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ABSTRACT

The response of ten atmospheric general circulation models to orbital forcing at 6 kyr BP has been investigated
using the BIOME model, which predicts equilibrium vegetation distribution, as a diagnostic. Several common
features emerge: (a) reduced tropical rain forest as a consequence of increased aridity in the equatorial zone,
(b) expansion of moisture-demanding vegetation in the Old World subtropics as a consequence of the expansion
of the Afro–Asian monsoon, (c) an increase in warm grass/shrub in the Northern Hemisphere continental interiors
in response to warming and enhanced aridity, and (d) a northward shift in the tundra–forest boundary in response
to a warmer growing season at high northern latitudes. These broadscale features are consistent from model to
model, but there are differences in their expression at a regional scale. Vegetation changes associated with
monsoon enhancement and high-latitude summer warming are consistent with palaeoenvironmental observations,
but the simulated shifts in vegetation belts are too small in both cases. Vegetation changes due to warmer and
more arid conditions in the midcontinents of the Northern Hemisphere are consistent with palaeoenvironmental
data from North America, but data from Eurasia suggests conditions were wetter at 6 kyr BP than today. The
models show quantitatively similar vegetation changes in the intertropical zone, and in the northern and southern
extratropics. The small differences among models in the magnitude of the global vegetation response are not
related to differences in global or zonal climate averages, but reflect differences in simulated regional features.
Regional-scale analyses will therefore be necessary to identify the underlying causes of such differences among
models.

1. Introduction

The magnitude of potential future climate changes is
substantially larger than the variations experienced dur-
ing periods for which instrumental observations are
available (Kattenberg et al. 1996). The use of directly
observed meteorological data is central to the strategy
for validation and development of atmospheric general
circulation models (AGCMs), but it is also important to
test the performance of AGCMs under radically differ-
ent climate conditions. The recent geological past offers
several opportunities when (a) the change in climate
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forcing was both accurately known and at least as large
as that expected due to increasing greenhouse gas con-
centrations, and (b) there is abundant proxy climate data
with which the simulations can be compared (COHMAP
Members 1988). Simulations of key times in the past
(e.g., the last glacial maximum or the early- or mid-
Holocene) have been carried out by several modeling
groups independently (e.g., Williams et al. 1974; Gates
1976; Manabe and Hahn 1977; Kutzbach and Otto-
Bleisner 1982; Manabe and Broccoli 1985; Kutzbach
and Guetter 1986; Rind 1987; Kutzbach and Gallimore
1988; Mitchell et al. 1988; Joussaume et al. 1989; Lau-
tenschlager and Herterich 1990; Kutzbach et al. 1993;
Liao et al. 1994; Kutzbach et al. 1998), and have led
to increased confidence in the ability of AGCMs to cap-
ture the first-order spatial patterns of past climate
changes (Wright et al. 1993; Gates et al. 1996). How-
ever, these experiments were designed independently by
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each modeling group (resulting in the use of slightly
different boundary conditions for the same time period)
so the usefulness of comparing existing simulations is
limited.

The potential of palaeoclimate simulations for climate
model evaluation is being exploited more systematically
by the Palaeoclimate Modelling Intercomparison Project
(PMIP). PMIP’s goals are to intercompare climate mod-
els driven by the same palaeoclimate forcing, in order
to better understand the mechanisms of climate change
and to test the ability of the models to reproduce climatic
conditions radically different from today (Joussaume
and Taylor 1995). The project is parallel to the model–
model comparisons being carried out for present-day
climate [the Atmospheric Model Intercomparison Pro-
ject (AMIP), see Gates (1992)]. For each PMIP exper-
iment, as in AMIP, the boundary conditions have been
precisely specified. Because each modeling group uses
exactly the same boundary conditions, differences be-
tween the simulations must reflect differences in model
structure and parameterizations. Model intercompari-
sons are then designed (a) to identify similarities and
differences in the simulated climates, and (b) to isolate
the mechanism(s) responsible for the differences.

In its initial phase, PMIP focused on two time periods:
the last glacial maximum (21 kyr BP) to examine the
effects of large ice sheets and lowered CO2 on atmo-
spheric circulation, and 6 kyr BP to examine the effects
of changes in the seasonal and latitudinal distribution
of insolation. In this paper, we consider results from the
6 kyr BP experiment, which provides an opportunity to
examine the effects of insolation forcing due to orbital
variations. During the period since the last glacial max-
imum, the precession of the earth’s orbit shifted peri-
helion from January at 21 kyr BP to July at 11 kyr BP
to January today, while the tilt of the earth’s axis
changed from 22.98 at 21 kyr BP to 24.28 at 11 kyr BP
and 23.48 today. These changes systematically altered
the seasonal and latitudinal distribution of insolation
(Berger 1978; Berger and Loutre 1991; Berger et al.
1993). At the time of the maximum anomaly, ø11 kyr
BP, Northern Hemisphere summer (June–August) ra-
diation at the top of the atmosphere was circa 30 W m22

(;8%) greater and winter (December–February) radi-
ation circa 15 W m22 (;8%) less than present. However,
because of the lag in the ice sheets’ response to inso-
lation forcing (Imbrie 1985), Northern Hemisphere ice
sheets were still more extensive at 11 kyr BP than today
(Peltier 1994). The mid-Holocene (6 kyr BP) provides
an opportunity to isolate the effects of insolation, be-
cause the insolation anomaly was still large (;6% great-
er in Northern Hemisphere summer and less in Northern
Hemisphere winter) but the ice sheets were similar to
today’s. The choice of 6 kyr BP as a PMIP experiment
was further motivated because (in contrast with, e.g.,
the last interglacial maximum) there is sufficient pa-
laeodata available for 6 kyr BP to permit a detailed
reconstruction of regional climates.

The 6 kyr BP experiment is not intended to reproduce
all aspects of the climate of 6 kyr BP. Sensitivity ex-
periments have already shown that sea-ice, vegetation,
and surface hydrological feedbacks can significantly
modify insolation-induced climate changes at both high
and low latitudes (Gallimore and Kutzbach 1989; Street-
Perrott et al. 1990; Foley et al. 1994; TEMPO 1996;
Kutzbach et al. 1996; Texier et al. 1997; Claussen and
Gaylor 1997). Comparisons of PMIP 6 kyr BP simu-
lations with palaeoclimatic observations nevertheless
can show the extent to which land surface energy bal-
ance and associated atmospheric circulation changes can
account for the robust features of the palaeoclimate (cf.
Jolly et al. 1998a).

One model intercomparison approach adopted by
PMIP is to use the output from the climate simulations
to drive an equilibrium vegetation model, specifically
the BIOME model of Prentice et al. (1992). The BIOME
model is an effective diagnostic tool because it provides
a method of synthesizing the effects of seasonal changes
in both temperature and moisture balance in a single
map. Consideration of the direction of the simulated
vegetation changes often makes it possible to isolate the
seasonal component of the climate anomaly that is most
important in a particular region. The BIOME model has
been used to compare control runs of successive ver-
sions of the ECHAM AGCM (Claussen and Esch 1993)
and to analyze the differences between 126 kyr and 115
kyr BP conditions, representing an extreme contrast of
orbital parameters, as simulated with a version of the
Community Climate Model (CCM1) (Harrison et al.
1995).

