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Abstract

We investigated changes in tropical climate and vegetation cover associated with
abrupt climate change during Heinrich Event 1 (HE1) using two different global cli-
mate models: the University of Victoria Earth System-Climate Model (UVic ESCM) and
the Community Climate System Model version 3 (CCSM3). Tropical South American5

and African pollen records suggest that the cooling of the North Atlantic Ocean during
HE1 influenced the tropics through a southward shift of the rainbelt. In this study, we
simulated the HE1 by applying a freshwater perturbation to the North Atlantic Ocean.
The resulting slowdown of the Atlantic Meridional Overturning Circulation was followed
by a temperature seesaw between the Northern and Southern Hemispheres, as well10

as a southward shift of the tropical rainbelt. The shift was more pronounced in the
CCSM3 than in the UVic ESCM simulation. Nevertheless, both models suggested a
similar response of the vegetation patterns in the tropics around the Atlantic Ocean,
where the grass cover increased and the tree cover decreased, specifically in tropical
North Africa around 15◦ N in the UVic ESCM simulation and around 10◦ N in CCSM3.15

In the CCSM3 model, the tree and grass cover in tropical Southeast Asia responded
to the abrupt climate change during the HE1, which could not be found in the UVic
ESCM. The biome distributions derived from both models corroborate findings from
pollen records in Southwestern and equatorial Western Africa as well as Northeastern
Brazil.20

1 Introduction

Heinrich events in general are associated with layers of ice-rafted debris (IRD) in the
sediments of the North Atlantic Ocean dated between 70 ka BP (ka BP= thousand
years before present) and 14 ka BP (Heinrich, 1988; Broecker, 1994). The Heinrich
event 1 (HE1, ca. 17.5 ka BP) is the most recent of these distinctive cold periods in the25

North Atlantic region. Paleoceanographic evidence suggests a connection between
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the abrupt climate changes during these events and the variability of the North At-
lantic Deep Water (NADW) formation and Atlantic Meridional Overturning Circulation
(AMOC, Sarnthein et al., 1994; McManus et al., 2004).

Frequently, a change in the AMOC during the HE1 is invoked to explain an unusual
hydrological cycle in the tropics and a southward shift of the Intertropical Convergence5

Zone (ITCZ) and its associated rainbelt (e.g. Behling et al., 2000). Since vegetation
and climate are tightly coupled, tropical climate changes influence the tropical vegeta-
tion patterns. This is demonstrated by pollen proxy records, which exhibit changes in
the tropics simultaneous with the North Atlantic temperature changes during this event
(e.g. Hessler et al., 2010). Some examples are found in Eastern tropical Africa (Kashiru10

swamp, Burundi), where grassland and dry shrubland occurred due to a fairly cold and
dry climate (Bonnefille and Riollet, 1988; Hessler et al., 2010) and at Lake Masoko, Tan-
zania, where warm temperate and mixed forests were formed due to a moderately wet
climate (Vincens et el., 2007; Hessler et al., 2010). In tropical South America, pollen
records indicate contrasting vegetation changes between the northern and southern15

limits of the ITCZ (Hessler et al., 2010), e.g. at the Cariaco Basin site (equatorial
Northern South America), which had a more open vegetation due to dry climate condi-
tions (González et al., 2008; González and Dupont, 2009), while the Lake Caçó region
(equatorial Southern South America) was occupied by a denser forest during the HE1
than in the Last Glacial Maximum (LGM) period due to moist climate conditions (Ledru20

et al., 2001; Dupont et al., 2009). In Indonesia an open grass-rich vegetation during
the LGM was inferred from a marine pollen record (van der Kaars, 1991), although the
Borneo rainforest was probably preserved and might have extended to the continental
shelf of the South China Sea (Morley, 2000). At the terrestrial Rawa Danau site (West
Java, Indonesia), the lowland forest and C3 plant cover increased and the grass cover25

decreased between 17 to 15.4 ka BP indicating enhanced precipitation (van der Kaars,
2001; Turney et al., 2006).

