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Abstract. Abrupt climate changes from 18 to 15 thousand years before present (kyr BP) associated with Heinrich Event 1 (HE1) had a strong impact on vegetation patterns not only at high latitudes of the Northern Hemisphere,
but also in the tropical regions around the Atlantic Ocean.
To gain a better understanding of the linkage between high
and low latitudes, we used the University of Victoria (UVic)
Earth System-Climate Model (ESCM) with dynamical vegetation and land surface components to simulate four scenarios of climate-vegetation interaction: the pre-industrial
era, the Last Glacial Maximum (LGM), and a Heinrich-like
event with two different climate backgrounds (interglacial
and glacial). We calculated mega-biomes from the plantfunctional types (PFTs) generated by the model to allow for
a direct comparison between model results and palynological
vegetation reconstructions.
Our calculated mega-biomes for the pre-industrial period
and the LGM corresponded well with biome reconstructions
of the modern and LGM time slices, respectively, except
that our pre-industrial simulation predicted the dominance of
grassland in southern Europe and our LGM simulation resulted in more forest cover in tropical and sub-tropical South
America.
The HE1-like simulation with a glacial climate background produced sea-surface temperature patterns and enhanced inter-hemispheric thermal gradients in accordance
with the “bipolar seesaw” hypothesis. We found that the
cooling of the Northern Hemisphere caused a southward shift
of those PFTs that are indicative of an increased desertification and a retreat of broadleaf forests in West Africa and
northern South America. The mega-biomes from our HE1

simulation agreed well with paleovegetation data from tropical Africa and northern South America. Thus, according
to our model-data comparison, the reconstructed vegetation
changes for the tropical regions around the Atlantic Ocean
were physically consistent with the remote effects of a Heinrich event under a glacial climate background.

1

Introduction

Heinrich events (HE) are associated with abrupt climate
changes (Bond et al., 1993; Broecker, 1994) and correlated
with a slowdown or collapse of the Atlantic Meridional Overturning Circulation (AMOC) and a reduced formation of
North Atlantic Deep Water (NADW) (e.g. Vidal et al., 1997;
Cortijo et al., 1997; McManus et al., 2004). They are characterized by distinct layers of ice-rafted debris in ocean sediments, which stem from the melting of large icebergs in the
North Atlantic Ocean that originated from the disintegrating
Laurentide and Fennoscandian ice sheets (Bond et al., 1992,
1993; Broecker et al., 1992; Grousset et al., 2000; Hemming,
2004). Consequently, these events resulted in ice-sheet thinning and rising sea level (Yokoyama et al., 2001; Chappell,
2002; Flückiger et al., 2006). Currently, it is debated whether
the iceberg discharges were the consequence or the cause
of a weakened AMOC (Flückiger et al., 2006; Clark et al.,
2007), although it is widely accepted that these events impacted the climate of mid- and high latitudes in the Northern
Hemisphere (e.g. Schmitter et al., 2002).
The AMOC links climate change in the Northern Hemisphere with that of the Southern Hemisphere. This is
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expressed in the bipolar seesaw hypothesis, whereby a cooling in the Northern Hemisphere is associated with a warming
in the Southern Hemisphere (Broecker et al., 1985). Records
from the Southern Hemisphere indicate a higher SST during HE1 (Lamy et al., 2007; Barker et al., 2009), while several modeling studies confirm the importance of this mechanism for regional climate changes during the glacial period (Meissner et al., 2003; Crucifix et al., 2005; Roche et
al., 2007). Nevertheless, how cooling in the North Atlantic
Ocean and warming in the South Atlantic Ocean during HE1
are linked to changes in the vegetation around the tropical
Atlantic has not been sufficiently clarified.
Past studies focusing on processes in the mid- to high latitudes of the Northern Hemisphere successfully attributed
abrupt climate change to changes in the AMOC (e.g. McManus et al., 2004). Other studies suggest that tropical regions are also affected by climate change related to HEs (Arz
et al., 1998; Peterson et al., 2000; Altabet et al., 2002). Although it is probably not a driver of abrupt climate change,
the tropical climate may react very sensitively to changes
in the AMOC and act as an amplifier (Chiang, 2009). The
climatic shifts around the tropical North Atlantic Ocean are
associated with large changes in the vegetation distribution,
which is likely the result of a southward shift of the tropical rainbelt, as indicated by records from the Cariaco Basin
(Hughen et al., 2004; Gonzalez et al., 2008), Northeast Brazil
(Behling et al., 2000; Ledru et al., 2006; Dupont et al., 2010),
and North West Africa (Mulitza et al., 2008; Hessler et al.,
2010). These data emphasize the importance of the tropics and the changes in tropical vegetation during periods of
abrupt climate change.
By better understanding the connection between the variability of tropical vegetation and climate changes at high
northern latitudes, we may enhance our ability to predict and
explain the response patterns of global vegetation to abrupt
climate change. Therefore, we want to examine how vegetation around the tropical Atlantic may have responded to
changes in AMOC intensity during the HE1 period. Earlier model studies simulated changes during HE1 by perturbing the freshwater budget of the northern North Atlantic
Ocean starting from an interglacial or glacial background
climate. These studies have addressed several aspects of
AMOC changes during the HE1 period such as the response
time of the terrestrial biosphere (Scholze et al., 2003), the
comparison between numerical model results and a pollen
record from the Alboran Sea (Kageyama et al., 2005), the effect on global terrestrial carbon storage (Köhler et al., 2005),
and the contribution of the terrestrial and marine carbon cycle (Menviel et al., 2008). Additionally, model studies of
the HE1 period by Kageyama et al. (2005) suggest the dominance of grassland in southern Europe (the Mediterranean)
due to a lower coldest-month temperature in that area; Menviel et al. (2008) found a change towards drier climate conditions in equatorial and northern South America. However,
our understanding is limited of how the vegetation patterns
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around the tropical Atlantic were affected during the HE1
period.
Tropical vegetation is mostly sensitive to changes in regional precipitation, which are mainly related to shifts of
the Intertropical Convergence Zone (ITCZ). The position of
the ITCZ over the tropical Atlantic Ocean is, in turn, linked
to North Atlantic sea surface temperatures (SSTs) over the
last glacial period, as suggested by several proxy studies
(e.g. Peterson et al., 2000; Mulitza et al., 2008). During HE1,
the northernmost position of the ITCZ likely shifted southward leading to a drier climate in West Africa and northern South America (e.g. Hughen et al., 2004; Menviel et al.,
2008). However, Collins et al. (2011) suggest that the tropical rainbelt, which is associated with the yearly migration of
the ITCZ, contracted rather than shifted southwards during
the HE1 period.
To model the dynamic tropical vegetation response,
we used an EMIC containing a Dynamic Global Vegetation Model (DGVM), i.e. the University of Victoria
Earth System-Climate Model (UVic ESCM, version 2.8,
cf. Weaver et al., 2001). We considered the effect of a
slow-down of the AMOC for two different background climate states, corresponding to the pre-industrial and the Last
Glacial Maximum (LGM, about 23 to 19 kyr BP) time periods. To simplify the comparison between the model results
and paleovegetation reconstructions, we computed the biome
distribution from the simulated plant-functional type (PFT)
coverage and climate. Up until now, only a few studies have
attempted to calculate the biome distribution (Crucifix et al.,
2005; Roche et al., 2007) and none as yet has compared the
model results with data from the Atlantic tropical region during HE1.
The paper is arranged accordingly. The model and biome
analysis method is described in Sect. 2 together with the experimental setup. In Sects. 3 and 4, we present the results of
the simulations for the pre-industrial, LGM and HE1 time periods in terms of the change in climate and biome distribution
in the tropical Atlantic region, and we then compare them to
paleoclimate proxies and paleovegetation records. Section 5
discusses the results, also in comparison to other Atlantic regions and in relation to the climate state background. Summary and conclusions appear in Sect. 6.

