate the significative precipitation re-
warming linked to precipitation changes, caused by windsponses to the prescribed boundary condition forcings. In
track perturbations at mid and high latitudes, as discussed beexperiment | (Fig8a), the cooling induced by the ice cover
low. The combination of the ice sheet cover and orographyeffect dries out the atmosphere, and reduces precipitation.
forcings, representing the full contribution of the ice sheetsLarge reductions occur in the Northern Hemisphere, over
on surface temperature of the ice sheets at LGM, leads to athe ice sheets, Siberia, Alaska and the North Atlantic Ocean.
additional cooling over the ice sheets (Fitip). The cool-  Further, the intense cooling of the continents strengthens the
ing is weaker over the southern borders of the ice sheets, dueesterlies of the Northern Hemisphere, giving rise to precip-
to the orographic contribution. The cooling trend induced itation in North America and North Pacific. Nevertheless,
by the ice cover remains dominant over the continents of thehe impact of ice cover is not limited to the high latitudes
Northern Hemisphere, whereas the orography changes miniand also strongly influences the tropical precipitation sys-
mize the cooling at the mid latitudes and slightly warm sometem by a southward shift of the control location of the Inter
oceanic regions, e.g. North West Pacific and Southern Ocearropical Convergence Zone (ITCZ). The strong cooling im-
where the ice albedo has weaker impacts. pact of ice cover on the surface and sea surface temperature
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Fig. 7. Annual surface temperature anomalies (EXPERIMENT-minus-CTRL(gfpexperiment IVi(b) experiment 10{c) experiment CIV;,
(d) experiment LGM.

in the Northern Hemisphere causes an increase of the inteiin turn decreases the surface evaporation, thus warming and
hemispheric temperature gradient, sufficient to lead to a disdrying the air. The change in precipitation could be linked
placement of the ITCZ to the warmer Southern Hemisphereto the roughness length more than to the albedo effect. The
This explains the reduction of precipitation over the oceanscombination of vegetation changes with ice cover (Paj

and the continent and the weakening of the monsoon systeminforces the dryness induced by ice albedo in the Northern
(except over southeastern China) in the northern part of thédemisphere, and intensifies the ITCZ shift, further decreas-
tropics (ITCZ control location), and the increase of precipi- ing rainfall over the ITCZ control location and increasing
tation to the south. them southwards.

Vegetation changes in experiment V (F&g) in turn dry Orography changes strongly affect precipitation over the
out the continents of the Northern Hemisphere, mainly due tomid and high latitudes of the Northern Hemisphere, by dis-
the cooling effect of the increase of albedo. The cooling ef-rupting the atmospheric circulation (Figb). The presence
fect again strengthens the westerlies, increasing precipitationf the high Laurentide ice sheet causes a split flow of the
over the center of North America, and is similar, but weakerwesterlies into two branches, one passing northwards of the
in magnitude, to the ice cover effect. The tropics also un-ice sheet and the other southwards, and rejoining over the
dergo a strong reduction of precipitation, as in experiment I.North Atlantic. As we can see on Fi@0, showing the sur-

By the same mechanism, the contribution of the vegetatiorface winter winds for the experiments CTRL and O, the split
changes is then sufficient to shift the ITCZ location south-flow causes at the surface a deflection of the westerlies over
wards, reducing oceanic and continental precipitation in theAlaska and the formation of an anticyclonic circulation over
northern part of the tropics. Nevertheless, the reduction othe western portion of the Laurentide ice sheet. The northern
the rainforest in Amazonia, Equatorial Africa or Indonesia part of the ice sheet is then crossed by a strong surface flow
could also be responsible for the reduction of precipitationthat increases precipitation there, while the southern part and
over these regions. The change of vegetation from rainforesthe rest of North America is crossed by north to northwest
to grasslands or savannas decreases the roughness length thaiv originating from the anticyclone that causes a decrease
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Fig. 8. Annual precipitation anomalies (EXPERIMENT-minus-CTRL) {a) experiment I(b) experiment O(c) experiment V{d) experi-
ment C. Only anomalies greater than one standard deviation for the long-term annual mean over the last 20 simulation years are shown.

