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Abstract. To examine the potential for vegetation feedbacks on the climate system at the Last
Glacial Maximum (LGM), we operate the new, fully coupled, Global Environmental and Ecologi-
cal Simulation of Interactive Systems (GENESIS) - Integrated Blosphere Simulator (IBIS) cli-
mate-vegetation model with boundary conditions appropriate for ~21,000 years before present.
Colder and drier conditions (LGM compared to present) lead grasslands and tundra to largely re-
place present-day forests in temperate and boreal latitudes. Also, the physiological effects of low-
ering atmospheric CO, to LGM levels (~200 ppmv) cause a reduction in tropical and subtropical
forest cover (compared to present) in favor of C, grasslands. These climate- and CO,-induced
changes in LGM vegetation cover produce feedbacks on the climate that are, on regional scales,
comparable in magnitude to the radiative effects of lowered CO,. For example, a positive albedo-
driven feedback, due to changing vegetation cover, contributes to additional middle- and high-
latitude cooling. Furthermore, sparser forest cover in the tropics significantly reduces evapotran-
spiration and further reduces tropical precipitation (0.13 mm d"' on the annual average compared
to the 0.59 mm d' decrease without vegetation feedbacks). Our simulations indicate that the
physiological effects of lowered CO, on the climate-vegetation system are more clearly manifested
through changes in vegetation cover (i.e., changes in leaf area index), than through the dilation of

leaf stomata and the enhancement of transpiration.

1. Introduction

The climate of the Last Glacial Maximum (LGM), which oc-
curred about 21,000 years before present (21 ka B.P.), was
strongly affected by expanded continental ice sheets and lower
atmospheric CO, concentrations, [CO,],y, resulting in colder
temperatures across much of the planet [Wright et al., 1993].
Global climate models (GCMs) driven with LGM boundary con-
ditions simulate cooler global average temperatures at the Earth’s
surface by a few degrees Celsius [Pinot et al., 1999]. These mod-
els generally simulate lower evaporation and precipitation rates
(overall a weaker global hydrologic cycle) compared to the mod-
ern day.

Paleobotanical evidence suggests that vegetation cover during
the LGM was characterized by more extensive tundra and steppe
regions in the middle and high latitudes, compared to the present
day [Frenzel et al., 1992; Wright et al., 1993]. Some field studies
suggest that during the LGM, regions of modern tropical rain for-
ests may have been largely replaced by drought resistant trees and
grasses [e.g., van der Hammen and Absy, 1994; van der Kaars
and Dam, 1997; Flenley, 1998]; other studies have confirmed,
nevertheless, that a core of tropical rain forest remained [Colin-
vaux et al., 1996].
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Some GCM sensitivity studies have indicated that LGM global
cooling was amplified by the albedo effects of sparser vegetation
cover [e.g., Hansen et al,, 1984]. For example, Kubatzki and
Claussen [1998] using a coupled climate-vegetation model, and
Crowley and Baum [1997] using a climate model with a pre-
scribed vegetation reconstruction from paleobotanical data, illus-
trated that the cooling was a direct effect of the expansion of
snow-covered tundra into regions presently dominated by snow-
masking boreal forest.

Changes in tropical vegetation cover at the LGM may have
also affected the climate. For example, the GCM sensitivity study
conducted by Crowley and Baum [1997] indicated that replacing
tropical forests with grasslands resulted in significant warming
and drying, especially over the formerly forested areas. These
changes in vegetation cover and climate are analogous to studies
of tropical deforestation [e.g., Dickinson and Henderson-Sellers,
1988; Shukla et al, 1990]. Furthermore, Crowley and Baum
[1997] found that the direct physiological effects of lowered
[COz]am on LGM climate (i.e., increased transpiration and lower
water use efficiency due to increased stomatal conductance [e.g.,
Polley et al., 1993]) were minor in comparison to the effects of
changing vegetation cover.