In this paper, we present biome distributions derived
from 10 PMIP simulations. Analysis of these results
allows us to (a) quantify the simulated response to or-
bital forcing as measured by vegetation change, (b) iden-
tify robust features of the PMIP 6 kyr BP experiment,
(c) identify regional differences among simulations, and
(d) make an initial comparison of the results with pa-
laeoclimatic data for 6 kyr BP. We do not address the
question of what causes the differences between model
predictions at the regional scale; this is the subject of
ongoing analyses in PMIP (Joussaume et al. 1998, un-
published manuscript). A detailed and quantitative as-
sessment of the degree to which the PMIP simulations
reproduce observed biome changes is not yet possible—
this must await the completion of the global palaeo-
vegetation datasets currently being compiled within the
framework of the BIOME 6000 project (Prentice and
Webb 1998); however, we have been able to use pub-
lished comprehensive summaries of regional vegetation
changes, including some regional datasets produced by
the BIOME 6000 project.

2. The PMIP 6 kyr BP experiment

The 6 kyr BP simulations differ from the control sim-
ulations (Table 1) in only two respects: orbital param-
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TABLE 1. PMIP 6 kyr BP boundary conditions.

Boundary conditions Modern (control) 6 kyr BP

Sea surface temperatures Modern control run or
10-yr average
(1979–88) of AMIP
dataset

As modern

Sea ice Modern control run or
10-yr average
(1979–88) of AMIP
dataset

As modern

Land albedo Modern control run As modern
Ice sheets Modern control run As modern
Topography–coastlines Modern control run As modern
CO2 Modern control run or

345 ppmv
280/345 3

modern con-
trol run or
280 ppmv

Insolation Solar constant: modern
control run or
1365W m22

Solar constant:
as modern

e 5 0.016724 e 5 0.018682
« 5 23.4468 « 5 24.1058
Angle between autumn

equinox and perihe-
lion 5 102.048

Angle between
autumn equi-
nox and per-
ihelion 5
0.878

Seasonal cycle Yes Yes
Number of years simu-

lated
Minimum of 11 yr (av-

erage of last 10 yr)
Minimum of

11 yr (aver-
age of last
10 yr)

eters were changed, and atmospheric CO2 concentration
was lowered to the preindustrial level. Since the sea
surface temperatures (SSTs) are not changed, the low-
ering of CO2 is assumed to have only a minor effect
(Hewitt and Mitchell 1996). Orbital parameters in the
control experiment were specified for 1950 A.D. (ec-
centricity: 0.016724; obliquity: 23.4468; angle between
autumn equinox and perihelion: 102.048). The orbital
parameters at 6 kyr BP were specified following Berger
(1978) (eccentricity: 0.018682; obliquity: 24.1058; an-
gle between autumn equinox and perihelion: 0.878). The
vernal equinox was defined as 1200 solar time 21 March,
and the longitude of perihelion was defined relative to
the vernal equinox—1808. The lengths of the calendar
months used for calculating the results were held the
same as in the control. The atmospheric CO2 concen-
tration was specified as 345 ppmv in the control case
and 280 ppmv at 6 kyr BP. However, in the case of those
groups that made use of an existing control run (UKMO
HADAM2, CCM2), the 6 kyr BP CO2 level is 280/345
of the level in the control. All the simulations were made
with sea surface conditions (SSTs and the extent and
duration of sea ice) prescribed as for the modern control
run. Land surface conditions (the distribution of land
and land ice, albedo, and surface roughness) were also
prescribed as in the control run.

3. The climate models

The modern control and 6 kyr BP climate simulations
used in this study have been run with version 2.0 of the
U.K. Universities Global Atmospheric Modelling Pro-
gramme (UGAMP) model (Hall and Valdes 1997), ver-
sion 3.2 of the U.K. Meteorological Office (UKMO)
model (HADAM2: Hewitt and Mitchell 1996), version
3.2 of the European Center, Hamburg (ECHAM) model
(K. Herterich 1995, unpublished manuscript), version 2
of the GENESIS model (GENESIS2; Thompson and
Pollard 1997), a version of the University of Tokyo
climate model (CCSR1; A. Abe-Ouchi 1995, unpub-
lished manuscript), two versions of the the National
Center for Atmospheric Research CCM (a modification
of CCM2 and CCM3), and three versions of the La-
boratoire de Météorologie Dynamique (LMD) model as
run at the Laboratoire de Modélisation du Climat et de
l’Environnement (LMD-LMCE 4ter, LMD-LMCE 5.3,
and LMD-LMCE 5.3 modified; N. de Noblet and S.
Joussaume 1995, unpublished manuscript). The modi-
fied version of CCM2 (Hack et al. 1993; Hack et al.
1994; Kiehl 1994) incorporates a land surface model
(LSM) with an explicit treatment of vegetation and soil
processes (Bonan 1995a,b). The CCM3 (Kiehl et al.
1996) includes several modifications relative to CCM2:
improved radiation and cloud parameterizations, and
improved treatment of deep convection and the atmo-
spheric boundary layer; it uses the land surface model
of Bonan (1996). The two versions of the LMD model
differ in their surface schemes and surface flux para-
meterizations (Table 2): version 4ter uses a simple buck-
et model for the computation of soil moisture whereas
version 5.3 uses the SECHIBA land surface scheme
(Ducoudré et al. 1993). The original 5.3 version dif-
ferentiates eight vegetation types, whereas the modified
version (LMD-LMCE 5.3mod) uses the same 17 veg-
etation types as in the BIOME Model (see below). Ver-
sion 5.3mod also includes a more realistic treatment of
canopy conductance and seasonal variations of leaf area
index, and the effects of these variations on land–at-
mosphere energy and water exchanges (de Noblet et al.
1996).

The UGAMP 2.0, ECHAM 3.2, CCM2, and CCM3
AGCMs are spectral models, using a triangular trun-
cation at wavenumber 42 (T42) and thus corresponding
to a latitude–longitude grid of 64 3 128 points (;2.88
3 ;2.88). GENESIS2 has a resolution of T31 (3.758 3
3.758) and is coupled to a gridpoint land surface model
with a resolution of 28 3 28. CCSR1 has a resolution
of T21 (;5.628 3 ;5.628). The UKMO and LMD
AGCMs are gridpoint models. The UKMO HADAM2
model has a latitude–longitude grid of 73 3 96 points
(;2.58 3 ;3.758). The LMD model employs a grid that
is regular in the sine of latitude, such that each grid cell
has the same area. LMD-LMCE 4ter has a latitude–
longitude grid of 36 3 48 points (;58 lat 3 ;7.58 long
at 508N), and the two versions of LMD-LMCE 5.3 have
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TABLE 3. Characteristics of the control and 6 kyr BP model simulations.