2
2.1

Methods and experimental design
The UVic ESCM and TRIFFID DGVM

The UVic ESCM incorporates an energy-moisture balance
atmospheric model (Fanning and Weaver, 1996), a dynamic
global vegetation model (Cox, 2001), a three dimensional
ocean general circulation model (Pacanowski, 1995), and
a dynamic-thermodynamic sea ice model (Hibler, 1979;
Hunke and Dukowicz, 1997; Bitz et al., 2001). The model
has a grid cell resolution of 3.6◦ × 1.8◦ (longitude × latitude)
www.clim-past.net/8/37/2012/
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with one vertically-averaged layer in the atmospheric model,
and 19 vertical levels in the ocean model. The annual cycle of incoming solar radiation (insolation) for present and
past orbital configurations is included as an external forcing
factor (Berger, 1978). In addition, we use a mean-monthly
wind stress climatology created from daily reanalysis data
from 1958–1998 (Kalnay et al., 1996) to force the ocean and
sea-ice components of the model.
The UVic ESCM also contains a land surface scheme
MOSES 2 (Cox et al., 1999) and a DGVM called TRIFFID
(Top-down Representation of Interactive Foliage and Flora
Including Dynamics – Cox, 2001) as described by Meissner
et al. (2003). The TRIFFID model calculates the plant distribution based on the CO2 fluxes between land and atmosphere
and as represented by the structure and coverage of five Plant
Functional Types (PFTs) and soil carbon storage. The CO2
flux depends on climate and the CO2 concentration gradient between the land and atmosphere, which is calculated in
MOSES 2. Any change in the CO2 flux causes corresponding changes in PFT coverage and structure. In TRIFFID, carbon fluxes in each PFT are derived from the photosynthesisstomatal conductance model developed by Cox et al. (1999),
which utilizes an existing model of leaf-level photosynthesis in C3 and C4 plants (Collatz et al., 1991). In TRIFFID
and MOSES 2, five PFTs (broadleaf trees, needleleaf trees,
C3 grasses, C4 grasses, and shrubs) serve as vegetated land
cover types. Non-vegetated land cover types consist of bare
soil, inland water, and continental ice (Cox, 2001). To simplify the comparison of the TRIFFID output with available
paleovegetation reconstructions, we developed an algorithm
to compute biomes from a combination of PFTs and climate
model output. For a full description, see the biome analysis
Sect. 2.3.
2.2

Simulation design and boundary conditions

The control simulation (PI CNTRL) was forced by boundary conditions characteristic of the pre-industrial period with
an atmospheric CO2 concentration of 280 ppm, a solar constant of 1365 Wm2 , a present-day wind field, orbital parameters from 1950 AD, and ice sheet topography and vegetation distribution from modern observations (Meissner et al.,
2003), and it was integrated over a period of 2000 years to
reach an (quasi-) equilibrium state. The equilibrium LGM
run used the orbital parameters for 21 kyr BP, an atmospheric
CO2 concentration of 200 ppm and the ICE-5G ice-sheet reconstructions for the last glacial maximum (Peltier, 2004); it
was integrated over the same period of time.
To investigate Heinrich like-climate (HE1) conditions and
analyze the vegetation distribution in the tropics, we forced
the UVic ESCM by adding freshwater in the North Atlantic
Ocean using last glacial maximum (or glacial, HE1 GL)
and pre-industrial (or interglacial, HE1 IGL) boundary conditions. The two HE1 experiments started from an equilibrium state (i.e., the HE1 GL from the LGM equilibrium
www.clim-past.net/8/37/2012/
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Fig. 1. Freshwater discharge location for our Heinrich Event 1
climate-like simulations (St. Lawrence River, location A) and paleovegetation proxy locations (black circles, numbers refer to the
sites listed in Table 1) covering the Heinrich Event 1 period from
Hessler et al. (2010) in tropical Africa and South America.

simulation, and HE1 IGL from the PI CNTRL simulation).
In each HE1 simulation, we added freshwater to the North
Atlantic region at the St. Lawrence River mouth (Fig. 1 region A) during a 500 year period at a constant rate of 0.1 Sv
(1 Sv = 106 m3 s−1 ) (cf. Hemming, 2004). These two HE1
simulations with two different climate backgrounds were
used to reveal differences in vegetation response with respect
to a reduced and a collapsed AMOC. An overview of all simulations in this paper is given in Table 1. For all analyses, we
used the mean-annual results for analyzing the climate conditions and the vegetation distribution.
2.3

Biome analysis from TRIFFID

In order to compare the model output with paleovegetation reconstructions, we generated vegetation distributions in
terms of biomes using the PFT coverage and temperatures
from the UVic ESCM output. The simulated atmospheric
temperature was used to calculate the parameters constraining biomes, such as temperature of the coldest month (Tc ),
temperature of the warmest month (Tw ), and the number
of growing degree-days above 0 ◦ C and 5 ◦ C (GDD0 and
GDD5, respectively). These constraints were chosen based
on the definition of biomes in the BIOME 4 model (Kaplan
et al., 2003).
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Table 1. Boundary conditions (including atmospheric CO2 in atmosphere, amount and location for freshwater perturbation) and simulation
design for all simulations analysed in the present paper.
Simulation

Orbital
parameter

CO2

Freshwater anomaly

concentration

amount (Sv)

Location

Years
simulation

Equilibrium
PI CNTRL
LGM

Pre-industrial
21 kyr BP

280
200

2000
2000

Heinrich event
HE1 IGL
HE1 GL

Pre-industrial
21 kyr BP

280
200

Table 2. Distribution of dominant PFTs based on the percentage of
PFT coverage.
Dominant PFTs or PFTs
mixture

PFT coverage
BL, NL, SH, C3 , C4 over 50 %

Broadleaved trees (BL)
Needleleaved trees (NL)
Shrubs (SH)
C3 grass (C3 )
C4 grass (C4 )

BL ≥ 50 %
NL ≥ 50 %
SH ≥ 50 %
C3 ≥ 50 %
C4 ≥ 50 %
BL, NL, SH, C3 , C4 less than 50 %

Mixed trees
Mixed vegetation
(without trees)
Open vegetation
Barren soil

BL + NL ≥ 50 %
SH + C3 + C4 ≥ 50 %
20 % ≤ BL + NL + SH + C3 + C4 ≥ 50 %
BL + NL + SH + C3 + C4 < 20 %

The dominant PFT in each grid cell is evaluated based on the percentage of PFT coverage. If the percentage of PFT coverage is over 50 %, the PFT potential is set equal
to the dominant PFT (broadleaved trees, needleleaved trees, shrubs, C3 grass, or C4
grass). If it is less than 50 %, the grid cell is designated as mixed trees if it is dominated
by tree PFTs, as mixed vegetation if non-trees PFTs are dominant, as open vegetation
if all PFTs are between 20 % and 50 %, and as desert if all PFTs together are less than
20 % (Crucifix et al., 2005).