Here we use the fully coupled Global Environmental and
Ecological Simulation of Interactive Systems (GENESIS) - Inte-
grated Blosphere Simulator (IBIS) climate-vegetation model
[Foley et al., 1998] to explore the potential impacts of LGM con-
ditions on vegetation cover. We also investigate the simultaneous
effects of changing vegetation cover (whether introduced directly
by changes in climate, changes in [CO,],m, or both) on the cli-
mate of the LGM.
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Table 1. Annually Averaged Near-Surface Environmental Variables for Simulations Control,
R, and RPV over Amazonia (9°S to 9°N and 75°W to 52.5°W)

Control R RPV
Global temperature, °C 14.1 9.8 (-4.3) 9.9 (+0.1)
Temperature, °C 259 242 (-1.7) 24.5 (+0.3)
Precipitation, mm d”' 6.20 4.37 (-30%) 4.00 (-8%)
Soil water, m in 4-m column 1.35 1.31 (-3%) 1.29 (-2%)
Canopy conductance of trees, mm ! 2.00 1.99 (0%) 1.20 (-40%)
Canopy conductance of herbaceous plants, mm s 0.05 0.06 (+20%) 0091
! (+1416%)
Transpiration, mm d' 1.97 223 (+13%) 1.93 (-13%)
Evapotranspiration, mm d! 2.99 2.88 (-4%) 2.71 (-6%)
Sensible heat, W m™ 28.0 31.9 (+14%) 38.7 (+21%)
Leaf area index of trees, m® m™ 6.7 6.7 (0) 3.0 (-:3.7)
Leaf area index of herbaceous plants, m? m™ 0.2 0.2 (0) 2.0 (+1.8)

Amazonia was chosen as an illustration of the tropical positive feedback. In parentheses are differ-
ences between simulations R and the control, and RPV and R, respectively. We report temperatures and
fluxes from the lowest GCM level (~50 m above the surface).

2. GENESIS-IBIS: A Fully Coupled Climate-
Vegetation Model

The GENESIS-IBIS model belongs to an emerging class of
coupled climate-vegetation models [e.g., Henderson-Sellers,
1993; Claussen, 1994; de Noblet et al., 1996; Betts et al., 1997,
Texier et al., 1997; Foley et al., 1998; Ganopolski et al., 1998a).
GENESIS-IBIS differs from most coupled climate-vegetation
models (which use off-line equilibrium. vegetation models cou-
pled iteratively with GCMs), because the atmosphere and vegeta-
tion are explicitly linked through a common set of land surface
parameterizations [Pollard and Thompson, 1995] simulating the
energy, water, CO,, and momentum fluxes at the atmosphere-land
interface. In this way the coupled model maintains physical con-
sistency between atmospheric and land surface processes and is
guaranteed to conserve mass and energy. Additionally, synchro-
nous (instead of iterative) coupling of the IBIS dynamic vegeta-
tion model to the GENESIS GCM allows for the dynamic re-
sponse of vegetation composition and structure to the full range
of simulated climate behavior (including variability), as well as to
changes in [CO,lym [Foley et al., 1998].

GENESIS has been documented extensively since its first re-
lease (e.g., most recently, Thompson and Pollard [1997]). The
model has been evaluated in a wide array of modern climate and
paleoclimate simulations (e.g., recently, Pollard et al. [1998])
and in the atmospheric model intercomparison project (AMIP)
[Gates, 1992]. LGM simulations using GENESIS are described
by Pollard and Thompson [1997] and Crowley and Baum [1997].

IBIS has been tested separately from GCMs in global [e.g.,
Foley et al., 1996] and regional [Costa and Foley, 1997] appli-
cations, as well as against flux tower observations [Delire and
Foley, 1999]. The fully coupled GENESIS-IBIS model was de-
scribed by Foley et al. [1998] and operated for modern [Levis et
al., 1999a] and elevated [CO, ],y climates [Levis et al., 1999b,c].

We operate GENESIS-IBIS at R15 spectral horizontal resolu-
tion (corresponding to about 4.5° in latitude by 7.5° in longitude),
with 16 layers in the vertical, and a 45-min time step.