Model Simulation Resolution
CO2

(ppmv) SSTs
Length of
run (yr)

Ensemble
average

(yr)

UKMO HADAM2
UKMO HADAM2
UGAMP 2.0
UGAMP 2.0
ECHAM 3.2
ECHAM 3.2
CCM2
CCM2
CCM3
CCM3
LMD-LMCE 4ter
LMD-LMCE 4ter
LMD-LMCE5.3
LMD-LMCE5.3

Control
6000 yr BP
Control
6000 yr BP
Control
6000 yr BP
Control
6000 yr BP
Control
6000 yr BP
Control
6000 yr BP
Control
6000 yr BP

73 3 96
73 3 96
64 3 128
64 3 128
64 3 128
64 3 128
64 3 128
64 3 128
64 3 128
64 3 128
36 3 48
36 3 48
50 3 64
50 3 64

323
262
345
280
345
280
355
288
355
288
345
280
345
280

UKMO dataset
UKMO dataset
Alexander and Mobley (1976)
Alexander and Mobley (1976)
PMIP standard
PMIP standard
PMIP standard
PMIP standard
Shea et al. (1990)
Shea et al. (1990)
PMIP standard
PMIP standard
PMIP standard
PMIP standard

31
31
11
11
30
15
10
10
8
8

16
16
16
16

30
30
10
10
10
10
10
10
8
8

15
15
15
15

LMD-LMCE5.3mod
LMD-LMCE5.3mod
GENESIS2
GENESIS2
CCSR1
CCSR1

Control
6000 yr BP
Control
6000 yr BP
Control
6000 yr BP

50 3 64
50 3 64
48 3 96*
48 3 96*
32 3 64
32 3 64

345
280
345
280
345
280

PMIP standard
PMIP standard
Shea et al. (1990)
Shea et al. (1990)
PMIP standard
PMIP standard

16
16
10
10
15
15

15
15
10
10
10
10

* Surface process model (LSX) is 28 3 28 or 90 3 180 grid points.

a grid of 50 3 64 points (;3.58 lat 3 5.2658 long at
508N).

With one exception, each climate model was run for
a minimum of 10 yr and the derived climate variables
are the ensemble average of a minimum of 10 yr (Table
3).

4. Application of the BIOME model

The AGCM simulations have been translated into
simulated natural vegetation using the biome model (BI-
OME) of Prentice et al. (1992). BIOME is a model
developed from physiological considerations to predict
global patterns in potential vegetation physiognomy as
a function of climate (Prentice et al. 1992). In the model,
the main constraints on the growth and regeneration of
different plant functional types are formulated in terms
of limiting values of the mean temperature of the coldest
and warmest months, ‘‘growing’’ degree-days, and a
coefficient (the Priestley–Taylor coefficient: a) for the
extent to which soil moisture supply satisfies atmo-
spheric moisture demand. These bioclimatic indices are
calculated from an input climate dataset of mean month-
ly temperature, precipitation, and sunshine fraction. Bi-
omes emerge from the combination of different plant
functional types.

Two procedures are currently used to derive input
climate fields for the BIOME model. In the first (e.g.,
Prentice et al. 1994; Harrison et al. 1995; TEMPO 1996;
de Noblet et al. 1996; Kutzbach et al. 1996; Kutzbach
et al. 1997; Texier et al. 1997), AGCM anomalies (the
difference between a perturbed climate and the modern
control simulation) are interpolated to the grid com-
monly used in the BIOME model (0.58) and then su-

perimposed on a modern climate dataset. This procedure
was originally designed with the idea that the use of
AGCM anomalies would reduce the effects of system-
atic model biases, whereas adding the anomalies to a
modern dataset (which incorporates the effects of to-
pography on climate) would make it possible to capture
some of the local-scale spatial pattern due to terrestrial
geography (e.g., the effects of a given climate anomaly
on vegetation at different elevations). In the second pro-
cedure (e.g., Claussen and Esch 1993; Claussen 1996;
Claussen 1997; Claussen and Gaylor 1997), the BIOME
model is run directly from the simulated climate on the
AGCM’s own grid.

We have run a set of eight simulations, using output
from the ECHAM 3.2 model, to test whether the choice
of procedure is likely to affect our estimates of the mag-
nitude of the simulated vegetation changes at 6 kyr BP.
In the first set of experiments, the BIOME model was
run directly using climate data from the control (Fig.
1a) and the 6 kyr BP (Fig. 1b) simulations. In the second
set of experiments, climate data from the control (Fig.
1c) and 6 kyr BP (Fig. 1d) simulations were interpolated
to the 0.58 grid of the BIOME model and then used to
run the BIOME model. In the third set of experiments
(Figs. 1e and 1f), AGCM anomalies were superimposed
on a modern climate dataset [an extended version of
Leemans and Cramer (1991) and based on ca. 9000
meteorological stations], which had been interpolated
to the AGCM grid. In the final set of experiments (Figs.
1g and 1h), the AGCM anomalies were first interpolated
to the BIOME model grid and then superimposed on
the Leemans and Cramer (1991) dataset. This set of
simulations enables us to examine separately the use of
interpolation and the use of an anomaly procedure.
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TABLE 4. Quantitative changes in vegetation patterns at 6 kyr BP simulated using different procedures for deriving climate data from the
ECHAM 3.2 model to run the BIOME model, as measured by the kappa statistic. The columns indicate whether the climate data were applied
at the scale of the AGCM grid (AGCM grid) or at the scale of the BIOME model grid (0.58 grid), the rows indicate whether the BIOME
simulations were run with climate data from the control and 6 kyr BP experiments (direct) or using the anomalies between the control and
6 kyr BP experiments superimposed on a modern climate dataset (anomaly).

Global

AGCM grid 0.58 grid

N. extratropics

AGCM grid 0.58 grid

Intertropical zone

AGCM grid 0.58 grid

S. extratropics

AGCM grid 0.58 grid

Direct
Anomaly

0.78
0.75

0.77
0.75

0.74
0.72

0.73
0.72

0.79
0.74

0.79
0.76

0.81
0.77

0.80
0.83

To assess whether the different procedures yield quan-
titatively different magnitudes of vegetation change, we
have compared the global biome maps using the kappa
statistic to assess agreement (Cohen 1960; Monserud
1990; Prentice et al. 1992). The kappa statistic provides
a measure of the agreement between two maps, based
on the proportion of the total number of grid cells as-
signed to the same category (in this case, the same bi-
ome) and after taking account of the number of grid
cells that might be expected to be the same due to chance
alone. It is possible to assess the statistical significance
of the kappa value; however, in cases where there are
a very large number of grid cells such that almost any
two maps will be different at a high level of significance,
such tests are not very useful. Monserud (1990) pro-
posed a subjective assessment scale, in which kappa
values of ,0.4 are considered to indicate a very poor
match between two maps: 0.4–0.55 a fair match, 0.55–
0.7 a good match, 0.7–0.85 a very good match, and
.0.85 an excellent match. This subjective scheme has
been used for other assessments of simulated biome
maps (e.g., Prentice et al. 1992; Monserud and Leemans
1992) and is used here.

Clearly, there are differences between the biome maps
produced by the various procedures. Using the AGCM
climate directly results in, for example, the Sahara–Sa-
hel boundary being placed further north at 6 kyr BP
(Figs. 1b and 1d) than in the simulations using the anom-
aly procedure (Figs. 1f and 1h), while at the same time
showing the tundra/forest boundary in North America
and northern Eurasia substantially further south than in
the anomaly procedure simulation. However, exami-
nation of the biome maps produced directly from the
control simulations (Figs. 1a and 1c) shows that these
regions are characterized by systematic model biases:
the southern Sahara is too wet in the control simulation
and the northern high latitudes are too cold, such that
the simulated biomes are systematically different from
the modern observed vegetation.