To attain the biome distribution, we calculated the potential PFT coverage for each grid cell based on the fractional PFT coverage (Table 2; Crucifix et al., 2005), and
then combined both the environmental limitation and the potential PFTs (Table 3; Prentice et al., 1992; Harrison and
Prentice, 2003; Roche et al., 2007). By a “potential PFT”,
we mean either the dominant PFT or a mixture of PFTs in
each grid cell, which we calculated based on the percentage of PFT coverage. We finally compared the biome distribution based on the model output with biome distributions
derived from paleovegetation reconstructions. To simplify
the comparison, we used nine biomes which are classified as
Clim. Past, 8, 37–57, 2012

0.1
0.1

A
A

500
500

the ‘‘mega-biomes” in BIOME 6000 (Harrison and Prentice,
2003), and the global data sets from Prentice et al. (2000),
Harrison et al. (2001), Bigelow et al. (2003), and Pickett et
al. (2004) (see also http://www.bridge.bris.ac.uk/resources/
Databases/BIOMES data). The nine biomes included are
tropical forest, warm-temperate or mixed forest, temperatemontane forest, boreal forest, savanna and dry woodland,
grassland and dry shrub land, desert, dry tundra, and tundra.
3

The equilibrium simulations

Our equilibrium simulations PI CNTRL and LGM represent
two background climate states of the Earth system corresponding to pre-industrial and LGM boundary conditions,
respectively. Generally the UVic ESCM reaches a nearequilibrium state after about 2000 years of integration; by
that time the annually-averaged surface fluxes are close to
zero (Weaver et al., 2001).
3.1

Pre-industrial simulation (PI CNTRL)

The equilibrium climate conditions resulting from the preindustrial control simulation (PI CNTRL) are summarized in
Fig. 2. The simulated SSTs (Fig. 2b) are in general agreement with the World Ocean Atlas (Conkright et al., 1998).
However, there is a cold bias in the tropical Atlantic Ocean,
a warm bias along the mid-latitude Atlantic coasts (e.g. the
west coast of southern Africa and east coast of North America), and a cold bias in the Gulf of Alaska and the Greenland,
Iceland and Norwegian seas (cf. Weaver et al., 2001). Tropical (between 30◦ N to 30◦ S) annual mean precipitation simulated in PI CNTRL ranged from 0.1 m yr−1 to 2.5 m yr−1
(Fig. 2c). Low precipitation values (below 0.5 m yr−1 ) occurred in southern Africa and southern South America, in the
high latitudes in both hemispheres, and in northern subtropical Africa. High terrestrial precipitation (above 1.5 m yr−1 )
occurred in northern South America, central North America
and central Africa, while oceanic precipitation was highest
www.clim-past.net/8/37/2012/
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Fig. 2. Annual-mean of (a) surface air temperature (SAT), (b) sea surface temperature (SST), (c) precipitation, (d) evaporation, (e) precipitation minus evaporation (P − E), and (f) zonally integrated meridional overturning streamfunction in the North Atlantic for the pre-industrial
simulation (PI CNTRL). Contour intervals in SAT and SST are 5 ◦ C. Contour intervals of the streamfuction of AMOC formation is 4 Sv
(1 Sv = 106 m3 s−1 ). Solid line contours indicate a clockwise circulation while dotted lines denote a counterclock-wise circulation.

(above 2.0 m yr−1 ) over the equatorial East Pacific and Indian Oceans. Although the simulated precipitation patterns
are similar to the NCEP/NCAR reanalysis data (Kalnay et al.,
1996; Weaver et al., 2001) (e.g. both data and model have
high precipitation in northern South America and central
Africa), there are differences in position or intensity. For example, the simulated precipitation in northern South America
is less intense than observed. The maximum of precipitation
was simulated over the western Pacific Ocean, while the data
shows it in northwestern South America.
The evaporative loss over the oceans simulated in
PI CNTRL reached approximately 1.5 to 2.0 m yr−1 , and in
some cases more than 2.0 m yr−1 (Fig. 2d). Evaporation in
northern and southern high latitudes, as well as in subtropical
www.clim-past.net/8/37/2012/

regions such as northern Africa, the Middle East, and Australia, was relatively low (below 0.4 m yr−1 ). In northern
South America and central Africa, the evaporative loss from
land was estimated at about 1.0 m yr−1 , which was less than
over the adjacent North or South Atlantic Oceans. These
patterns in the PI CNTRL simulation correspond well to the
NCEP/NCAR data, which also show low evaporation rates in
northern Africa and Australia and high evaporation rates in
northern South America and central Africa. Our simulation
compares better to observations than the present-day simulation by Weaver et al. (2001), possibly because our version
of the UVic ESCM includes a DGVM that leads to a more
realistic representation of the hydrological cycle.

Clim. Past, 8, 37–57, 2012
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Fig. 3. Annual-mean of plant functional type (PFT) covers for; (a) broadleaf trees, (b) needleleaf trees, (d) C3 grass, (d) C4 grass, (e) shrubs,
and bare soil coverage (f) desert/not vegetated for the PI CNTRL simulation.

The PI CNTRL simulation also indicated a net gain of
freshwater in northeast and southern South America as well
as in central Africa (Fig. 2e). A net gain of freshwater corresponds to more precipitation than evaporation, leading to
better conditions for a more robust tree cover (e.g. tropical
forest). The zonally integrated meridional overturning circulation in the Atlantic Ocean (AMOC) for the PI CNTRL
simulation indicates a North Atlantic Deep Water (NADW)
cell and an Antarctic Bottom Water (AABW) cell (Fig. 2f).
This pattern is typical of an active mode of the Atlantic thermohaline circulation under conditions similar to the present
day. The maximum of the streamfunction was 21 Sv and
found between 35◦ and 40◦ N at 1000 m depth. The export of NADW across the equator into the South Atlantic
Ocean was about 14 Sv, which is comparable to observations
Clim. Past, 8, 37–57, 2012

(for example, Lumpkin and Speer, 2007, give a value of
17.9 ± 3.1 Sv). The AABW that originated from the Southern Ocean flowed across the equator into North Atlantic
Ocean at a rate of 2 Sv and penetrated as far north as about
20◦ N.
The vegetation cover in the UVic ESCM is represented
by PFTs, which in our study were used to calculate the
biome distribution. Figure 3 shows the annual-mean PFT
distribution for the PI CNTRL simulation as a fraction of the
area covered in each grid cell of the model. Broadleaf trees
were dominant in the tropics (e.g. in South America, Africa,
and the Indo-Pacific region between 15◦ N to 15◦ S). Needleleaf trees were dominant in northern high latitudes such as
northern Siberia and North America, but also at high elevation in northern India (Himalayan Mountains), where the
www.clim-past.net/8/37/2012/
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Fig. 4. Mega-biome distribution for (a) PI CNTRL biomes simulated in UVic ESCM, (b) modern biomes by the BIOME 4 (Kaplan et al.,
2003), and mapping of modern pollen samples by BIOME 6000 (Prentice and Webb, 1998). The UVic ESCM biomes are computed as a
combination of environmental constrains and potential PFTs, and the mega-biomes are defined after Harrison and Prentice (2003).