of rainfall in these region. These conditions prevail during The CQ contribution has the weakest impact on precip-
winter, spring and autumn, but weaken during summer. Oveitation in the Northern Hemisphere, and dries out equally
the North Atlantic, where both flows merge together, precip-both hemispheres (Figd). Only the equatorial band is af-
itation generally increases. The deflection of the westerlyfected by a more pronounced decrease of precipitation, still
wind belt over the North Altantic, with south to southwest weaker than the other pure contributions that can be related
winds arriving to the southern part of the Fennonscandiarto the CQ induced sea surface temperature cooling. The
ice sheet, increases precipitation on the ocean. However, itombination of the C@ effect with the ice cover and veg-
decreases the wind strength over Western Europe, causingtation change effects (Fi§c), generates the driest experi-
a large reduction of precipitation in the main part of Eura- ment of the series (experiment CIV), causing strong reduc-
sia, explaining the net warming of the surface temperaturdions of precipitation over the continents and a pronounced
described above. The Fennoscandian ice sheet also block®uthward shift of the ITCZ. The addition of the orogra-
the westerlies that contributes to the decrease of precipitatiophy contribution, in the experiment LGM (Fi§d), essen-
over Eurasia. The total ice sheet contribution, combining icetially modifies the precipitation distributions in the North-
cover and orography forcings (experiment 10, Fig), keeps  ern Hemisphere, generating more precipitation over the north
the precipitation profile imposed by orography changes in theand north-west of the Laurentide ice sheet, in comparison to
Northern Hemisphere, and imposed by the ice albedo in thehe experiment CIV. However, the drying over the continents
tropics. Nevertheless, the ice albedo cooling effect tends taf the Northern Hemisphere is reinforced, as well as the de-
increase the dryness of the continents of the Northern Hemierease of rainfall over the ITCZ control location.

sphere, except over North America, where the intensification

of the westerlies causes more precipitation. The shift of the4.4.3 Interaction effects

ITCZ over the ocean is more pronounced that can be linked

to the further increase of the surface temperature gradientrhe global effect of the interactions among factors generally
due to warmer sea surface temperatures in the south, inducegind to increase temperatures and precipitation. However, the
by orography changes. interactions have much more contrasted local effects, which
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Fig. 9. Annual precipitation anomalies (EXPERIMENT-minus-CTRL) {a) experiment IV;(b) experiment 10;c) experiment CIV;(d)
experiment LGM. Only the anomalies greater than one standard deviation for the long-term annual mean over the last 20 simulation years
are shown.

may weaken or reinforce the pure contribution effects, de-both contributions cools the surface temperature, allowing
pending on the region. We discuss here only the strongestnow to persist and the positive snow albedo feedback to
interactions of the series, which are the interactions betweemneinforce the initial cooling induced by both pure contribu-
ice cover and vegetation change (IV), and between ice covetions. However, over Equatorial Africa and India, the interac-
and orography changes (10), respectively. The other intertion leads to a cooling together with a precipitation increase
actions of the series (OV, 10V, etc.) show similar patterns(Fig. 11c). These effects can be related to a more important
in their effects, but are weaker. We can also remark that thesurface evaporation, permitted by the decrease of the sensible
interactions between Cxhanges and the other factors gen- heat flux, due to the southward extension of the cooling trend
erates the weakest effects of the series. Figdrshows the  caused by both | and V forcings. In this case, the interaction
effects on surface temperature and precipitation of the interacts in the opposite direction of both pure contributions, and
actions IV and 10. lowers their regional warming impacts.