The interpolation procedure, while it seems to have
some local effects (e.g., in mountainous areas) on the
vegetation distribution, produces a negligible difference
in the kappa estimates of the magnitude of change be-
tween the modern (or control) situation and 6 kyr BP
(Table 4). The kappa values differ by 0.01 in the case
where the BIOME model was run directly from AGCM
output and 0.02 in the case where the anomaly procedure

is used. The only exception is for regions (e.g., the
southern extratropics) where the total land area (and
hence the number of grid cells being compared) is rather
small. Even in this case, the maximum difference be-
tween the kappa values is only 0.06. The difference in
the kappa values obtained when comparing the BIOME
simulations obtained directly from the control and 6 kyr
BP simulations and those made using the anomaly pro-
cedure is ,0.05, whether the comparison is made at the
scale of the AGCM grid or at the 0.58 grid of the BIOME
model. The kappa values using the anomaly procedure
are almost always smaller (i.e., imply a larger change
between the 6 kyr BP and modern/control situations)
than those obtained directly using AGCM output, im-
plying that the anomaly procedure is less conservative
than running the BIOME model directly from AGCM
output. Thus, these analyses show that the choice of
procedure does not significantly affect the estimates of
the magnitude of vegetation change. However, using the
anomaly procedure clearly reduces the effect of system-
atic climate model bias on the resulting biome maps.
While this may not be an advantage in making model–
model comparisons, it is necessary if the biome simu-
lations are to be used for comparisons with palaeoen-
vironmental data.

Thus, in our analyses of the PMIP 6 kyr BP simu-
lations we have adopted the procedure of using AGCM
anomalies of mean monthly temperature, precipitation,
and cloudiness, interpolated to the 0.58 grid of the BI-
OME model, and superimposed on a modern climate
dataset specified from an extended version of Leemans
and Cramer (1991) in order to maximize the usefulness
of the resulting simulated biome maps for comparisons
with reconstructions of past vegetation patterns. We
have compared the global biome maps with the vege-
tation patterns simulated by BIOME from climatological
data using the simple kappa statistic to assess agreement
(Prentice et al. 1992).

5. Results

a. Description of simulated BIOME maps

The biome maps generated from the 10 AGCM sim-
ulations for 6 kyr BP are shown in Fig. 2. When com-
pared with the modern simulated vegetation (Fig. 1g),
the most significant features of the 6 kyr BP simulations
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FIG. 2. (Continued)
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FIG. 3. Change in area of key biomes at 6 kyr BP, as expressed as a percentage of their modern extent. (a) Changes in the area of tundra
and boreal forests in the region north of 308N. Boreal forests are defined to include the taiga and cold deciduous forest biomes. (b) Changes
in the area of warm grass/shrub, cool grass/shrub, and forest in the zone between 308 and 558N. Forest is defined to include taiga, cold
deciduous forest, cool conifer forest, cold mixed forest, cool mixed forest, temperate deciduous forest, and evergreen warm/mixed forest.
(c) Changes in the area of desert, warm grass/shrub, and xerophytic woods/scrub in the African Sahelian zone (148–228N). (d) Changes in
the area of tropical rain forest.

are vegetation changes reflecting high-latitude warming
in the Northern Hemisphere, Northern Hemisphere mid-
latitude winter cooling, Northern Hemisphere midcon-
tinental warming/aridity, the expansion of the Afro–
Asian monsoon, and equatorial aridity.

1) HIGH-LATITUDE SUMMER WARMING

All of the simulations show a general northward dis-
placement of the high-latitude forest belts. Tundra is
reduced to 74%–83% of its modern area (Fig. 3a). Cool
conifer forests encroach northward, displacing taiga
along its present southern margin, for example, in Fen-
noscandia. Cool mixed forests also occur farther north
than today, particularly in Fennoscandia and European
Russia. The simulated northward shifts in the high-lat-
itude forest belts reflect a general increase in the warmth
of the growing season. The most extreme shifts overall
in the vegetation zones (reflecting the largest high-lat-
itude warming), are shown by the ECHAM 3.2 simu-
lation, where the tundra is reduced to 74% of its modern

extent while boreal forests (taiga and cold deciduous
forest) expand to 113% of their modern extent. Although
some of the simulations show a northward shift of the
southern boundary of taiga in eastern North America in
response to summer warming, in others this effect is
masked by the simulation of cold winters, which pre-
vents this northward shift or even forces a slight south-
ward expansion of taiga.

2) MID- AND HIGH-LATITUDE WINTER COOLING

The UGAMP 2.0, LMD-LMCE 4ter, LMD-LMCE
5.3, and CCSR1 simulations produce a zone of cold
deciduous forest in northern Canada, in an area occupied
by taiga today, in response to low winter temperatures
that exceed the tolerance of evergreen conifers. The
simulations also show a southward expansion of taiga
and cool conifer forests in Siberia, displacing cool
mixed forest, in response to colder winters in the Eur-
asian continental interior. The expansion is most marked
in the LMD-LMCE 4ter simulation. Midlatitude winter
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cooling is registered in all the simulations by a south-
ward expansion of temperate deciduous forests, at the
expense of evergreen/warm mixed forests, in China.
Most of the simulations show a southward expansion
of cool mixed forest, displacing temperate deciduous
forest, in eastern North America in response to winter
cooling. In some cases (e.g., UGAMP 2.0) this cooling
is sufficient to allow temperate deciduous forests to ex-
pand southward into the zone occupied today by ev-
ergreen/warm mixed forests.

3) MIDCONTINENTAL WARMING/ARIDITY

Northern Hemisphere midcontinental summer warm-
ing is expressed in all the models as an expansion of
warm grass/shrub at the expense of cool grass/shrub
(Fig. 3b). Aridity, associated with this warming, is ex-
pressed by the expansion of grass/shrub at the expense
of forest biomes. In the zone between 308 and 558N,
warm grass/shrub expands to between 137% (GENE-
SIS2) and 177% (CCM3) of its modern extent, while
cool grass/shrub decreases to between 74% (UKMO
HADAM2) and 54% (CCM3).

In North America, simulated midcontinental warming
is shown by the northward and westward extension of
warm grass/shrub, rather than by a shift in the prairie–
forest boundary in the Midwest. The change is most
pronounced in the ECHAM 3.2 and CCM2 simulations.
In central Eurasia, the extension of warm grass/shrub
at the expense of cool grass/shrub is most pronounced
in the UGAMP 2.0, LMD-LMCE 4ter, and CCSR1 mod-
els. The midcontinental warming appears to be asso-
ciated with changes in regional water budgets, expressed
in changes in the distribution of forest and nonforest
biomes. The location of zones of increased/decreased
effective moisture varies from model to model, but most
of the simulations show a northwestward retreat of the
forest limit in eastern Europe, to the north of the Black
Sea, and a northeastward retreat of taiga in central Si-
beria.

4) THE AFRO–ASIAN MONSOON

The expansion of the Afro–Asia monsoon is ex-
pressed by the expansion of moisture-demanding bi-
omes at the expense of more drought-tolerant biomes.
This shift involves different biomes in different regions.
Changes in the extent of deserts provides one simple
measure of the magnitude of monsoon expansion. Ac-
cording to these simulations, the area of Northern Hemi-
sphere deserts was reduced to between 77% (CCM3)
and 99% (UGAMP 2.0) of its modern extent.