fractional cover is between 40 to 90 %. The C3 grasses covered a large area of the globe and reached high percentages
in northern Eurasia and North America. The C4 grasses were
simulated in Southeast Africa with low percentages (around
10 %), while a coverage of more than 80 % was reached in
North Africa, northern India, and Australia. This type of
grasses is better adapted to a dry and hot climate, while the
C3 grasses grow preferentially in a cooler and wetter climate.
Shrubs are also representative of a cooler climate and occur
together with needleleaf trees in northern Siberia and North
America. Our results mostly agree with the PFT distribution
simulated by Meissner et al. (2003), except that they obtain
more broadleaf trees in Central America and a higher percentage (mostly above 60 %) of needleleaf trees at the northern high latitudes.
The biome distribution is plotted in Fig. 4. A high fractional coverage of tropical forest is shown in northern South
America in areas such as the Amazon rain forest, northern
Brazil, Venezuela, Colombia, and Peru. The tropical forest
cover, represented by the broadleaf trees PFT in the model,
was similar to results by Meissner et al. (2003) and Crucifix
et al. (2005). However, our model simulated tropical forest
in northern Venezuela and Northeast Brazil, whereas today
www.clim-past.net/8/37/2012/

these regions are covered by savannah, grassland, and shrubland as shown by the BIOME 4 model (Kaplan et al., 2003;
Fig. 4b).
In our control simulation, tropical North America was
dominated by tropical forest, although we find small areas
of savannah in Central America. This biome pattern agrees
with Kaplan et al. (2003), who obtain tropical forest, savannah, and temperate forest in this region, and it is also similar to the findings by Crucifix et al. (2005) and Meissner et
al. (2003), who predict a dominance of tropical forest biomes
over broadleaf forest cover. Sub-tropical North America was
estimated to be dominated mostly by grassland while small
areas of boreal and temperate forests were found in central
North America. However, a different distribution is reported
by Crucifix et al. (2005), Meissner et al. (2003) and Kaplan et
al. (2003) who estimate a dominance of temperate and boreal
forest, and also regionally of desert and grassland. Observations made by Loveland et al. (2000) and the BIOME 6000
project (Fig. 4c) conclude that the area is dominated by open
shrubland or savannah in western North America, grasslands
in the central region, and mixed boreal and temperate forest
in eastern North America. Thus our model did not reproduce the observed vegetation distribution in North America,
Clim. Past, 8, 37–57, 2012
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Table 3. Environmental constrains and potential PFTs used to compute the biome distribution from UVic ESCM results.
Biome

Dominant PFTs

Environmental Constrain

or PFTs mixture

Tropical forest
Warm-temperate forest
Temperate forest
Boreal forest
Savanna and dry woodland
Grassland and dry shrubland
Desert
Dry tundra
Tundra

BL trees
BL trees or mixed trees
BL trees or NL trees or mixed trees
BL trees or NL trees or mixed trees
Grass or mixed vegetation or open vegetation
Grass or mixed vegetation or open vegetation
Barren soil
SH or mixed vegetation
SH or mixed vegetation

Tc

GDD5

GDD0

min

min

min

Tw
min

max

15.5
5
−2
−32.5
17
500

10
22
800

15
15

The land temperatures from the UVic ESCM are used to calculate the temperature of the coldest month (Tc ), growing degree-days relative to 5 ◦ C and 0 ◦ C (GDD5 and GDD0),
and temperature of the warmest month (Tw ) following BIOME 4 (Kaplan et al., 2003). The assignment of a particular biome to a grid cell is based on the BIOME 6000 project
version 4.2 after Prentice et al. (1992), Harrison and Prentice (2003), and Roche et al. (2007).

neither regarding location nor in terms of the general pattern. The discrepancy is likely due to an overestimation of
C3 grasses precluding the simulation of dominant tree cover
and hence, the formation of mixed boreal and temperate forest mega-biomes.
In experiment PI CNTRL, we simulated tropical forests in
western and central Africa between 20◦ N and 20◦ S. In the
Sahel region and along the east coast of Africa, the biome
distribution was mostly savannah, while to the south mixed
grassland and warm temperate forest prevailed. These patterns generally agree with both the BIOME 4 model and
BIOME 6000 data (Fig. 4b and c). The BIOME 4 model
estimates grassland and savannah in the Sahel, tropical forest along the west coast and extending into central Africa
(Angola, Congo, and Zambia), and grasslands in eastern
Africa. The BIOME 6000 data shows mostly tropical forest
in western equatorial Africa, and grassland and savannah in
the Sahel. Our model failed to simulate desert and savannah
at the southern tip of Africa, where the BIOME 4 model and
BIOME 6000 data show a mix of savannah, desert, warmtemperate forest, and grassland. Another discrepancy occurs in southern Europe, where the biomes estimated in the
PI CNTRL simulation did not reveal a warm-temperate forest as evidenced by data from the BIOME 6000 project. It
seems that our model overestimated the growth of C3 grasses
in those areas, and hence Europe and Eurasia were covered
by the grassland biome in our simulation.
3.2

Last Glacial Maximum simulation (LGM)

The LGM experiment simulated cooler surface air temperatures (SATs) and SSTs than the PI CNTRL (Fig. 5a and b).
The largest SAT cooling occurred near the ice sheets (up
to −20 ◦ C and −40 ◦ C different from PI CNTRL in North
Clim. Past, 8, 37–57, 2012

America and Antarctica, respectively). However, there was
also a moderate cooling of SAT in the tropics (Fig. 5a) where
differences between LGM and PI CNTRL were around 3 ◦ C.
The largest SST anomaly occurred in the western North
Atlantic Ocean where the differences between LGM and
PI CNTRL reached more than 9 ◦ C, while the cooling in the
tropics amounted to 3 and 2 ◦ C (Fig. 5b). The LGM precipitation patterns were overall similar to PI CNTRL, except that
the intensity was reduced by 0.3 to 0.5 m yr−1 (Fig. 5c). As
in the PI CNTRL simulation, the AMOC in the LGM simulation (Fig. 5d) was also in the active mode. The maximum
of the meridional overturning streamfunction was 7 Sv less
than in the PI CNTRL simulation (13.5 Sv as compared to
21 Sv), located further south and at a slightly shallower depth
(∼100 m less). NADW was transported across the equator
and exported to the South Atlantic Ocean at a rate reduced by
about 40 % (from 14 Sv to 8 Sv), while the inflow of AABW
from the South Atlantic Ocean was similar (2 Sv) but reached
further northward (up to 25◦ N) to replace part of the NADW.
Differences between the LGM and the PI CNTRL biomes
were most pronounced in northern and eastern Africa and
western South America (Fig. 6a), where drier biomes were
predicted for the LGM. Otherwise, our LGM results were
similar to those of our PI CNTRL simulation (Figs. 4a
and 6a), especially in northern South America (tropical
forest) and southern South America (grassland and dryshrubland), although we found a few locations in South
America where the biome distribution was different. In western South America, warm-temperate forest changed to boreal
forest, and warm-temperate forest extended from middle and
eastern Brazil to western Brazil, indicating reduced temperature and precipitation that affected the PFT coverage in the
LGM simulation. The LGM simulation also indicated drier
conditions in southeast South America by the presence of
www.clim-past.net/8/37/2012/
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Fig. 5. Annual-mean anomaly showing differences between the LGM and the PI CNTRL simulations for: (a) surface air temperature (SAT),
(b) sea surface temperature (SST), (c) precipitation, and (d) the zonally integrated meridional overturning streamfunction (Sv) in the North
Atlantic for the LGM simulation with a fixed volume contour interval of 4 Sv similar as Fig. 2f. Contour intervals for SAT and SST are 1 ◦ C.

