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Abstract

A simplified three-dimensional global climate model was used to
simulate the surface temperature and precipitation distributions for the
Last Glacial Maximum (LGM), 18 000 years ago. These fields were applied
to a bioclimatic scheme wich parameterizes the distribution of eight
vegetation types as a function of  Tbiotemperature and annual
precipitation. The model predicts a decrease, for LGM compared to
present, in forestead area balanced by an increase in desert and tundra
extent, in agreement with a recontruction of the distribution of
vegetation based on paleodata. However, the estimated biospheric carbon
content (phytomass and soil carbon) at LGM is less reduced than in the
reconstructed one. Possible reasons for this discrepancy are discussed.

Résumé

Un modéle simplifié du climat global & trois dimensions a été
utilisé pour simuler les distributions de température de surface et de
précipitation lors du dernier maximum glaciaire, il y a 18.000 ans. Ces
champs ont été appliqués 4 un schéma bioclimatique qui calcule 1la
distribution de huit types de végétation en fonction de la biotempérature
et de la précipitation annuelle. Le modéle prédit ainsi pour 1'Aage
glaciaire une plus faible étendue de foréts, compensée par davantage de
désert et de tundra, et ce en accord avec une reconstruction de la
distribution des types de végétation basée sur des données paléologiques.
Cependant, le contenu de la biosphére (phytomasse et sols) en carbone est
moins réduit a 1'age glaciaire d'aprés notre étude que d’'aprés la re-
construction. Les raisons possibles de ce désaccord sont discutées,



Samenvatting

Een vereenvoudigd 3-dimensionaal model voor het globale klimaat
werd gebruikt om de verdeling van de oppervlakte temperaturen en van de
neerslag gedurende het laatste maximum van het ijstijdperk, 18.000 jaar
geléden, te simuleren. Deze velden werden toegepast op een bioclimatisch
schema, waarmee de verdeling van 8 types van vegetatie berekend werd in
functie van de biotemperatuur en de jaarlijkse neerslag. Het model
voorspelt een vermindering van de bosoppervlakte gecompenseerd door een
toename  van toendra’s en woestijnen gedurende het laatste ijstijdperk,
in overeenkomst met een reconstructie van de vegetatieverdeling ge-
baseerd op paleologische gegevens. Nochtans is het koolstofgehalte van
de biosfeer (fytomassa en bodem) minder gereduceerd volgens onze studie
dan volgens de reconstructie gedurende het laatste ijstijdperk. De

mogelijke redenen voor dit verschil worden besproken.



Zusammenfassung

Ein vereinfachtes dreidimensionales Modell des globalen Klimas
wird benutzt um die Verteilung der Temperatur von der Erdoberfliche und
die des Niederschlags wdhrend des letzten Eiszeitmaximums, 18.000 Jahre
vorher, zu beschreiben. ‘

Diese Felder sind auf einem bioklimatischen Schema .angewandt
worden, das acht Type von Vegetationen im Verhdltnis zu den jahrigen
Biotemperatur und Niederschlag berechnet. Wihrend dieser Eiszeit, weist
das Modell auf einer kleineren Ausdehnung von Wildern, die durch mehr
Wisten wund Tundra kompensiert wurde, hin. Es stimmt mit einer
Wiederherstellung der Pflanzenwelttypen auf Grund der paldontologischen
Daten Uberein.

"Jedoch 1ist, nach dieser Arbeit, die Reduktion des Kohlenstoffs-
inhalts der Blosphdre '(Phytomasse uind Boden) widhrend der Eiszeit
geringer als auf Grund der Wiederherstellung. Mdégliche Griinde fur diese
Uneinigkeit werden besprochen. -



Introduction

Analysis of air bubbles in ice cores: has clearly established that the atmospheric
concentration :of carbon dioxide during the Last Glacial Maximum, 18000 years ago,
was about 75 ppm less than the preindustrial (interglacial) level. A larger content of
carbon in the terrestrial biosphere during glacial periods could be a possible cause of
this low atmospheric CO, concentration. Transfer of carbon from the biosphere to the
atmosphere could thus explain the rise in atmospheric CO, concentration between LGM
and the preindustrial times.