Both interactions IV and IO warm the surface tempera- o jyieraction 10 produces strong cooling over the con-

ture over sea-ice in the Arct|c Ocean, W'.th the interaction IC)tinents, particularly over North America, with an increase of
causing a greater warming, even affecting the northern bor-

ders of the continents. The interactions here weaken the purrallnfall (Fig. 11b and d). The interaction effect is opposite

I . 0 the orographic warming effect in the concerned region.
contributions of the three factors that tend to increase the sear .. regior?al Eooling can ge related to the ice induced %ool—

ice extent and thickness in the Arctic, reducing the regional. A .
climate cooling. In contrast, in the Antarctic Ocean, the in- ing, reinforced by the snow albedo feedback, and possibly

. . ) . to the local topographic cooling induced by the orography
teractions favor the sea-ice extent and thickening. change. However, precipitation also increases, related to the

The interaction IV produces strong continental cooling, combined effects of the strengthening of the winds due to
comparable in magnitude to the pure contributions, e.g. inthe ice contribution and the intensification of the northern
Alaska (Fig.11a). The increase of surface albedo due to branch of the jet stream due to the orography contribution.
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Surface Winter Winds (CTRL) Once the joint action of two or more processes makes the
L system cross a threshold, care needs to be taken to interpret
the physical meaning of the interaction terms, as discussed
by Jahn et al(2005. The major disadvantage of the factor
separation method is that it requires a large number of exper-
20mis iments to be carried out that can be minimized by a rigorous
choice of the forcing studied. It is also best suited for use
with EMICs, which allow to keep the required computing
time within reasonable bounds.

In the following section, we compare our results to those
of Ganopolski2003 andJahn et al(2005, who performed
sensitivity studies with the CLIMBER-2 modelGanopol-
ski (2003 used a sequential additive proceduiehn et al.
(2005 the factor separation method. We obtain a global
LGM cooling of —5.2°C that compares well with the global
cooling of —5.1°C obtained bylahn et al(2005. The mag-
nitudes of the global contributions show the dominant cool-
ing effect of the ice sheets (combined albedo-temperature
and altitude-temperature effects) thati8°C in Ganopolski
o [ = (2003 and inJahn et al(2005 and —2.6°C in our exper-
18° 12w eddw o° 608 120 180 iment 10. The reduction of atmospheric €@ the second

major factor responsible for cooling the LGM climate glob-
Fig. 10. Surface winter winds resulting fqa) experiment CTRL  ally, as already shown bBroccoli and Manab€19870. Re-
(b) experiment O. ducing the concentration to 200 ppfagnopolski2003 and
to 190 ppm Jahn et al.2005 respectively cools the climate
i i i . . byl.2Cand 1.8C. Here, the lowering of the concentration
However, the interaction 10 mainly affects the precipitation ;7 »qq ppm (experiment C) cools the climate BC2 due

ih the Northern Hem_isphere, while the interaction IV essen-i, the high sensitivity of PLASIM to C@(Fraedrich et al.
tially affects the tropics. 2005H.
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Locally, the presence of ice sheets cools mainly the high
latitudes of the Northern Hemisphere in both models. How-
ever, due to the lack of oceanic circulation in our model, we
5.1 Effects on surface temperature do not reproduce the strengthening of the northward oceanic

heat transfer that weakens the cooling in the Northern Hemi-
The complete series of experiments allows us to analysesphere and reinforces the cooling in the Southern Hemi-
and distinguish several climatic impacts on the LGM cli- sphere Jahn et al.2005. This explains the greater cooling
mate, linked to the development of ice sheets, the lowerproduced in the Northern Hemisphere and some warming ob-
ing of atmospheric C®and vegetation changes. The factor tained in the Southern Ocean in experiment 10, in compari-
separation method @tein and Alper{1993 used here al- son toJahn et al(2005.
lows us to compare the relative roles of the factors, starting The lowering of atmospheric COmainly contributes to
from the same control state. This procedure was previouslyhe sea-ice formation at high latitudes. In experiment C, it
adopted in the LGM climate studies Berger et al(1996 has a homogeneous cooling and drying effect in both hemi-
andJahn et al(2009. It differs from the sequential proce- spheres. Its local contribution, especially on the continents
dure used in most previous sensitivity studies on the climatén the Northern Hemisphere, is the weakest of the four pure
forcings at the LGM Broccoli and Manabel987h Hewitt contributions. InJahn et al(2005, the lower CQ also im-
and Mitchell 1997 Ganopolski2003 Schneider von Deim-  pacts on the oceanic circulation, and reinforces once more
ling et al, 200§. The results derived from the sequential the heat transfer to the North, leading to a stronger cool-
additive procedure are particulary sensitive to threshold efing in the Southern Hemisphere, if compared to our exper-
fects, that could trigger large non-linear changes in the sysiment C. Further, C@induces in our results very weak non
tem when crossed. In consequence, the magnitude of a giveimear interactions with the other factors and always tends
effect would be dependent on the order in which the forcingsto reinforce the cooling and the drying induced by the other
are applied. The factor separation method suffers less fronfiactors. Due to the lack of oceanic circulation, we have pos-
this shortcoming. With this method, non-linear climate re- sibly missed further oceanic feedbacks and their interactions.
sponse is included in the interaction terms that the methodlahn et al(2005 obtained a switch from a warm ocean mode
allows to isolate from the pure contributions of the factors.to a cold ocean modeGanopolski and Rahmster2001),