grasslands and shrublands. Our results generally agree with
the LGM simulations by Crucifix et al. (2005) and Henrot et
al. (2009), which show a dominance of open vegetation and
C3 grasses. Paleovegetation reconstructions from plant fossil
and proxy data sources such as in Ray and Adams (2001) also
suggest drier conditions in these areas which are dominated
by desert and semi-desert.
In central North America temperate forest was partly replaced by boreal forest. The vegetation in our LGM simulation showed a similar bias in North America as the
PI CNTRL simulation. The C3 grass cover was overestimated in comparison to other simulations (e.g. Crucifix et
al., 2005; Roche et al., 2007), which predict a dominance
of cool forest biomes such as needleleaf, mixed and temperate broadleaf forests, even though they also simulate warm
grasses and savannah in eastern regions and tropical forest in western regions. Similarly, the BIOME 6000 project
reconstructions predict boreal and temperate forest in eastern North America and a dominance of savannah in western
North America. All models seem to be consistent with the
proxy data that indicate the presence of vegetation adapted to
cooler conditions during the LGM compared to the present
day, although the location and biome types do not exactly
match those of the vegetation reconstructions.
www.clim-past.net/8/37/2012/

Our LGM simulation yielded warm-temperate forest and
grassland in the Sahel region in contrast to tropical forest and
savannah in the PI CNTRL simulation. The LGM tropical
forest cover showed a similar pattern but with lower percentages than in the PI CNTRL simulation. A decrease of tropical forest in central Africa is consistent with a lower temperature and reduced precipitation during the LGM (Figs. 2
and 5). This pattern agrees with reconstructions by Ray and
Adams (2001) and Dupont et al. (2000), who found a reduction in tropical forest in western and central Africa during the
LGM period. Our model also agrees with pollen data from
BIOME 6000 which show tropical forest on the west coast
of Africa and grasslands in southern and northern Africa.
Both equilibrium climate simulations PI CNTRL and
LGM predicted similar dominant biomes in the Indonesian
Archipelago (tropical forest) and in Australia (savannah,
grassland, and desert). The difference in biomes between
the pre-industrial and LGM simulations is only through a
reduction in vegetation cover, where savannah in northern
Australia and grasslands in southern Australia were replaced
by desert. Our results for southern Australia were consistent with the LGM simulation by Roche et al. (2007) and are
supported by proxy data (Harrison and Prentice, 2003).
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Fig. 6. Mega-biome distribution for the last glacial maximum (LGM, 21 kyr BP): (a) LGM biomes simulated by the UVic ESCM, (b) paleovegetation mapping by BIOME 6000 (Prentice and Webb, 1998).

Fig. 7. Zonally integrated meridional overturning streamfunction (Sv) in the North Atlantic after 500 yr of (a) HE1 GL and (b) HE1 IGL
simulations. Contour interval is a fixed volume of 4 Sv (1 Sv = 106 m3 s−1 ). Solid line contours indicate a clockwise circulation and dotted
line contours denote a counterclock-wise circulation.

4
4.1

Heinrich Events 1 simulations
Changes in climate

Our HE1 simulations corresponded to a 1.6 × 106 km3 release of freshwater and an associated global sea level rise
of 4.5 m after 500 years. This amount of water was enough
to cause cessation of NADW formation in the HE1 GL
Clim. Past, 8, 37–57, 2012

simulation, while in the HE1 IGL simulation it was only reduced from 21 Sv to 16 Sv (Fig. 7). Correspondingly, the
surface salinity in the North Atlantic Ocean was strongly
reduced by up to 5 psu in the HE1 GL simulation (in particular near the St. Lawrence River mouth and off western
Europe and northwest Africa), while the surface salinity in
the HE1 IGL simulation was only reduced by 0.5 psu. In
the South Atlantic Ocean, the strongest sea surface salinity
www.clim-past.net/8/37/2012/
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Fig. 8. Annual-mean anomaly showing differences between the HE1 GL and the LGM simulations (top panel) and the HE1 IGL and the
PI CNTRL simulations (bottom panel) for sea surface salinity (SSS, left panel), surface air temperature (SAT, middle panel), sea surface
temperature (SST, right panel).

(SSS) anomaly of up to 1 psu occurred off Southwest Africa
(Fig. 8, left panels). These findings are consistent with other
studies examining changes in AMOC strength after adding
freshwater to the Northern Hemisphere to imitate the HE1
period and showing either a decrease in the AMOC strength
(Weaver et al., 2003) or a complete collapse (Menviel et al.,
2008; Köhler et al., 2005) followed by a cooling of the North
Atlantic Ocean during HE1.
The HE1 simulations were characterized by cooling over
the northern North Atlantic Ocean (Fig. 8, middle panels).
This cooling was most pronounced in the HE1 GL simulation with SAT anomalies below −2.7 ◦ C, (Fig. 8, top middle panel) while in the HE1 IGL simulation the largest negative anomaly was only around −0.5 ◦ C (Fig. 8, bottom middle). Our HE1 GL anomaly is consistent with Menviel et
al. (2008) and Kageyama et al. (2010), who also found a
stronger North Atlantic cooling in their HE1 simulation using a glacial climate background state instead of an interglacial one. Furthermore, slightly warmer SATs were found
in the Southern Hemisphere and the North Pacific region,
with maximum positive anomalies in the HE1 GL simulation exceeding 0.6 ◦ C. The largest positive anomalies in the
www.clim-past.net/8/37/2012/

HE1 IGL simulation were only around 0.3 ◦ C, and occurred
over the tropical Indo-Pacific Ocean (southern India, northern Australia, and southeast Asia).
The SST anomalies of the HE1 simulations reflect the
bipolar seesaw effect in the North and South Atlantic Oceans
(Fig. 8, right panels), which in turn is connected to precipitation changes in the tropics. The largest negative SST
anomaly occurred in the eastern North Atlantic Ocean and
reached around −4 ◦ C in the HE1 GL simulation (Fig. 8,
top right panel). The largest positive SST anomaly (above
1.8 ◦ C) appeared along the west coast of southern Africa and
at the high latitudes of the South Atlantic Ocean.
The precipitation response was strong in the HE1 GL simulation (Fig. 9, top left panel), while it was negligible in the
HE1 IGL simulation (Fig. 9, bottom left panel). Precipitation decreased in the Sahel region, the Middle East, Europe and around the Gulf of Mexico, with maximum negative precipitation anomalies of −0.2 m yr−1 . Precipitation
increased in Southwest Africa (Angola and Namibia) and
southeast Argentina, with maximum positive anomalies exceeding 0.16 m yr−1 . In contrast, in the HE1 IGL simulation estimated anomalies were between −0.02 m yr−1 and
Clim. Past, 8, 37–57, 2012
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Fig. 9. Annual-mean anomaly showing differences between the HE1 GL and the LGM simulations (top panel) and the HE1 IGL and
the PI CNTRL simulations (bottom panel) for precipitation (left panel), and net flux freshwater (precipitation − evaporation − runoff,
P − E − R, right panel).