Using a general circulation model and a bioclimatic scheme, Prentice and Fung
(1990) estimated that the amount of carbon in the vegetation and soils at LGM was
approximately equivalent to the present interglacial. They found that 200 Gt of carbon
were stored by vegetation and soils on land exposed by the low sea level 18 kyr
ago. This additional carbon pool at LGM has almost exactly counterbalanced the
lower amount of carbon storcd by vegetation and suils un ihe present land area. ‘They
concluded that carbon transfer between the biosphere and the atmosphere should not
have been a dominant factor in the large atmospheric CO, level change between glacial
and interglacial events. In contrast, Adams et al. (1990), basing their estimates on
palynological, pedological and sedimentological data, found that the amount of carbon
stored in the biosphere may have been smaller by more than 1000 Gt of carbon at LGM
than during the Holocene, corresponding to a doubling in the terrestrial carbon content
from LGM to present interglacial. This result has important implications on the ability
of the ocean to store the large amounts of carbon that may have been transfered to
the atmosphere-biosphere system since the LGM. The contrast between the two sets of
results was already present in the reconstruction they made of the vegetation distribution
at the LGM. According to Adams et al. (1990), drier vegetation types having a low
carbon storage per unit area, such as desert and arid scrub, were much more extensive
18 kyr ago than they are currently. Moist climate types (with high carbon storage) were
almost absent from the large areas which they occupy today. In contrast, following the
simulation made by Prentice and Fung (1990), the driest vegetation types would have
covered a smaller area than today.

The aim of this study is to simulate the climate and the distribution of vegetation types
at LGM and to compare it to the reconstruction made by Adams et al. Discrepancies
between this work and that of Prentice and Fung are also discussed.

The atmospheric model

The model used for this work is the quasi-three dimensional global climate model
developed by Sellers (1983, 1985). It has an horizontal resolution of 10°x 10°
and is vertically divided into five layers. The temperature, pressure, moisture and



wind fields are calculated, using simplified meteorological equations with five day
time steps. .The model includes an hydrologic cycle and a mixed-layer ocean with
parameterized currents. Sea ice, snow and cloud cover are interactively calculated.
The seasonal variation of solar radiation is determined by the orbital parameters of the
Earth. Absorption and emission of infrared radiation by the Earth-atmosphere system
are obtained by resolving the radiative transfer equations considering clouds, water
vapor, carbon dioxide and ozone. The prognostic variables are the temperature at sea
level and at an altitude of about 1 km. All the other fields are diagnostic. These
include the pressure and wind fields, the moisture distribution, the radiation field, the
surface water balance and the cloud cover. The major simplifications in the governing
equations are the use of geostrophic wind above the boundary layer, the assumption that
the mean tropospheric flow is non divergent and a parameterization of the tropospheric
lapse rate. The latter is modified annually to preserve a radiation balance at the top of
the atmosphere.

The ability of the model to reproduce the present climate has been discussed by
Sellers (1983, 1985). Basically, most of the major features of the sea level pressure
and temperature fields are quite well simulated. As it is the case for most GCMs, the
simulated precipitation field presents some discrepancies with the observed field. For
present conditions, it yields a global average sea level temperature of 289.6 K and total
precipitation of 2.3 mm/day.