Previous model studies suggested that the southward shift of the ITCZ occurred as
a response to a slowdown of the AMOC during the HE1 (e.g. Stouffer et al., 2006;
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Kageyama et al., 2009). In these studies, the AMOC weakening has been induced by
perturbing the freshwater balance of the North Atlantic Ocean (e.g. Köhler et al., 2005;
Menviel et al., 2008; Kageyama et al., 2010). Using an Earth System Model of Interme-
diate Complexity (EMIC, Claussen et al., 2002) which includes a dynamic vegetation
component, it has been demonstrated that model results and pollen records in tropical5

Africa and Northern South America are generally consistent (Kageyama et al., 2005;
Handiani et al., 2012). However, in many EMICs the atmospheric component is sim-
plified, in particular with respect to the representation of the hydrological cycle. This
demands a modeling study using a more complex atmospheric component.

The purpose of our study was to compare the tropical vegetation response to climate10

changes during the HE1 as simulated by two global climate models that differ in the
complexity of their atmospheric components. We employed the University of Victoria
Earth System-Climate Model (UVic ESCM, cf. Weaver et al., 2001) and the Commu-
nity Climate System Model version 3 (CCSM3, Collins et al., 2006; Yeager et al., 2006).
Both models contained a dynamic global vegetation component (Meissner et al., 2003;15

Levis et al., 2004). In addition, the model results were compared to the available pollen
records from tropical vegetation. However, the comparison between model results and
pollen records is not a straightforward approach. Mostly, a dynamic global vegetation
component represents the type of vegetation cover as Plant Functional Types (PFTs),
while compilations of pollen records are available in terms of biome distributions (Pren-20

tice et al., 1996; Hessler et al., 2010). To allow comparison between models and pollen
records directly, either the pollen records are assigned to PFTs or the model results
are converted into biome distributions. In our study, the simulated vegetation covers
were mapped onto biome distributions (Schurgers et al., 2006; Handiani et al., 2012)
allowing for both a model intercomparison and a comparison of the simulated bio-25

geographies to pollen-based reconstructions.
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2 Models and experimental design

In the present study, we used the UVic ESCM version 2.8 (Weaver et al., 2001). The
atmospheric component of this model contains a parameterization of anomalous near-
surface winds to take into account the dynamical wind feedback (Fanning and Weaver,
1997). Furthermore, the dynamic vegetation model TRIFFID (Cox, 2001) is included5

in this version of the UVic ESCM to simulate the terrestrial biosphere in terms of soil
carbon storage and five PFTs (Table 1). All components of the UVic ESCM share the
same resolution of 3.6◦ by 1.8◦ (longitude× latitude) with one vertically-averaged layer
in the atmospheric model and nineteen vertical levels in the ocean model.

In addition, we made use of the state-of-the-art coupled general circulation model10

CCSM3 (Collins et al., 2006). Here, we employed the low-resolution version of CCSM3
which is described in detail by Yeager et al. (2006). In this version, the resolution of
the atmosphere is given by T31 (3.75◦ transform grid) spectral truncation with 26 lay-
ers, while the ocean model has a nominal horizontal resolution of 3◦ (like the sea-ice
component) with 25 levels in the vertical. The latitudinal resolution of the ocean grid is15

variable, with finer resolution around the equator (0.9◦).
The dynamic global vegetation model (DGVM; Levis et al., 2004) is based on the

Lund-Potsdam-Jena (LPJ) model (Sitch et al., 2003; Bonan and Levis, 2006). It is cou-
pled to the Community Land Model version 3 (CLM3; Oleson et al., 2004), and thus we
refer to it as the CLM-DGVM. CLM-DGVM has the same horizontal resolution as the20

atmosphere. In order to improve the simulation of land surface hydrology, which affects
the biogeography of vegetation, we implemented new parameterizations for canopy in-
terception and soil evaporation into the CLM-DGVM following Oleson et al. (2008). The
model simulates ten PFTs, which differ in their physiological, morphological, phenolog-
ical, bioclimatic and fire-response attributes. Seven PFTs refer to trees and three PFTs25

to non-tree vegetation cover (Table 1).
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We performed two sets of experiments with each model. Each set of experiments
was meant to simulate the vegetation distribution characteristic of the background cli-
mate of the LGM and HE1. The experimental design is summarized below:

1. The LGM simulations were forced by the boundary conditions of 21 ka BP. The
LGM simulation with the UVic ESCM (LGM UVic) was similar to the LGM simula-5

tion by Handiani et al. (2012). The LGM simulation with the CCSM3 (LGM CCSM)
was similar to the CCSM3 LGM simulation by Merkel et al. (2010), except that the
DGVM was activated and the land surface hydrology was improved (see above).
Both LGM simulations were integrated until equilibrium was reached, which was
taken to be after 2000 yr for the LGM UVic and 1500 yr for the LGM CCSM sim-10

ulation.

2. The HE1 simulations were identical to the LGM simulations as described in
(1), except that a freshwater flux anomaly was imposed on the North Atlantic
Ocean, which was added in both models at the same constant rate of 0.2 Sv
(1 Sv= 106 m3 s−1) for the whole duration of the experiment (500 model years).15

The location of the freshwater flux anomaly is described in Handiani et al. (2012)
for the HE1 UVic and in Merkel et al. (2010) for the HE1 CCSM simulation.

In contrast to the UVic simulations by Handiani et al. (2012), the UVic ESCM simu-
lations used here included a parameterization of the dynamic wind feedback. In the
parameterization, wind field and wind stress anomalies are calculated from surface20

air temperature anomalies (Weaver et al., 2001). These wind field and wind stress
anomalies are then added to the prescribed mean wind field in order to account for
the dynamic response of the atmosphere to sea surface temperature anomalies, which
has a stabilizing effect on the AMOC (Fanning and Weaver, 1997).

The model analysis and discussion refer to model output time-averaged over the25

last 100 yr of each simulation. As specified above, the two models simulate a differ-
ent number of PFTs. Therefore, to facilitate model comparison, the PFT output of each
model was classified into four generic types of PFTs, namely broadleaf evergreen trees,
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needleleaf evergreen trees, deciduous trees and grasses (see Table 1). The PFT cover
and the surface temperature of each model were used to generate the biome distri-
bution. Given the different number of simulated PFTs, a different scheme to estimate
the biome distribution had to be used for each model. The scheme for the UVic ESCM
(Table 2) is described by Handiani et al. (2012) and uses the fractional coverage of the5

five PFTs and the atmospheric temperature from the model output. The percentage of
PFT coverage allowed to evaluate the dominant PFT in each grid cell of the model (Ta-
ble 2a). The simulated atmospheric temperatures served to calculate the environmental
constrains for the biomes, such as temperature of the coldest month (Tc), temperature
of the warmest month (Tw), and the number of growing degree-days above 0 and 5 ◦C10

(GDD0 and GDD5, respectively, Table 2b). The scheme for the CCSM3 was adopted
from a study by Schurgers et al. (2006), who applied it to the LPJ model output for the
Eemian and the Holocene (Table 3). It was used applied to the fractional coverage of
the ten PFTs (Table 1) from the output of the CLM-DGVM model, together with the air
surface temperature from the atmospheric model. These biomes (1) can be derived15

from the UVic ESCM and the CCSM3 output without degenerating into arbitrariness
and still show shifts of vegetation cover in simulations of long time scales and (2) allow
for a direct comparison to the vegetation cover reconstructed from the pollen records.