+0.02 m yr−1 , only. A similar anomaly pattern is also found
in other studies (e.g. Köhler et al., 2005; Menviel et al., 2008;
Kageyama et al., 2010), in which it is attributed to a southward shift of the ITCZ. Due to the simplicity of the wind
scheme in our atmospheric model the precipitation anomaly
in our HE1 GL did not show a southward shift of ITCZ.
The net surface freshwater flux (precipitation minus evaporation minus runoff) anomaly between the HE1 GL and the
LGM simulations over the Atlantic Ocean suggests that most
of the North Atlantic Ocean gained more freshwater than it
received. The opposite pattern is found in the northern and
southern subtropical Atlantic Ocean, while the net surface
freshwater flux remained nearly the same in the tropical Atlantic Ocean (Fig. 9, top right panel). The net surface freshwater flux anomaly under pre-industrial boundary conditions
(Fig. 9, bottom right panel) had a pattern similar to the one
under LGM boundary conditions, except that the intensity
was reduced due to different responses to the freshwater perturbation in the two climate states.

Clim. Past, 8, 37–57, 2012

The slowdown of the AMOC and reduced deepwater formation in the HE1 simulations (Fig. 7) were associated with a
seesaw pattern in temperature and precipitation at the sea surface (Figs. 8 and 9). The freshwater discharges to the North
Atlantic Ocean changed the density of surface water, prevented the NADW from sinking, and resulted in a reduction
or shutdown of deepwater formation. The meridional overturning streamfunction shows that the formation of NADW
collapsed in the HE1 GL simulation (Fig. 7a) and that AAIW
(Antarctic Intermediate Water) became the dominant water
mass, spreading further north until 20◦ N. The streamfunction in the HE1 IGL simulation (Fig. 7b) is similar to that
of the PI CNTRL simulation (Fig. 2f), except that the maximum strength was reduced from 21 Sv to 16 Sv. The weak
AMOC response in HE1 IGL corresponds to weak changes
in SST and precipitation.

www.clim-past.net/8/37/2012/
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Fig. 10. Annual-mean PFT differences in percent coverage between HE1 GL and LGM (top panel) and HE IGL and PI CNTRL (below) for
trees (left panel), grasses and shrubs (middle panel), and desert, non-vegetated coverage (right panel).

4.2

Changes in vegetation

The HE1 GL simulation showed a much more pronounced
vegetation change than the HE1 IGL simulation (Fig. 10).
This is most evident in northern Africa (Sahel region) and
western Asia (near present-day East Kazakhstan). These
changes corresponded to changes in climate, as for example in the Sahel region, where precipitation was reduced by
0.2 m yr−1 in the HE1 GL simulation as compared to the
LGM equilibrium simulation (Fig. 9, top left panel). This
resulted in a change in PFT coverage from robust broadleaf
and needleleaf forest to grassland and shrubland cover (tree
cover was reduced by more than 60 %). In other parts of
the Sahel, grass and shrub covers decreased by more than
60 % and were replaced by desert. These vegetation changes,
from forest to grass and shrubs, and from grass and shrubs to
desert, indicate a drier climate in the HE1 simulation than in
the LGM equilibrium simulation.
South of the equator, the vegetation response in the
HE1 GL simulation corresponding to a slight warming was
not as robust as north of the equator. For example, in
southwestern Africa precipitation increased regionally, consequently broadleaf trees cover increased by 49 %, while
www.clim-past.net/8/37/2012/

at the same time grass and shrub cover decreased by 51 %
(Fig. 10). In the HE1 IGL simulation, changes were much
smaller or even insignificant (increase or decrease are less
than 10 %). Grass and shrub cover in northern tropical and
sub-tropical regions (0 to 30◦ N) in the HE1 GL simulation
went almost unchanged, except for a small region in West
Africa, where grasses increased by around 20 % and consequently trees decreased by a similar amount. Both HE1
simulations indicated cooler and drier climatic conditions
around the North Atlantic Ocean and a succession in vegetation cover in northern Africa from forest to grassland and
from shrub to desert. Over the South Atlantic region, the
HE1 simulations resulted in warmer and wetter climatic conditions in parallel with a regional increase of tropical forest
cover in Southwest Africa. However, the increase in precipitation in South America in the HE1 simulations did not cause
any change in vegetation cover compared to the equilibrium
simulations. The vegetation response in Southwest Africa
generally agrees with Menviel et al. (2008) who found that
a wetter climate in the Southern Hemisphere did not lead to
large changes in land carbon storage, and resulted in less forest cover in the Southern Hemisphere except for Southwest
Africa and western South America.
Clim. Past, 8, 37–57, 2012
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Fig. 11. Mega-biome distribution computed from UVic ESCM results; (top panel) HE1 GL simulation and (bottom panel) anomaly between
HE1 GL and LGM simulations. The anomaly map shows the HE1 GL biome only in those grid cells that differ from the LGM simulation.
Blue crosses indicate locations where biomes are similar in the model and the data reconstruction (Hessler et al., 2010); red crosses denote
where modeled and reconstructed biomes differ.

4.3

Biome distribution and model-data comparison

To compare the HE1 simulations with vegetation proxies,
we focus on the discussion of vegetation changes in the
HE1 GL simulation. The biome distribution diagnosed from
our HE1 GL simulation is compared with pollen records
from tropical Africa and South America (Fig. 11 and Table 4,
Hessler et al., 2010). Both the climate and the biome distribution exhibited a shift towards drier conditions in tropical
Africa, while wetter conditions existed in South America and
southern tropical Africa. The tropical African biomes (not
including the Sahel) were dominated by tropical forest from
western to central Africa (e.g. Gabon, Congo, Cameroon,
Nigeria, Zaire, and Burundi), while in the East (e.g. Tanzania and Kenya) a mix of warm temperate, boreal forest, and
savannah was simulated (Fig. 11), in accordance with a wetter climate. Even when the differences in climate were not
pronounced, e.g. between West and East Africa, distinctly
different biomes were established. The simulated tropical African vegetation generally agrees with several palynological vegetation reconstructions for West and East Africa
(Hessler et al., 2010; Kageyama et al., 2005). However,
in Burundi (central Africa), proxy records indicate a cool
and dry climate dominated by grassland and savannah, while
our model predicted tropical forest (Table 4). Furthermore,
these records indicate that northern tropical Africa (i.e. the
Sahel region) experienced drier conditions suggesting that
Clim. Past, 8, 37–57, 2012