Monsoon expansion in Africa is indicated in all the
models as a northward shift in xerophytic woods/scrub
and warm grass/shrub, at the southern margin of the
Sahara. The northward displacement is largest in the
ECHAM 3.2, CCM3, GENESIS2, and LMD-LMCE 4ter
simulations. In the Sahelian zone (148–228N), the desert

is reduced to 68% of its present extent in the LMD-
LMCE 4ter simulation, to 69% in the CCM3, to 78%
in the GENESIS2, and to 81% in the ECHAM 3.2 sim-
ulation (Fig. 3c). The smallest reduction in the area of
desert in this zone is shown by CCM2 (98% of modern).
The northward shift is generally accompanied by drying
on the southern margin of the Sahel, shown by the ex-
pansion of xerophytic woods/scrub southward at the ex-
pense of tropical closed forests. This is because the
monsoon expansion is related to a northward shift of
the ITCZ in summer. There is no indication of drying
on the southern margin of the Sahel in the UKMO HAD-
AM2 simulation, however, because the simulated
changes in the moisture budget are small and insufficient
to produce a shift from tropical dry forest to xerophytic
woods/scrub.

The simulated vegetation changes in response to the
expansion of the Asian monsoon are less coherent be-
tween the models than the changes in northern Africa.
In the ECHAM 3.2 and CCM2 simulations, there is a
noticeable expansion of tropical dry forest/savanna (at
the expense of xerophytic woods/scrub) in southern In-
dia. Several of the models (ECHAM 3.2, CCM3, LMD-
LMCE 4ter, LMD-LMCE 5.3, LMD-LMCE 5.3mod,
GENESIS2, CCSR1) show an expansion of warm grass/
shrub vegetation into areas occupied today by desert in
eastern central Asia.

5) EQUATORIAL ARIDITY

The simulated shift in the position of the ITCZ results
in increased aridity in the equatorial zone. This is re-
flected by a reduction in the extent of tropical rain forest
(Fig. 3d). The reduction is most marked in the UGAMP
2.0 simulation, where the tropical rain forest is reduced
to 79% of its present area, and least marked in the
UKMO HADAM2 (95.5%), CCM3 (95.9%), GENE-
SIS2 (96%), and LMD-LMCE 4ter simulations (97%).

The increase in aridity is not uniform within the equa-
torial zone, and the areas affected vary between the
models. All of the models produce a reduction in the
area of rain forest in Africa, with the most extreme
changes being registered by ECHAM 3.2 and CCM2.
Not all of the models produce a significant reduction of
the rain forest in South America, but the UGAMP 2.0,
ECHAM 3.2, and CCSR1 simulations are characterized
by the expansion of tropical dry forest/savanna partic-
ularly on the northern and eastern margins of the rain
forest. The UKMO HADAM2, ECHAM 3.2, CCM2,
CCM3, GENESIS2, and CCSR1 simulations show no
change in Oceania, whereas the UGAMP 2.0, LMD-
LMCE 4ter, and both versions of LMD-LMCE 5.3 show
an increase in tropical seasonal and tropical dry forests
at the expense of tropical rain forest in this region. The
magnitude of the reduction of tropical rain forest in
particular regions is not related to the magnitude of the
zonal change in aridity.
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TABLE 5. Quantitative change in vegetation patterns at 6 kyr BP
compared to the patterns simulated by BIOME from climatological
data, as measured by the kappa statistic.

Model Global
N. extra-
tropics

Inter-
tropical

zone
S. extra-
tropics

UKMO HADAM2
UGAMP 2.0
ECHAM 3.2
CCM2
CCM3
LMD-LMCE 4ter
LMD-LMCE5.3
LMD-LMCE5.3mod
GENESIS2
CCSR1

0.83
0.75
0.75
0.79
0.75
0.72
0.76
0.80
0.80
0.82

0.80
0.71
0.72
0.77
0.73
0.68
0.72
0.77
0.78
0.78

0.84
0.78
0.76
0.78
0.72
0.76
0.77
0.80
0.79
0.84

0.92
0.84
0.83
0.87
0.85
0.80
0.85
0.89
0.86
0.88

TABLE 6. Pairwise intercomparisons between the 10 models of the quantitative differences in vegetation patterns at 6 kyr BP, as measured
by the kappa statistic.

UKMO
HADAM2

UGAMP
2.0

ECHAM
3.2 CCM2 CCM3

LMD-
LMCE

4ter

LMD-
LMCE

5.3

LMD-
LMCE
5.3mod GENESIS2 CCSR1

UKMO HADAM2
UGAMP 2.0
ECHAM 3.2
CCM2
CCM3
LMD-LMCE 4ter
LMD-LMCE5.3
LMD-LMCE5.3mod
GENESIS2
CCSR1

1
0,80
0,80
0,83
0,78
0,75
0,82
0,81
0,84
0,85

0,80
1
0,77
0,77
0,73
0,72
0,79
0,79
0,80
0,78

0,80
0,77
1
0,74
0,75
0,72
0,77
0,76
0,79
0,78

0,83
0,77
0,74
1
0,75
0,73
0,79
0,77
0,80
0,81

0,78
0,73
0,75
0,75
1
0,70
0,75
0,73
0,76
0,77

0,75
0,72
0,72
0,73
0,70
1
0,75
0,73
0,74
0,75

0,82
0,79
0,77
0,79
0,75
0,75
1
0,83
0,81
0,81

0,81
0,79
0,76
0,77
0,73
0,73
0,83
1
0,79
0,79

0,84
0,80
0,79
0,80
0,76
0,74
0,81
0,79
1
0,84

0,85
0,78
0,78
0,81
0,77
0,75
0,81
0,79
0,84
1

6) THE SOUTHERN HEMISPHERE EXTRATROPICS

According to these simulations, vegetation changes
in the southern extratropical zone of South America and
Africa are extremely small. This presumably reflects the
use of prescribed (modern) ocean conditions and the
relatively small areas of the Southern Hemisphere con-
tinents that are influenced by insolation changes. How-
ever, the situation is different for Australia. Although
some of the simulations (UKMO HADAM2, CCM2,
CCSR1) show virtually no change from present, changes
in the extent of the desert in the other simulations in-
dicate both increasing (UGAMP 2.0, ECHAM 3.2,
LMD-LMCE 5.3mod) and decreasing aridity (CCM3,
LMD-LMCE 4ter, LMD-LMCE 5.3, GENESIS2).

b. Kappa statistics

At a global scale, the changes in simulated biome
distributions are small (Table 5). The simulations yield
kappa values in the range of 0.72–0.83. According to
the subjective scale proposed by Monserud (1990), these
values indicate a very good match to the modern biome
map. The UKMO HADAM2 simulation, with a kappa
value of 0.83, shows the smallest changes compared to
present, whereas the LMD-LMCE 4ter model (0.72)
shows the largest changes. Comparison of the simulated

vegetation changes within the Tropics yield kappa val-
ues between 0.72 (CCM3) and 0.84 (UKMO HAD-
AM2), indicative of a very good match to the modern
vegetation map. The range for the northern extratropics
is between 0.68 (LMD-LMCE 4ter) and 0.80 (UKMO
HADAM2) and indicates a good to very good match,
whereas the range for the southern extratropics is be-
tween 0.80 (LMD-LMCE 4ter) and 0.92 (UKMO HAD-
AM2) and thus shows a very good to excellent match
with the modern vegetation map.