5 Discussion
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Fig. 11. Effects of(a) interaction IV on surface temperatuf®) interaction IO on surface temperatu(e) interaction IV on precipitations;
(d) interaction 10 on precipitations.

when adding the ice sheet and g£€ffects together. Over- —0.6°C and—0.7°C). It is also at the lower end (strongest
all, our results fairly agree with results Gfanopolski(2003 cooling) of the range of temperature variations due to veg-
andJahn et al(2005. Some differences may be attributed etation changes reported I8chneider von Deimling et al.

to the lack of oceanic circulation changes in our model, al-(2006 (—0.5°C to —1°C). The larger cooling in our results
though differences in the magnitude of the results can alsaan therefore be attributed to a larger difference in the pre-
come from the different structures of the Planet Simulatorscribed vegetation cover that nevertheless agrees well with

and CLIMBER-2. the data. The additional vegetation impact in our results is
also stronger than the impacts of prescribed vegetation re-
5.2 Focus on vegetation impact constructions in previous studieSrowley and Baum1997,

Levis et al, 1999 Wyputta and McAveney2001). How-

ever, the weaker effects of vegetation in these studies could
also be due to the use of fixed sea surface temperatures that
leads to an underestimation of vegetation impacts, as shown
gy Ganopolski et al(2007).

The vegetation cover change produces a cooling bf3*C

in the experiment V. Its pure contribution is globally lower
than the ice and Cfcontributions. However, its local im-
pacts are comparable and even larger than the local impac
of COyp, especially on the continents and the northern lati-
tudes of Eurasia, due to théga-tundra feedbacliGanopol- 5.3 Ice and orography impacts

ski et al, 2001). The magnitude of the vegetation effect in

our results, confirms once again the importance of the vegetaFhe separation of the ice cover and orography contributions
tion contribution to the LGM climate. The additional cooling shows that the ice albedo effect is the main contributor to
induced by LGM vegetation cover can be seen in the differ-the cooling of the Northern Hemisphere, whereas orography
ence between experiments LGM and CIO. This cools the cli-has only a local cooling impact over the ice sheet. Several
mate by—0.9°C, which is in line with the cooling obtained studies have already investigated these two effects, but on
by Ganopolski(2003 and Jahn et al(2005 (respectively the basis of a sequentially additive proceduren¢l, 1987
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Kageyama and Valde2000. The isolation of both con- to the use of fixed sea surface temperatures. However, the
tributions allows us to attribute the atmospheric circulation cooling produced over the continents of the Northern Hemi-
changes in the Northern Hemisphere to the orography effectsphere, mostly due to the albedo effect, is sufficient to reduce
but the strengthening of the westerlies of the Northern Hemi-the convective activity of the ITCZ, as describeddrucifix
sphere to the ice albedo effect. Similarly Manabe and and Hewitt(2009, and to shift the ITCZ southwards. Nev-
Broccoli (19895 andBroccoli and Manab€19873 we find ertheless the vegetation effect remains weaker than the ice
that the presence of the Laurentide ice sheet has a predonadbedo effect. Further, the addition of the vegetation contri-
inant impact on the atmospheric circulation, causing a splitbution to the ice cover contribution reinforces the cooling and
flow of the westerlies into two branches that in turn leads todrying over the Northern Hemisphere, as well as the precip-
a disruption of the precipitation distributions in the North- itation decrease over the ITCZ control location, even if the
ern Hemisphere, and affects the surface temperature. Whmteractions of both factors tend to act in opposite directions.
can also remark that the orographic contribution alone wouldThe vegetation contribution also warms and dries the tropi-
have caused some warming in Europe and in the center ofal regions of South America and Africa, as mentioned by
North America. This warming is more than compensated byl evis et al.(1999. This effect is linked to the reduction of
the cooling effect of the ice cover. The resulting impact of the tropical rainforest, decreasing the roughness length in the
the ice sheets (orography plus ice albedo) in these regions isiodel that in turn reduces the surface evaporation.