The bioclimatic scheme

An empirical model of the biosphere has been developed. It predicts the global
distribution of the vegetation types and the main carbon pools and fluxes from two cli-
matic variables: the annual precipitation and the biotemperature (the biotemperature is
the mean annual temperature (in °C) considering only positive monthly temperatures).
Starting from the World Ecosystem Database of Olson et al. (1985) which includes
52 ecosystems on a 0.5“x 0.5° resolution grid, we define eight broad vegetation types
(numbers in parenthesis refer to Olson’s classification): perennial ice (17,69-71), desert
and semi-desert (49-51), tundra (53,63), coniferous forest (20-23,57,60-62), deciduous
forest (24-26, 46,48,56), grassland and shrubland (40-42,47,52,59,64), seasonal tropical
forest (27,28,32,43) and evergreen tropical forest (29,33). Present-day 5°x 5° annual
precipitation and biotemperature distributions were derived from monthly mean clima-
tological fields of precipitation (Shea, 1986) and surface temperature (Trenberth et al.,
1988). The relationship between the spatial distribution of each vegetation type and
the two climatic variables was then determined empirically. Each vegetation type is
allowed to exist within a defined domain of precipitation and biotemperature (Table 1).



Table 1. Minimum biotemperature (BT,,) and maximum biotemperature (BTyy) (in °C) for different annual precipitation levels (in
mm/yr) allowing the existence of each vegetation type (refer o Table 3, Columa 1).

Vegelation type

1

2

3

4

5

6

7 8

Precipitations

BT,, BTa BT,, BTy BT, BTy BT, BTy BT, BTy BT,, BTy BT,, BTy BT,, BTxy

10
50
60
80

1100

130
160
200
230
300
400
500 |
600
700
800
900

1000

1100

1300

1500

2000

3000

COCOOCOOLO00O0O00

5.0
5.0
0.6

0.6

0.8
1.0
1.0
1.0
1.0
1.0
0.8
0.7
0.7
0.7
0.7
0.7
0.7

4.0
40
4.0
4.0
40
40
7.0
10.0
15.0

- 0.6
- 0.6
- 0.6
- 0.6
- 0.6
- 0.6
- 0.6
- 0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6

40
40
40
40
4.0
4.0
40
4.1
4.2
44
4.6
4.7
4.7
52
52
5.2
53
55
55
5.5
5.5

2.5
25
2.5
2.5
2.5
2.5
25
25
2.5
27
3.0
3.2
34
35
3.8
4.0
4.2
4.6
4.7
48
5.0

40
40
4.0
4.1
45
47
5.0
5.5
6.5
72
8.0
8.7
9.2
10.0
11.0
11.5
115
11.5
11.5
115
11.5

83
8.5
9.1
9.3
9.9
100
100
100
100
100
100

85
17.6
18.7
19.5
20.0
207
208
211
21.2
213
21.3

4.0
43
44
4.5
4.7
5.0
6.2
7.2
8.8
17.4
19.1
20.2
21.4
234

20.8
20.0
200
20.2
20.7
20.8
21.0
21.1

- 23.0 230
- 23.0 350
230 227 -




The vegetation distribution predicted by this bioclimatic scheme, for present-day pre-
cipitation and temperature fields, agree with Olson’s database. The limited resolution
of the model generate some discrepancies when compared with the data, particularly
in mountainous regions. Net primary productivity (NPP), phytomass and soil organic
carbon pool are calculated as follows. The Miami model (Lieth, 1975) is modified by
expressing NPP as the minimum value of two functions, the first depending on mean
annual precipitation and latitude, the second depending only on biotemperature. -

NPP

min (fg7,fp)

with
fer = 69.1875xBT ' if BT < 8 °C
= 1350)((1 + €Xp(m)) if BT > 8 °C
fp = 1125.x(1. - exp(-6.64x107*x P)) in the tropics
= 1350.x(1l. - exp(-6.64x107*x P)) in other regions
BT = biotemperature expressed in °C
P = annual precipitation expressed in mm/y
NPP = net primary production expressed in gC/m?/y.

The parameters were adjusted so that the simulated global NPP distribution remains
close to or within the limits given by the distributions of Fung et al. (1983) and Heimann
and Keeling (1989). The global annual NPP predicted by the model is 53 gtC/yr. The
living phytomass (Table 3, Column 4) is calculated as the product of NPP and the mean
residence time for carbon in herbaceous and woody biomass in the different vegetation
types derived from Goudriaan et al. (1984). Values adopted are listed in Table 2.
Finally, soil carbon is inferred from Post et al’s study (1982) which relates this variable
to biotemperature and annual precipitation.