We tested whether the apparent differences between
the models could be related to the difference in the
length of the runs, and hence the number of years used
to derive an ensemble average climate to drive the BI-
OME model (Table 3), using output from the 30-yr sim-
ulation made with the UKMO HADAM2 model. We ran
three BIOME simulations, driven by the ensemble av-
erages independently derived from the first, second, and
third decades of the UKMO HADAM2 simulation. The
difference in the kappa values was small at the global
scale (0.80, 0.82, 0.83, respectively), for the northern
extratropics (0.76, 0.79, 0.80), intertropical zone (0.81,
0.83, 0.83) and the southern extratropics (0.86, 0.91,
0.91), and smaller than the difference between the 6 kyr
BP simulation and modern conditions. This confirms
that the simulated biomes are stable, and shows that the
comparatively small changes shown by the UKMO
HADAM2 model are not related to the fact that the
simulation was run for a longer time than the others.

We have also used the kappa statistic to compare the
6 kyr BP simulations in order to assess whether the
differences between the models are significant. Pairwise
comparisons of each of the 6 kyr BP simulations (Table
6) show kappa values ranging from 0.72 to 0.85 at the
global scale, from 0.69 to 0.84 for the northern extra-
tropics, from 0.68 to 0.85 in the intertropical zone, and
from 0.74 to 0.88 in the southern extratropics. Again,
these values show a good to excellent agreement be-
tween the models at global and zonal scales. Not un-
expectedly, those models that show the biggest changes
(e.g., LMD-LMCE 4ter, CCM3) are consistently the
most different from the other simulations, and those that
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FIG. 4. Comparison of global kappa values and global land surface climate variables: where T is annual average land temperature at 6
kyr BP, DT is the land temperature anomaly between 6 kyr and the control simulation, DTs-w is the change in the seasonal range (the mean
temperature for June–August minus the mean temperature for December–February) of land temperature; P is the annual average land
precipitation, DP is the land precipitation anomaly between 6 kyr BP and the control simulation, DPs-w is the change in the seasonal range
(the mean precipitation for June–August minus the mean precipitation for December–February) of land precipitation.

FIG. 5. Comparison of kappa values and land surface climate variables for the Northern Hemisphere extratropics: where T is annual average
land temperature at 6 kyr BP, DT is the land temperature anomaly between 6 kyr BP and the control simulation, DTs-w is the change in the
seasonal range (the mean temperature for June–August minus the mean temperature for December–February) of land temperature; P is the
annual average land precipitation, and DP is the land precipitation anomaly between 6 kyr BP and the control simulation, DPs-w is the change
in the seasonal range (the mean precipitation for June–August minus the mean precipitation for December–February) of land precipitation.

show the smallest changes (e.g., UKMO HADAM2) are
consistently the most similar to other models. Since the
possibilities for divergence between the models become
greater as the simulated vegetation patterns become
more different from the observed modern vegetation
pattern, diagnostic analyses of the causes of intermodel
differences are likely to be more informative when made
at the regional scale and for regions where the changes
from present are large.

The simulated changes in vegetation distribution are
a response to seasonal changes in, particularly, temper-
ature and precipitation. However, when global or zonal
averages of the key climatic variables (e.g., mean annual
temperature, mean annual precipitation, the range of
seasonal temperature or seasonal precipitation, or the
changes in these measures relative to today) are com-
pared to the kappa values, there is no discernible trend
between the simulations (Fig. 4, Fig. 5). Thus, it is not
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FIG. 6. Comparison of kappa values and land surface climate variables for the African Sahelian zone (148–228N), where Ts is the mean
land temperature for May–October at 6 kyr BP, DTs is the land temperature anomaly between the 6 kyr and the control simulation for the
same six months, Ps is the mean land precipitation for May–October at 6 kyr BP, and DPs is the land precipitation anomaly between the 6
kyr and the control simulation for the same 6 months.

possible to demonstrate the relationship between the
magnitude of vegetation changes and changes in the
driving climate variables at a global or zonal scale. This
is partly related to the small differences between the
models at global and zonal scales, and partly caused by
the difficulty in selecting a region that is characterized
by unidirectional climate changes: subcontinental, zon-
al, and global averages generally mask a high degree
of regional variability associated with simulated cir-
culation shifts, which is clearly captured in the biome
maps. For example, when climatic variables are com-
pared with kappa values for the Sahelian zone (148–
228N), there is a clear correlation (r 5 0.81) between
the change in summer (May–October) rainfall and the
magnitude of the change in vegetation distribution (Fig.
6). Since the vegetation zonation in this region is strong-
ly controlled by the gradient in a, the relatively strong
relationship between the kappa values and the change
in summer temperature (r 5 0.67) reflects the fact that
changes in summer temperatures are strongly correlated
with changes in precipitation (and hence cloudiness) in
this zone. Thus, these analyses demonstrate that it will
be necessary to examine relatively small regions, where
there are large and significant differences between the
simulated vegetation patterns, in order to isolate the
specific mechanisms responsible for differences be-
tween the simulations.

6. Comparison of the simulated biome changes
with palaeoenvironmental observations

The lack of a complete global palaeovegetation da-
taset for 6 kyr BP at this time prohibits a detailed and

quantitative evaluation of the simulated biome changes.
Nevertheless, it is possible to examine how far the ro-
bust features of the PMIP simulations are qualitatively
consistent with observed changes in vegetation distri-
bution as summarized in recent data-synthesis papers.

a. High-latitude summer warming

All of the simulations show a general northward dis-
placement of the high-latitude forest belts, and a con-
comitant reduction of the area of tundra, as a conse-
quence of an increase in the warmth of the growing
season. Pollen and macrofossil data show that the north-
ern limit between forest and tundra at 6 kyr BP was
much farther north than today (e.g., Ritchie 1987; Pren-
tice et al. 1996; TEMPO 1996; Tarasov et al. 1998;
Texier et al. 1997), except in Alaska (Anderson and
Brubaker 1994), parts of northeastern Canada (Richard
1995), and far eastern Siberia (Lohzkin 1993). The larg-
est shifts in the position of the forest–tundra boundary
(.300 km) are recorded from the Yamal and Taymyr
peninsulas of central Siberia (Tarasov et al. 1998; Texier
et al. 1997). All of the models underestimate the north-
ward extension of forests in this region by 48–58 lat.
Pollen-based maps of biome distributions across Europe
(Prentice et al. 1996) and northern Eurasia (Tarasov et
al. 1998) at 6 kyr BP show two other features indicative
of warmer conditions during the growing season: a
northward shift in the northern forest belts (e.g., cool
conifer forests replacing taiga on the southern margin)
and the expansion of cold mixed forests in central Fen-
noscandia. Although the northward expansion of forest
belts is a feature of the PMIP simulations, none of the
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models produce an expansion of cold deciduous forests
in Fennoscandia. Thus, comparisons with the available
palaeovegetation data indicate that the simulated sum-
mer warming in the high latitudes is substantially small-
er than actually occurred.