weaker than the pure ice albedo effect. For completeness, we should mention that neither the ef-
o fects of lower CH and NO concentrations in the atmo-
5.4 Effects on precipitation sphere, nor those of the higher atmospheric dust content at

the LGM have been taken into account in the present study.
Nevertheless, the ice sheet impact is not limited to the cli-As mentioned in Sect3.1, their variations could lead to
mate in the Northern Hemisphere. The ice cover contribu-important additional cooling and provide feedbacks for the
tion significantly affects the tropical regions and is even the GM climate systemSchneider von Deimling et a2006)
main contributor to tropical precipitation decrease over thenotably show that the increase of atmospheric dustiness at
continents and the ocearShiang et al(2003, Chiang and  the LGM vyields a net global cooling of the same order of
Bitz (2005 andBroccoli et al.(2006 already related the re- magnitude as the vegetation induced cooling.
duction of convective activity and precipitation in the tropics
and particularly the southwards shift of the ITGZréconnot 5.5 Consistency with palaeo data
et al, 2000 to the presence of ice in the Northern Hemi-
sphere. In our case, the pure contribution of the ice sheeln order to estimate the consistency of the simulated LGM
cover is sufficient to produce a reduction of the sea surfacelimate and of the boundary conditions impacts, we evalu-
temperature in the Northern Hemisphere as well as in theated our results over Eurasia and Africa against the LGM cli-
northern part of the tropics (more particularly in the equa-mate reconstructed byu et al.(2007. We have restricted
torial Atlantic and Indian oceans). The meridional gradientour comparison to the continental areas in order to limit
across the equator is increased and the ITCZ shifted souththe oceanic influence, since our model does not include an
wards. Interestingly, the addition of the orographic contribu-OGCM. TheWu et al.(2007 reconstruction was produced
tion intensifies the disruption of the tropical precipitation by with an improved inverse vegetation model, using a recent
warming the sea-surface temperature in the Southern Hemiversion of BIOME4 Kaplan 2001) and pollen biome scores
sphere. from the BIOMEGOOO projectRrentice and Jolly2000.

The intense cooling of the continents in the Northern Further, the improved inverse modelling method takes into
Hemisphere produced by the ice cover contribution and theaccount the direct physiological impact of the lower £O
persistance of snow also weakens the Asian summer morconcentration at LGM, reducing the bias in palaeoclimatic
soon, as irbeMenocal and Rin@1993. However, our re-  reconstructionRamstein et al2007).
sults show an increase of precipitation over North East Asia We compare our model results to reconstructions by using
that can be related to the strengthening of the Asian win-zonal averages, following the approachksgeyama et al.
ter monsoon, as already obtainedYgnase and Abe Ouchi (200J). In order to keep the model averages comparable
(2007 with simplified and coupled models of the PMIP2 with the data coverage, we partitioned them into two sec-
simulations. The precipitation maximum during winter is tors representing Western Europe and Afric& &0-20° E)
also displaced to the Pacific, southwards of Southeast Asiaon one hand, and Eastern Europe, Eastern Africa and West-
This can be linked to the southward shift of the westerly jetern Siberia (20E—60° E), on the other. The differentiation
stream, as iYanase and Abe Oucli2007). between two sectors allows us to clearly display the model