Glacial climate simulation

In order to simulate the climate of the Earth during the Last Glacial Maximum,
18000 years ago, some input parameters and boundary conditions of the model were
changed. The orbital parameters were taken from Berger (1978). The atmospheric CO,
concentration was decreased to 200 ppm, in agreement with the CO, measurements from
the Vostok ice core (Barnola et al., 1987). Coastlines were modified assuming a sea
level drop of 130 m (Climap, 1976). Sea ice and snow cover were taken from Climap
for February and August. Their annual cycle was approximated by a sine function with
February and August values taken as extrema. The model was run to steady state for the
present day and the LGM conditions. The difference between the simulated temperature



Ta

ble 2. Fractions of herbaceous and woody

biomass and mean residence time by vegetation type (numbers refer to Table 3, Column

1).
Vegelation type 1 2 3 4 5- 6 7 8
Herbaceous ratio 1. 1. 0.155 0.0265 0.0265 1.~ 0.0225 0.0225
Woody ratio 0. 0. 0.845 0.9735 0.9735 0. 0.9775 0.9775
Residence time in herbaccous biomass (in ycars) 1.5 1. 1.5 2. 2. "L 1. 1.
Residence time in woody biomass (in years) - - 50. 60. 60. - 30. 30.




Table 3. Comparison of the extent (in 10° km®)and carbon content (in GiC) of the terrestrial biosphere for present natural and LGM
conditions (Antarctica excluded).

Vegetation lype Area Phytomass Soil carbon
Present LGM Present LGM Present LGM
1 Perennial ice 3 23 0 0 0 0
2 Desert and scmidesert 16 24 1 1 31 34
3 Tundra 10 21 25 34 124 236
4 Coniferous forest 24 12 236 . 91 307 159
5 Dcciduous forest 16 - 14 237 204 163 144
6 Grassland and shrubland 36 34 30 27 240 239
7 Scasonal tropical forest 20 25 225 276 236 312
8 Evergreen tropical forest 11 6 147 64 196 103

Total 136 159 901 697 1297 1197




field for the present and for the LGM was then added to the observed temperature field
above mentioned. The same was done for the precipitation field. In this way, the
simulated climate change was rooted in the observed climatology and the effect of the
systematic errors of the model was minimized. In this simulation, the global temperature
and precipitation rates at LGM were decreased by 3.13 K and 0.35 mm/day respectively.
The land temperature dropped by 5.13 K in the northern hemisphere and by 1.13 K in
the southern hemisphere. The 130 m sea level drop increased the continental area by
23 millions km?2. The high latitudes were most influenced by the LGM conditions as
far as temperature is concerned. The decrease in precipitation over land affected mostly
South America, Africa and Australia. The modeled temperature and precipitation fields
were then used to calculate the biotemperature and annual precipitation distributions.
These two fields, simulated at a 10°x 10° resolution, were linearly interpolated on a
5°x 5° gnd and applied to the bioclimatic scheme described before.

Simulated glacial biosphere

Global maps of the simulated distribution of vegetation are presented in Figure
1. Following this simulation, the boreal vegetation types were shifted towards lower
latitudes with tundra occupying areas presently covered by coniferous, and to a lesser
extent, deciduous forests. This is basically a result of the reduced temperatures over
these regions. Lower precipitation rates 18 kyr years ago in Australia and Sahel
explain why deserts were more extensive and grasslands and shrublands less extensive.
Decreased precipitation was also responsible for the reduction in seasonal tropical forests
which are replaced by grasslands and shrublands in Southern Africa. However, seasonal
tropical forests expanded on lands that are immersed today in South East Asia and
Oceania. Evergreen tropical forests were almost absent from the equatorial regions
where they are to be found now. As evergreen tropical forests have high NPP, the
reduction in their size has a strong negative effect on the total living phytomass at
glacial time (Column 5, Table 3). Total living phytomass is also strongly dependent on
the redistribution of coniferous forest and tundra, since the latter is much less carbon-
productive than the former. On the other hand, additional phytomass (about 120 GtC)
was present due to the larger land area resulting from the lower sea level. Altogether, the
phytomass accumulated by the vegetation at LGM was 23 % lower than at present time.
Soil organic carbon pool calculated as mentioned before does not present a significant
difference between the present and glacial period (Column 7, Table 3).