b. Mid- and high-latitude winter cooling

The simulations show winter cooling in the midlati-
tudes, leading to a southward displacement of the forest
belts compared to today in, for example, eastern North
America, Siberia, and China. At least some of the sim-
ulations show an expansion of cold deciduous forest
into areas occupied by taiga today in northern Canada,
in response to winter cooling at high latitudes. There is
insufficient evidence to evaluate whether the simulated
expansion of cold deciduous forests in areas currently
characterized by taiga in northern Canada is realistic.
Pollen data from eastern North America, which show
that species characteristic of cool mixed and temperate
deciduous forest (e.g., Picea, Betula, Quercus, Tsuga,
Fagus, Ulmus, and Carya) were abundant south of their
modern limits (Overpeck et al. 1992; Webb et al. 1993),
are consistent with the simulation of winter cooling in
the midlatitudes. However, pollen-based biome recon-
structions from Siberia show very little change in the
southern margin of cool conifer forest, while the south-
ern margin of taiga was slightly farther north than today
(Tarasov et al. 1998). Furthermore, pollen-based biome
reconstructions from China show that broad-leaved ev-
ergreen forest extended ;300 km and temperate decid-
uous forests ;500–;600 km beyond their present
northern limits, implying that the winters were substan-
tially warmer than present (Yu et al. 1998). The PMIP
simulations do record winter warming in, for example,
western Europe, resulting in the simulated position of
the northern limit of temperate deciduous forests being
up to 200 km north of the observed modern limit. Pol-
len-based biome reconstructions from Scandinavia in-
dicate that temperate deciduous forests extended .700
km north of their modern limit (Prentice et al. 1996).
Thus, even in regions where the PMIP simulations show
a significant winter warming, this warming appears to
have been substantially less than recorded by the pollen
data.

c. Midcontinental warming/aridity

The simulations show conditions both warmer and
more arid than today in the midcontinental interior of
both North America and Eurasia. The summer warming
is registered by an expansion of warm grass/shrub at
the expense of cool grass/shrub and the increased aridity
by the expansion of grass/shrub at the expense of forest
biomes. There are very few pollen data from the mid-
continental interior of North America, and this region
is not covered by existing palaeoenvironmental synthe-
ses. However, pollen data from adjacent regions of

North America (e.g., Webb et al. 1993; Thompson et
al. 1993; Ritchie and Harrison 1993) provides evidence
of warmer and/or drier conditions, and thus makes the
simulated changes in biome distributions appear plau-
sible. For example, pollen-based climate reconstructions
using the response-surface method (Bartlein et al. 1986)
show an increase in July temperatures of up to 28C over
most of eastern North America (excepting regions near
the coast or around the Great Lakes) accompanied by
a decrease in mean annual precipitation of up to 20%
of modern values (Webb et al. 1993). These changes are
reflected in a northward and eastward expansion of prai-
rie vegetation into now-forested regions (Webb et al.
1993). Lake-level data from eastern North America,
which show that the lakes were lower than today at 6
kyr BP (Harrison 1989; Webb et al. 1993), also support
the reconstruction of conditions significantly more arid
than today. Pollen and lake-level based reconstructions
of effective moisture suggest that conditions were drier
than today in the northwest and the northern Great Basin
(Thompson et al. 1993) and both drier and warmer than
today in the interior plains of southern Canada (Ritchie
and Harrison 1993). There is evidence for extensive
aeolian activity, including reactivation of dunes and lo-
ess deposition, in the midcontinental interior sometime
during the early to mid-Holocene (e.g., Muhs 1985;
Muhs and Maat 1993; Maat and Johnson 1996), which
is again consistent with the simulation of conditions
more arid than today.

Palaeoenvironmental data from the interior of Eura-
sia, however, do not show conditions warmer and more
arid than today. There is no evidence that steppe (warm
or cool grass/shrub) expanded into regions occupied by
forests today (Tarasov et al. 1998). In the region north
of the Black and Caspian Seas, pollen-based biome re-
constructions suggest that forest actually expanded into
regions occupied today by steppe and desert (Prentice
et al. 1996; Tarasov et al. 1998). This finding is con-
sistent with lake-level data from Kazakhstan and Mon-
golia, which also indicate that conditions were wetter
than today in the continental interior during the mid-
Holocene (Harrison et al. 1996).

d. The Afro–Asian monsoon

Palaeoenvironmental data from northern Africa, cen-
tral Asia, and northwestern China indicate conditions
considerably wetter than today at 6 kyr BP (Street and
Grove 1976; Street-Perrott and Perrott 1993; Jolly et al.
1998a; Jolly et al. 1998b; Shi et al. 1993; Winkler and
Wang 1993; Yu et al. 1998) Pollen-based biome recon-
structions from northern Africa (Jolly et al. 1998a; Jolly
et al. 1998b) and from China (Yu et al. 1998) indicate
a substantial expansion of moisture-demanding vege-
tation into now-arid regions of the Sahara and Inner
Mongolia in response to increased precipitation due to
the expansion of the Afro–Asian monsoons. Jolly et al.
(1998a) indicate that the southern limit of the Sahara
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was at least as far north as 238N. None of the PMIP
models simulate the observed regression of herbaceous
biomes such as tundra and semidesert in Inner Mon-
golia. Although the PMIP simulations show a northward
expansion of steppe and xerophytic biomes at the ex-
pense of desert in the Sahara, none of the models pro-
duce steppic vegetation north of ;198N. These results
confirm the results of an earlier evaluation of the PMIP
simulations using lake-level data (Yu and Harrison
1996), which indicated that the PMIP simulations sub-
stantially underestimate the area affected by the en-
hancement of the Afro–Asian summer monsoons.

e. Equatorial aridity

There are relatively few pollen sites from equatorial
Africa, and most of these lie outside the region currently
occupied by tropical rain forest. However, one site (Bar-
ombi Mbo, Cameroon) that lies within the tropical rain
forest today was characterized by tropical deciduous
forest at 6 kyr BP (Jolly et al. 1998b) and thus supports
the simulated increase in aridity in the African equa-
torial zone. Pollen and lake-level data from the tropical
and subtropical lowlands of South America suggest that
conditions at 6 kyr BP were considerably drier than
today (Markgraf 1993), again consistent with the PMIP
simulations. Although there are some pollen data from
equatorial regions of Oceania (e.g., Markgraf et al.
1992; Hope 1996), it is currently not possible to recon-
struct changes in the extent of tropical rain forest at 6
kyr BP with any reliability.

f. The Southern Hemisphere extratropics

Simulated vegetation changes in the southern extra-
tropical zone of South America and Africa are small,
and this is consistent with the pollen data from these
regions (Markgraf et al. 1992; Markgraf 1993; Jolly et
al. 1998a; Jolly et al. 1998b). The simulations show
more significant changes in vegetation distribution
across Australia, but differ on whether the continental
interior becomes wetter or drier than present. The pollen
and lake-level data currently available from Australia
(e.g., Harrison and Dodson 1993) are mainly concen-
trated in coastal regions, and the reconstructions of
changes in effective moisture at those few sites from
the margins of the continental interior are inconclusive.