Ice cover is not the only effect that leads to a disruption ofresults and the data with error bars, keeping the data points
tropical rainfall. The vegetation contribution also strongly af- sufficiently well distributed in longitude over each one of the
fects the tropics. As noted Bgubatzki and Clausse1998, two sectors. It also allows us to highlight the meridional
the vegetation impacts remain essentially local, due partlygradients in the studied climatic variables. Please notice
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that the anomalies are calculated between a modern climatBurope, as we include the vegetation contribution, not taken
run (same conditions as for preindustrial, except for an at-into account in the PMIP1 simulations. Nevertheless, there
mospheric CQ@ concentration of 340 ppm) and the LGM are still regions where discrepancies remain significant. The
run described above, in order to be compatible with the re-model tends to overestimate the MTCO cooling and the dry-
constructed anomalies. The averages are taken over langkess over Siberia, similar to several models in the PMIP1
points only. Figured?2 and 13 show the zonal averages of project Kageyama et al2001). As explained irKageyama

the model anomalies and the data anomalies between LGMt al. (2001), it may also be due to the perturbation of at-
and modern climate for the mean temperature of the coldmospheric circulation produced by North Atlantic sea sur-
est month (MTCO), the mean temperature of the warmesface temperatures and sea-ice extent, computed by the slab
month (MTWA), the mean annual temperature and precipi-ocean model. However, the MTCO cooling over Northwest-
tation (MAT and MAP, respectively). The data error bars areern Europe is generally stronger than the ones produced by
also shown, representing the 5-95% confidence interval fothe models with computed sea surface temperatures used by
each reconstruction and the2 standard deviation curves, Kageyama et a2001). Therefore, it is in better agreement
representing the longitudinal dispersion of the model resultswith the data over this sector.

The simulated MTCO anomalies are generally colder in  On the other hand, the MTWA cooling is underestimated
Eurasia than in Africa, and colder over latitudes higher thangyer Western Europe (around *48), due to a decrease of
40° N, suggesting a stronger LGM meridional gradient, com- MAP. These results may be related to too warm sea sur-
pared to present-day. The model tends to overestimate thgce temperature computed by the slab model in the Mediter-
cooling over Siberia in comparison with the data, but theranean Sea, influencing the continental temperature and pre-
results remain within the data error bars, which are quitecipitation of this region and giving warmer and drier sum-
large over this region (interval of possible values of the or-mers than in the reconstruction. The weakening of the west-
der of 25C). The cooling over Northwestern Europe, linked erlies due to orography changes (see S&d).can also ex-
to the presence of the Fennoscandian ice sheet, may also Rgain the warming of the region especially in summer. We
overestimated, but no pollen data are available to confirm okannot ascribe these discrepancies to the low resolution of
contradict our results. The cooling is clearly underestimatedhe model or the poor representation of orography in this re-
over Africa. The model even gives a slight warming near thegion. Jost et al(2005 indeed find that these discrepancies
Equator. persist at higher resolutions.

The MTWA anomalies show a general cooling trend atthe . oyer Eastern and South Africa, the model systematically
LGM, with some warming, especially over the eastern sec-ngerestimates the MTCO and MTWA cooling. This under-
tor. The model reproduces quite well the absence of a netggimation of the cooling by the model can be explained by
meridional gradient, but the variability of the model results o higher elevation of the data points (above 1500 m), in
is much str_onger than the data error bars. This is due to th%omparison to the model elevation (not exceeding 500 m).
low resolution of the model and the average of the modelthe reduction of the reconstructed temperature are then
results over large zones. The model tends to underestlmat%rger at higher elevation, as suggested by the reconstruc-
the cooling over Western Europe, but still produces a strong;g, of temperature changes at the LGM from the snowline

cooling over the ice sheet. The discrepancies are still prese@hanges in East Africa carried out Mark et al.(2005.
over Western Africa.