the biomes changed from grasslands to desert in the eastern Sahel, warm-temperate forest to grasslands in the western Sahel, and tropical forest to warm-temperate forest in the
central Sahel. This supports our model result in that due to
changes in climate the PFT cover in the Sahel region changed
from forests to grasses or from shrubs to desert.
The changes in biome distribution of the HE1 GL simulation in northern and southern subtropical Africa show opposing trends towards drier biomes in the north and wetter
biomes in the south, but the change south of the equator is
far smaller than north of it. In northern subtropical and equatorial Africa our model suggested a drier climate and, accordingly, desert cover expanded in these regions. Furthermore, our model suggested the dominance of grassland in
southern Europe, which agrees with pollen reconstructions
from the Mediterranean (Kageyama et al., 2005) suggesting an increase in grasslands due to a lower coldest-month
temperature.
The HE1 GL simulation did not indicate major biome
changes in tropical South America as compared to the LGM
simulation (Fig. 11). In Northeast Brazil, the model simulated tropical forest instead of steppe and semi-desert as
suggested by pollen reconstructions (Hessler et al., 2010),
although the precipitation and surface air temperature decreased from LGM to HE1 (Fig. 9, top left panel and Fig. 8,
top middle panel). The simulated climate of northern tropical
South America (e.g. Venezuela) was drier with a maximum
www.clim-past.net/8/37/2012/
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Table 4. Comparison of tropical mega-biomes during the HE1 period between pollen reconstructions (compiled by Hessler et al., 2010) and
model results (computed from HE1 GL using UVic ESCM). The site locations for pollen reconstruction are in tropical Africa and South
America from terrestrial and marine sites (shown in Fig. 1). The blue plus sign denotes if data and model results are similar and the red plus
sign denotes if data and model results are different.
No.

Latitude

Site location name

and Longitude

Potential biome distribution
Pollen data

Model result

Comparison
between data
and model

equatorial Africa
Terrestrial site
1

3.47◦ S–29.57◦ E

Kashiru Bog,
Burundi

– Grassland and dry
shurbland
– Savannah and
xerophytic scrubland

Tropical forest

+

2

8.50◦ S–30.85◦ E

Lake Tanganyika

– Warm temperate mixed
forest
– Savannah and
xerophytic scrubland

– Boreal forest
– Savannah and
dry-woodland

+

3

9.33◦ S–33.75◦ E

Lake Masoko,
Tanzania

– Warm temperate mixed
forest
– Savannah and
xerophytic scrubland

Savannah and
dry-woodland

+

4

11.29◦ S–34.44◦ E

Lake Malawi

– Savannah and
xerophytic scrubland
– Tropical forest

Savannah and
dry-woodland

+

5

4.51◦ N–9.40◦ E

Barombi Mbo,
Cameroon

– Savannah and
xerophytic scrubland
Tropical forest

Tropical forest

+

Marine site
6

4.40◦ N–4.18◦ W

off Ivory Coast,
KS 84-063

– Tropical forest
– Warm temperate mixed
forest

Tropical forest

+

7

11.92◦ S–13.40◦ E

ODP 1078C –
Angola

– Warm temperate mixed
forest
– Temperate-montane
forest

– Tropical forest
Temperate forest

+

8

17.15◦ S–11.02◦ E

GeoB 1023 –
Cunene River
Mouth

– Savannah and
xerophytic scrubland
– Grassland and dry
shurbland

Grassland and
shrubland

+

South America
Terrestrial site
11

2.97◦ S–43.42◦ W

Lake Caçó –
NE Brazil

– Warm temperate mixed
forest
– Tropical forest

Tropical forest

+

12

23.87◦ S–46.71◦ W

Colônia, Brazil

– Savannah and
xerophytic scrubland
– Grassland and dry
shurbland

– Temperate forest
– Grassland and
dry shrubland

+

13

17.83◦ S–64.72◦ W

Siberia, Bolivia

– Temperate-montane
forest
– Grassland and dry
shurbland

Temperate forest

+
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Table 4. Continued.
No.

Latitude

Site location name

and Longitude

Potential biome distribution

Comparison

Pollen data

Model result

between data
and model

14

4.92◦ N–74.03◦ W

La Laguna,
Bogotà, Colombia

– Savannah and
xerophytic scrubland
– Grassland and dry
shurbland

Tropical forest

+

15

4.92◦ N–74.03◦ W

Fúquene, Colombia

– Savannah and
xerophytic scrubland
– Temperate-montane
forest

Tropical forest

+

Marine site
9

3.67◦ S–37.72◦ W

GeoB 3104 –
off NE Brazil

– Temperate-montane
forest
– Warm temperate mixed
forest

Tropical forest

+

10

4.15◦ S–36.21◦ W

GeoB 3910-2
– off NE Brazil

– Savannah and
xerophytic scrubland
– Warm temperate mixed
forest

Tropical forest

+

precipitation anomaly of around −0.08 m yr−1 (Fig. 9, top
left panel). However, in our simulation the tropical forest remained (Fig. 11), although biogeochemical data from
this region suggest an increase in savannah cover (Jennerjahn et al., 2004), and palynological data of older Heinrich
events (HE3, HE4, HE5, HE5a and HE6) also indicate an increase in savannah (Behling et al., 2000). Northwest South
America received less precipitation in the HE1 GL simulation. Again, the biome distribution remained similar to the
LGM simulations, while reconstructions from La Laguna de
Bogotá in Colombia indicate savannah and grassland (Helmens et al., 1996). Discrepancies in northern South America indicate that climate changes of the HE1 GL simulation
were not strong enough to influence the biome coverage, or
that our vegetation model was not sensitive enough. On the
other hand, our biome distribution in northwest Brazil of the
HE1 GL simulation is in good agreement with reconstructions from Lake Caçó (Ledru et al. 2006), where tropical
forests were dominant and indicate a wetter climate during
the HE1 period. Furthermore, the HE1 GL simulation predicted a dominance of desert in the Middle East and western
Asia and Arabia, while tundra expanded in northern Eurasia,
in Siberia, and over the Tibetan Plateau.

5

Discussion

Our two equilibrium simulations represent warm and cold
conditions during interglacial and glacial climates and
Clim. Past, 8, 37–57, 2012