7. Discussion

The simulated response to orbital forcing in the PMIP
experiments is suprisingly small compared to some ear-
lier simulations of the 6 kyr BP climate (e.g., Kutzbach
and Guetter 1986; Liao et al. 1994) and is in some key
respects too small in comparison with the changes
shown by palaeoenvironmental observations. Underes-
timation of climate change may partly be explained by
the prescription of ocean and land surface conditions as

modern. A simulation made with the CCM1 model cou-
pled to a mixed layer ocean, for example, produced
significant decreases in Northern Hemisphere sea ice,
increased warmth in the Arctic, and somewhat larger
overall changes in vegetation distribution (Kutzbach et
al. 1998). This simulation yielded a global kappa value
of 0.61, a value of 0.61 for the Northern Hemisphere
extratropics, and of 0.54 for the intertropical zone. Sim-
ilarly, experiments in which the vegetation distribution
was changed to reflect observed changes in, for ex-
ample, boreal forest or grassland vegetation in northern
Africa at 6 kyr BP, also produced larger changes in
simulated climate and biomes (TEMPO 1996; Kutzbach
et al. 1996).

However, the use of prescribed (modern) ocean and
land surface conditions may not provide a complete ex-
planation for the rather small response shown in these
experiments. Yu and Harrison (1996), on the basis of
an analysis of the hydrological budget of five of the
simulations used here (UGAMP 2.0, UKMO HADAM2,
ECHAM 3.2, CCM2, LMD-LMCE 4ter), have drawn
attention to the fact that the PMIP experiments show a
much smaller monsoon response to orbital forcing than
experiments made with an early version of the CCM
(CCM0), which also had prescribed (modern) ocean and
land surface conditions (Kutzbach and Guetter 1986).
While this may reflect changes in the models (e.g., in
the parameterization of the land surface or in the spatial
resolution of the model grid), the fact that 10 different
models show a rather similar magnitude of change sug-
gests that the explanation for the smaller response may
lie elsewhere.

Although the overall response to orbital forcing is
small, there are nevertheless significant changes in re-
gional climates. For example, most of the models pro-
duce a statistically significant increase in summer pre-
cipitation in the Sahel zone, and in summer temperatures
along the Arctic coast. However, vegetation provides a
conservative measure of climate changes because shifts
from one vegetation type to another are controlled to a
large extent by climatic thresholds (Woodward 1987).
Climate changes that are statistically significant may
still be too small to produce vegetation shifts. Thus, in
evaluating paleoclimate simulations against palaeoen-
vironmental observations, it is important to demonstrate
that the simulated climate changes are not only in the
right direction but also of sufficent magnitude to pro-
duce the observed palaeoenvironmental changes. Such
comparisons are facilitated by the use of process-based
models of vegetation, such as BIOME, or physically
based models of surface hydrology [e.g., SWAM; see
Coe (1997)] to deduce simulated palaeoenvironmental
changes in such a way as to allow direct comparisons
with palaeoenvironmental observations.

Changes in climate in response to a change in forcing
are normally expressed in terms of global and/or re-
gional averages, because of perceived uncertainties in
the reliability of simulated regional climate changes.
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However, our comparisons suggest that global or zonal
averages may mask the relationship between simulated
climate changes and the response of the vegetation. It
is only possible to derive coherent relationships between
the vegetation response (as measured by kappa values)
and the underlying climate changes for limited regions,
such as the Sahel, where the climate changes are uni-
directional. Regional patterns as shown in the biome
maps thus provide a perspective on intermodel differ-
ences that is complementary to that given by large-scale
averages of meteorological variables, and this perspec-
tive is necessary in order to make quantitative com-
parisons with palaeodata that reflect changes in vege-
tation or hydrology.

8. Summary and conclusions

This paper has presented the first comparison of a
series of parallel climate model simulations made within
the PMIP project using an equilibrium vegetation model
(BIOME) as a diagnostic. The results can be summa-
rized as follows:

1) The simulated climatic response to orbital forcing is
quantitatively similar for all models.

2) The models show a similar magnitude of vegetation
response at global and zonal scales.

3) The models show several common broadscale fea-
tures, although the regional expression of these fea-
tures varies among models. These features are
R a northward displacement of northern forest belts

in response to high-latitude warming;
R changes in forest distribution at a regional scale,

including expansion of cold deciduous forest in
northern Canada and the southward extension of
taiga and cool conifer forests in Siberia, reflecting
the simulation of winter cooling at mid- to high
latitudes;

R expansion of warm grass/shrub vegetation in the
midlatitudes in response to warmer and more arid
regional climates;

R expansion of moisture-demanding biomes and re-
duction in the extent of Northern Hemisphere de-
serts in consequence of the expanded Afro–Asian
monsoon;

R reduction of tropical rainforest as a consequence
of increased equatorial aridity.

4) Comparisons with palaeoenvironmental data show
that
R the northward displacement of the northern forest

belts is realistic, but the magnitude of the simulated
northward shift is up to 48–58 lat less than ob-
served, indicating that the PMIP simulations con-
sistently underestimate high-latitude warming;

R the simulated winter cooling in midlatitudes is re-
alistic for eastern North America, but biome re-
constructions from southern Fennoscandia,
Siberia, and China suggest that winters in these

regions were considerably warmer than present;
this feature is not captured by the PMIP simula-
tions;

R the simulation of strong midcontinental warming
and aridity is consistent with the available pollen,
lake, and aeolian data from North America, but
palaeoenvironmental data from Eurasia show no
evidence of enhanced midcontinental aridity;

R the simulated enhancement of the Afro–Asian
monsoon is realistic, but the area affected is much
smaller than shown by observations; the simulated
northward shift of the Sahara–Sahel boundary is
at least 48–58 lat less than observed;

R the simulated reduction of tropical rain forest is
consistent with those few observations that are
available from the equatorial zone.

5) There are differences among the regional-scale veg-
etation changes simulated by the different models.
These differences are greater for biome shifts con-
trolled by changes in moisture budget than for those
controlled by temperature.

6) The differences among model simulations in terms
of vegetation distribution are not adequately reflect-
ed in global, zonal, or continental climate averages.

7) Climate changes may be statistically significant, but
nevertheless insufficient to produce a discernible
change in biome distribution because of the existence
of thresholds in the response of vegetation to climate.

This study has established that the BIOME model is
a useful tool for model intercomparisons. It has dem-
onstrated that intermodel differences are small at a glob-
al or zonal scale, and therefore that regional-scale anal-
yses will be necessary to identify the underlying causes
of intermodel differences. Analyses of the biome maps
have pinpointed some of the key regions where there
are significant differences between the PMIP simula-
tions, and which therefore merit systematic study. In
some cases, these are regions where the simulated veg-
etation changes are in the right direction but of insuf-
ficient magnitude. In other cases, the direction of the
change in vegetation differ between the models and only
some of the models are capable of producing a change
consistent with the observed vegetation pattern. The
analyses raise methodological issues that will need to
be considered in designing future PMIP experiments.
Specifically, it is important to understand why the re-
sponse to orbital forcing in the PMIP experiments is
smaller than in previous 6 kyr BP experiments and why
there are some regions where all of the models fail to
capture the direction of the observed vegetation
changes.
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