MAT values show a similar pattern to MTCO, even if the
MAT anomalies are smaller than the MTCO ones. The model _
also simulates drier conditions than today, with a decrease of Conclusions
MAP that agrees with data. The model tends to overestimate
the decrease in precipitation over high latitudes, but givedn this study, we used the Planet Simulator, an Earth System
a slight increase of precipitation over the ice sheet. A strongnodel of intermediate complexity to investigate the contribu-
decrease is produced in Equatorial Africa that is not repro-tions of the ice sheet expansion and elevation, the lowering of
duced in the data. However the MAP anomalies over Africathe atmospheric Cand of the vegetation cover change on
are generally in beter agreement with the data than the MATthe LGM climate. The vegetation distributions for the prein-
anomalies, especially over the western sector. dustrial and the LGM were obtained with the dynamic veg-
Our results agree fairly well with the climatic reconstruc- etation model CARAIB. They compare fairly well in terms
tions of Wu et al.(2007 over Europe and Western Siberia. Of biomes with the results of the Palaesovegetation Mapping
They reproduce the south-west to north-east temperature grd2roject BIOME6000Rrentice and Jolly2000.
dient, with a decrease of MTCO cooling from Europe to We applied here the factor separation metho8tein and
Siberia, and the absence of significant MTWA gradient, as inAlpert (1993, in order to rigorously determine the different
the PMIP1 and PMIP2 model-pollen data comparisons carcontributions of the boundary condition modifications. The
ried out byKageyama et al2001, 2006. Our results show method also allowed us to isolate the pure contributions, as
a better agreement with the data, in particular over Westernwell as the interactions among the factors. This same method
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was previously adopted in studies®érger et al(1996 and However, locally the interaction effects are more complex
Jahn et al(2005 e.g. who focused on a smaller set of factors. and may either reinforce or weaken the pure contributions,
Our results highlight once more the dominant cooling anddepending on the regions of the globe and on the climatic
drying effect of the ice sheet expansion on the global scalenechanism involved.
LGM climate. This finding confirms the conclusions of  Finally, our LGM climate results agree fairly well with
Ganopolski(2003 and Jahn et al(2005. The next most the climatic reconstructions &fu et al.(2007) over Europe
important factors are the lower GQtoncentration in the and Western Siberia, notably due to the inclusion of vege-
atmosphere and the vegetation cover change. Similarly tdation changes. Our results reproduce well the south-west
Broccoli and Manab€1987h, we find that, locally, the ice  to north-east MTCO gradient from Europe to Siberia, and
albedo effect is also responsible for the strongest coolinghe absence of significant MTWA gradient, as in the PMIP1
in the Northern Hemisphere, while the reduction in atmo-and PMIP2 model-pollen data comparisons carried out by
spheric CQ is the main contributor to the Southern Hemi- Kageyama et al(2001, 200§. However, our results do not
sphere cooling. However, due to the lack of oceanic circula-support the strong cooling over Africa that are due to the use
tion changes in our model, we do not produce a strengtheningf elevated data points for the paleoclimatic reconstructions.
of the northward heat transfer, asliahn et al(2005. There-
fore our results show a generally colder and dryer effect ofAcknowledgementsive thank Michel Crucifix for helpful dis-
the ice sheet in the Northern Hemisphere and a more homgtussions and for pointing out tttein and Alper(1993 method

. L . to us. We acknowledge the efforts of the Planet Simulator team
gfgf(o;osoglpad of the GOeduction in comparison tdahn (especially Klaus Fraedrich, Edilbert Kirk and Frank Lunkeit) for

. . . .. making available their model as Open Source Software and for
. The separation of _the Ice cover a”(_’ orographlc Con_tr'bu'the sustained development and help. We thank Stefan Lorenz for
tions shows that the ice albedo effect is the main contributor,oyiging the ECHAM4 data. Comments by Andrey Ganopolski
to the cooling of the Northern Hemisphere, whereas orograand one anonymous reviewer helped to improve the manuscript
phy has only a local cooling impact over the ice sheet, andsubmitted for discussion. A.-J. Henrot is a Research Fellow
gives the weakest global impact on temperature of the serieand G. Munhoven a Research Associate with the Belgian Fund
of pure contributions. Further, the ice cover expansion in thefor Scientific Research (F.R.S.-FNRS). Support for the work of
Northern Hemisphere is identified for being responsible forS. Brewer was provided by FRFC convention no. 2.4555.06.
the tropical precipitation disruption and the southward shift
of the ITCZ, as already mentioned @hiang et al(2003.  Edited by: M. Claussen
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