2.1 Boundary Conditions

GENESIS treats the radiative effects of individual greenhouse
trace gases (CO,, CHy, N,O, CFC11, and CFC12) by assuming
globally uniform mixing ratios [Wang et al., 1991]. Also, the
model includes the radiative effects of tropospheric aerosols by

prescribing a globally uniform (exponentially decreasing with
height) aerosol column over ice-free land points. In our simula-
tions, only the [CO,]um is reset from 345 to 200 ppmv [Barnola
et al, 1987]. Aerosol contents are left unchanged despite evi-
dence for greater global loadings during the LGM [e.g., Thomp-
son et al., 1995], which may have led to climatic feedbacks dur-
ing this epoch [e.g., Overpeck et al., 1996].

In these simulations we assign LGM topography, as well as ice
sheet heights and extents according to the ICE-4G reconstruction
[Peltier, 1994]. This reconstruction indicates that at 21 ka B.P.
portions of the continental shelf, which today are submerged be-
neath shallow ocean waters, were above sea level. In one of our
LGM simulations, where the vegetation has modern day distribu-
tion, we account for the additional land points by extrapolating
the vegetation characteristics simulated for modern day onto the
extended continents by nearest-neighbor averaging.

We prescribe sea surface temperatures (SSTs) according to
Shea et al. [1992] for modern and CLIMAP Project members
[1981] for 21 ka B.P., even though many recent discussions have
focused on the potential faults of the Climate: Long-Range In-
vestigation, Mapping, and Prediction (CLIMAP) data set. Some
models suggest that CLIMAP overestimates tropical SSTs [e.g.,
Bush and Philander, 1998], in agreement with certain observa-
tions [e.g., Guilderson et al., 1994]. Other models agree more
closely with the CLIMAP reconstruction of tropical SSTs [e.g.,
Weaver et al., 1998], in accord with different sets of observations
[e.g., Bard et al., 1997]. With the debate still in progress, we re-
gard the CLIMAP SST reconstruction as the best available for the
present time.

We modify the Earth’s orbit to its 21 ka B.P. configuration
[Berger, 1978], although this has only a minor effect on this ep-
och’s climate [Crowley and North, 1991]. In addition, we retain
the modern calendar in our analysis of the results, because the
changes of the calendar at 21 ka B.P. are negligible.

2.2 Simulations

We present results from four equilibrium simulations which
follow the methodology of Levis et al. [1999b]:
1. The control simulation is a present-day climate and vege-
tation simulation.
2. Simulation R is a LGM simulation (21 ka BP boundary
conditions) with prescribed present-day vegetation cover (from
Control).
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vegetation cover. In RPV this region’s vegetation cover is simu-
lated sparser than in RV, which is a direct consequence of the
lower productivity of trees under lower [CO,],m. As a result, the
tropics and subtropics are simulated warmer and drier in RPV
relative to both RV and R.

4. Conclusions

Crowley and Baum [1997] did not detect noteworthy climatic
effects from the physiological response of plants to lowered
[COy]am- This suggests that the dominant vegetation feedback on
LGM climate arises from the changing vegetation cover. How-
ever, large changes observed in vegetation cover during the LGM
could be, in part, the result of lower [CO,l,m [Jolly and Hax-
eltine, 1997]. Therefore it is fair to speculate that the vegetation
map used by Crowley and Baum [1997], which was reconstructed
from paleobotanical evidence, implicitly accounts for the effects
of lowered [CO,]am on LGM vegetation patterns. We find that
our simulations clarify the separate roles of plant physiology and
vegetation dynamics by accounting for both under lowered
[CO2]alm~

The results of our interactive LGM climate and vegetation
simulation (RPV) illustrate that the physiological effects of
[COs)am play a crucial role in determining vegetation cover and
its feedbacks on this epoch’s climate. The vegetation feedbacks
due to the physiological effects of lowered [CO,],., manifest
themselves indirectly through changes in the vegetation cover and
not directly through the dilation of the leaf stomata and the en-
hancement of transpiration. In particular, globally thinning vege-
tation cover generates regionally dependent feedbacks on LGM
climates. In the middle and high latitudes, where the energy bal-
ance is dominated by changes in the radiative balance, we find
cooler temperatures as reduced tree cover exposes more snow and
raises the surface albedo. Conversely, in the tropics and subtrop-
ics, where the energy balance is driven primarily by changes in
the hydrologic cycle, we find warmer and drier conditions as
sparser vegetation cover weakens the hydrologic cycle.
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