Discussion and conclusions

An interesting comparison is possible with the reconstruction by Adams et al. (1990).
The general trends between the two approaches agree, showing an increase at LGM in
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Simulated present day distribution of vegetation types :
warm desert (w],  grassland and shrubland
seasonal

Fig. 1.- (a).
perenniel ice [1i],
[t], coniferous forest [c], deciduous forest [d],

tropical forest [s] and evergreen tropical forest [r]. Same for

Last Glacial Maximum.
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the areas covered by low vegetation types and deserts at the expense of forests. The
Adams et al. results are more drastic than those in our study: they estimated a relative
change of -52 %, +20 % and +98 %, with Antarctica, ( to compare with -20 %, +20 %
and +136 % in the present study, without Antarctica) for areas covered by forest, low
vegetation types and deserts (Antarctica included), respectively. Due to this important
shift from high to low carbon content vegetation types, the amount of terrestrial ‘carbon
at LGM is significantly smaller in their study. They estimated a total decrease of 1071
GtC (if wetlands and peatlands are not considered), whereas we modeled a smaller
drop of 300 GtC (Figure 2). Reasons for this difference may probably be found in
the simulated LGM climate, especially the precipitation field. Consistently with other
atmospheric models (Rind, 1987), the simplified model used here seems to overestimate
the amount of water available for vegetation. Particularly, precipitation rates seem to
be too high in intra-tropical regions to cutt off the forested areas as in the Adams’s
study. To test this assumption, the annual precipitation field at LGM, estimated from
January and July distributions simulated by the NCAR CCMO0 (Kutzbach and Guetter,
1986), was applied to the bioclimatic scheme. The resulting distribution of vegetation
is similar to the one obtained with the simplified GCM, except for the equatorial regions
where the presence of evergreen tropical forest as extensive as today is simulated. This
can be explained by the CCMO’s steep gradient of the precipitation field between the
tropics and the equator, allowing large tropical deserts neighbouring important moist
climate types around the equator. Excessive precipitation rates may also account for
the slightly larger carbon pool at LGM than today as estimated by Prentice and Fung
(1990).

Another limitation of both our and Prentice and Fung’s study results from the
assumption that the bioclimatic scheme developed for present climate remains valid
for LGM conditions, i.e. the hypothesis that precipitation and biotemperature are the
dominant factors in the vegetation “struggle for life”. Low atmospheric CO, content
could further reduce the phytomass in a non negligible way. The productivity of the
biosphere and hence the phytomass and the soil carbon at the LGM would be reduced by
a factor of about two if the parameterization of the Osnabriick model (Esser, 1987) was
used to take into account the “defertilization” CO, effect. Moreover, the bioclimatic
scheme assumes that the vegetation distribution is in equilibrium with climate. Since
the last glaciation lasted more than 10000 years, this equilibrium was probably reached.
But this may not be the case when considering faster climate changes. Studies of the
vegetation distribution of the next century require a dynamical model of vegetation
including, among other factors, the role of soils.

Our results, i.e. a low biospheric carbon content at LGM, combined with the low
atmospheric CO, concentration, suggest that the oceans should have played an important
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Fig. 2.- Living phytomass and soil carbon content for present day and
LGM conditions : (a) this work, (b) Adams et al. (1990)
- . (without wetlands and peatlands).

-13-



role in the carbon storage during the glacial to interglacial transitions, as also revealed
by deep sea core analysis (Shackleton, 1977; Ennever and McElroy, 1985).
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