provide two different backgrounds for the HE1 simulations.
The largest cooling in air and sea-surface temperature between the PI CNTRL and LGM simulations in the North Atlantic Ocean was due to the presence of ice-sheets in North
America. However, the most recent SST reconstruction by
the MARGO project (2009) shows a more pronounced cooling in the eastern than in the western North Atlantic Ocean.
The disagreement with our model results is most likely due
to misplaced deepwater formation sites in the pre-industrial
control experiment. Comparable mismatches have also been
observed in other coupled atmospheric-ocean models simulating LGM climate (Kageyama et al., 2006).
In the tropics, the SAT difference between the PI CNTRL
and LGM simulation is ∼1 ◦ C over land and ∼2 ◦ C over
the Atlantic Ocean, while the SST difference is 2–3 ◦ C,
in agreement with the MARGO reconstruction (MARGO,
2009) and other modeling studies (e.g. Crucifix et al., 2005;
Otto-Bliesner et al., 2006; Kageyama et al., 2006; Roche
et al., 2007). The general agreement with reconstructions
from proxy data supports that the LGM simulation delivered a suitable background climate for the Heinrich Event 1
simulations.
The warm (PI CNTRL) and cold (LGM) background climate states also differed in the AMOC, with a reduced formation of NADW and a stronger AABW inflow into the Atlantic Ocean under LGM conditions. This is in agreement
with some other model simulations (e.g. Weaver et al., 2001;
Weber and Drijfhout, 2007; Kageyama et al., 2010), but at
odds with others (e.g. Roche et al., 2007; cf. Otto-Bliesner
www.clim-past.net/8/37/2012/
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et al., 2007). Proxy data (Pa/Th ratios) from ocean sediment
cores suggest a weaker AMOC strength during the LGM period (Yu et al., 1996; Marchal et al., 2000; McManus et al.,
2004; Gherardi et al., 2005), although they are difficult to
interpret (e.g. Roche et al., 2007). McManus et al. (2004)
analyze a high accumulation core from the deep western Subtropical Atlantic at a depth of 4.5 km, and according to their
results, the AMOC during the LGM was reduced by 30 %
as compared to the present day, which is in broad agreement
with our LGM simulation (Figs. 2f and 5d).
The two different climatic background conditions corresponding to two different states of the AMOC did not change
the predicted vegetation distribution (Figs. 4, 5a, and 6a) except in a few locations: in northern tropical Africa (the Sahel
region), western South America, and central North America. For example, in central Africa, a warmer and wetter
climate was predicted in the PI CNTRL simulation as compared to the LGM simulation. This resulted in more tropical forest and savannah in the PI CNTRL simulation, while
warm-temperate forest and grassland cover were extended in
the LGM simulation. In general, most changes in the vegetation encompassed rather small areas. We may suspect that
the initial vegetation conditions for the vegetation model or
the relative simplicity of the land-atmosphere model caused
the similar vegetation cover estimates of the PI CNTRL and
LGM simulations. However, Hughes et al. (2004) showed
that the TRIFFID DGVM is insensitive to the choice of the
initial vegetation cover, and Meissner et al. (2003) showed
that coupling the TRIFFID model to the UVic ESCM results
in predicted vegetation patterns that compare reasonably well
to observations.
The key climate parameters which influence vegetation
cover are temperature and precipitation. Our model results
from the Heinrich Event 1 simulations showed that these
climate factors respond to changes in NADW formation.
The AMOC reduction or collapse following the freshwater
perturbation caused temperature and precipitation changes
(Figs. 8 and 9), and those changes drove a subsequent response in the vegetation distribution, especially around the
tropical North Atlantic, in tropical western South America,
and in southwestern Asia (Fig. 10). In the HE1 GL simulation, the AMOC collapsed (Fig. 7a) and the associated
heat transfer from low to high latitudes in the Atlantic Ocean
was strongly reduced (in accordance with the bipolar seesaw
hypothesis, Fig. 8). The inter-hemispheric thermal gradient
was strengthened due to the cooling in the North Atlantic.
This would be expected to shift the ITCZ in the direction
of the warmer Southern Hemisphere. The precipitation in
our HE1 GL simulation did not indicate a southward shift
of ITCZ (Fig. 9) due to the lack of a wind feedback in our
simulation. The effect of including a geostrophic wind feedback scheme is a matter of further investigation. Nevertheless, our HE1 GL simulation indicated high rainfall south of
the equator, which most likely was due to the enhanced evaporation over the ocean and changes in atmospheric moisture
www.clim-past.net/8/37/2012/
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transport. On the other hand, the HE1 IGL simulation indicated only a slight reduction of the AMOC strength (Fig. 7b),
resulting in less pronounced climate changes (Figs. 8 and 9)
and consequently less vegetation response (Fig. 10). Another
problem in simulating precipitation over tropical land regions
is the lack of land surface processes in the coupled landatmospheric model (Weaver et al., 2001) and is most strongly
observed in the precipitation pattern over South America.
This is probably the main reason why the modeled vegetation
deviates so strongly from the biome reconstructions, particularly in eastern and northeastern South America (Fig. 11).

6

Summary and conclusions

This study investigated the effects of climate change in the
region of and around the tropical Atlantic during Heinrich Event 1. We presented the distribution of vegetation simulated by the UVic Earth system climate model including a dynamic vegetation module for four scenarios:
pre-industrial (PI CNTRL), freshwater perturbation of the
PI CNTRL equilibrium (HE1 IGL), last glacial maximum
(LGM), and freshwater perturbation of the LGM equilibrium
simulating Heinrich Event 1 (HE1 GL). Adding freshwater
to the North Atlantic resulted in a collapse of the Atlantic
Meridional Overturning Circulation (AMOC), followed by a
cooling of the Northern Hemisphere and a warming of the
Southern Hemisphere (the bipolar seesaw hypothesis), causing a strengthening of the inter-hemispheric thermal gradient.
This inter-hemispheric thermal gradient resulted in changes
in rainfall patterns driving a southward shift of tropical and
subtropical biomes.
The two equilibrium simulations (PI CNTRL and LGM)
allowed analyzing the response of the vegetation cover
around the tropical Atlantic to a freshwater perturbation
in the North Atlantic Ocean under different climatic background conditions. Our PI CNTRL biomes were in general
agreement with modern biome reconstructions. Discrepancies occurred with respect to the simulation of the dominance
of grasslands in southern Europe and the failure to simulate
a mixture of savannah and warm-temperate forests along the
east coast of South America for the preindustrial period. The
climate and biome patterns of tropical and sub-tropical South
America of our LGM simulation differ from other model results (Roche et al., 2007) and a data compilation (Ray and
Adams, 2001) by suggesting wetter conditions and more forest cover.
The HE1 simulations exhibited a southward shift of the
southern desert boundary in northern Africa, but failed to
mimic expected changes in eastern South America. The vegetation responded similarly during the HE1 simulations under interglacial (pre-industrial) and glacial (LGM) climatic
background conditions, except for northern tropical Africa,
western Eurasia, and western South America. The magnitude of the changes in the tree and grass PFTs is larger for
Clim. Past, 8, 37–57, 2012
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glacial than for interglacial climatic background conditions.
The HE1 simulations produced a cooler climate in the Northern Hemisphere, a drier climate in northern tropical Africa
and a local warming in the Southern Hemisphere, (cf. Menviel et al., 2008; Kageyama et al., 2009; Swingedouw et al.,
2009). In addition, the vegetation responded to a changing climate through an increase in non-forested and desert
PFT coverage in northern tropical Africa and a change from
warm-temperate to tropical forests in Southwest Africa.
The biome comparison between the HE1 simulations and
several data compilations for tropical Africa and South
America showed reasonable agreement in vegetation patterns
reconstructed from marine and terrestrial records. Limitations in the number of PFTs and modeled biomes on the one
hand and the lack of precision of the palynologically reconstructed biomes on the other hand, lead to differences that
are difficult to assess. Improvements in the dynamic vegetation modeling can be achieved by the addition of more
PFTs and specific climatic limitations to the defined plant
functional types (e.g. instead of one two broadleaved forest
PFTs, a tropical and deciduous one). Nevertheless, the simulations showed that a collapse of the AMOC and the associate
changes in North Atlantic climate are physically consistent
with the reconstructed changes in vegetation in the tropical
regions around the Atlantic Ocean during the HE1 period.
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