3 Results

3.1 Climate changes20

The AMOC gradually decreased in both models in response to the freshwater pertur-
bation, but in each model the degree of reduction was different (not shown). In the
LGM UVic simulation, the maximum of the AMOC streamfunction started from a max-
imum strength of ∼12 Sv, and eventually collapsed after 100 yr simulation time, while
in the LGM CCSM simulation, it decreased from 14 Sv to 4 Sv. This weakened or even25

collapsed AMOC was in both models accompanied by a strong cooling in the Northern
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Hemisphere and a slight warming in the Southern Hemisphere (Fig. 1a, c). The cool-
ing is most pronounced in the surface air temperature decrease over the North Atlantic
Ocean. However, the regional pattern and amplitude of the surface air temperature
anomaly is very different between the two models. The negative surface temperature
anomalies for HE1 were around −2 ◦C for the UVic ESCM and around −4 ◦C for the5

CCSM3 off Northwest Africa. The positive temperature anomalies in the Southern
Hemisphere were also larger in the CCSM3 than in the UVic ESCM. In the tropics,
the climate simulated by the UVic ESCM was only slightly (between 0 to 1 ◦C) colder
in the HE1 experiment compared to the LGM experiment, whereas in the CCSM3, the
northern equatorial Atlantic Ocean was colder by up to 2 ◦C (Fig. 1c).10

The weakening of the AMOC and an asymmetric surface temperature response
between the two hemispheres were responsible for a southward shift of the tropical
rainbelt as suggested by the simulated precipitation patterns (Fig. 1b, d). The pat-
tern in the UVic ESCM was of rather large scale and extended beyond the ITCZ re-
gion. In the tropical Atlantic region, the precipitation differences between the HE1 UVic15

and the LGM UVic simulation were around −0.25 mmday−1 north of the equator and
0.5 mmday−1 south of the equator (Fig. 1b). In the CCSM3, the precipitation differ-
ences between the HE1 and the LGM simulation were around −2.5 mmday−1 north
of the equator and 2.0 mmday−1 south of the equator (Fig. 1c). The precipitation dif-
ferences for CCSM3 were much larger between 10◦ S and 10◦ N in the tropics than20

in the other regions. The anomalies of the zonally averaged precipitation in CCSM3
showed a drying north of the equator by up to 0.8 mmday−1 and a wetting south of the
equator by a similar amount, thus sharply reflecting the southward shift of the rainbelt
(Fig. 1e). A comparison of the magnitude of precipitation anomalies in the HE1 UVic
and the HE1 CCSM simulations revealed that the minimum and maximum anomalies25

in the HE1 UVic simulation were clearly weaker (min. −0.86 mmday−1 and max. of
0.48 mmday−1) compared to the HE1 CCSM simulation (min. of −4.19 mmday−1 and
max. of 2.80 mmday−1.
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3.2 The vegetation cover response

In this section, we will discuss changes in vegetation cover in terms of the simplified
PFTs as defined in Table 1 (see also Sect. 2), which allows for a direct comparison
between the output from the UVic ESCM and the CCSM3. Our results showed that the
southward shift of the tropical rainbelt triggered vegetation changes in the tropics, with5

spatially varying degree and dominance. In both HE1 experiments, broadleaf evergreen
trees cover decreased in equatorial Northern Africa (Fig. 2a, b). In the UVic ESCM, it
was reduced by 60 % in the Sahel region and Southeastern Brazil and between 20 %
to 40 % in equatorial Western South America (Fig. 2a). The pattern was similar in
CCSM3, specifically in equatorial Africa region, except that the change amounted to10

40 % (Fig. 2b). Moreover, in CCSM3 the broadleaf evergreen tree cover also decreased
in Southeast Brazil and by 40 % in a small region on the west coast of Africa, and it
increased with similar percentages in equatorial Western South America. Furthermore,
the decrease in broadleaf tree cover in Southeast Asia was less than 10 % in the UVic
ESCM but around 20 % in the CCSM3 (Fig. 2a, b).15

In the tropics, the needleleaf evergreen tree cover was relatively unaffected in both
HE1 experiments, except for a small decrease in Eastern Brazil and the Central Sahel
region in the UVic ESCM and in Southwest South America in the CCSM3 simulation
(Fig. 2c, d). However, the deciduous tree cover was reduced by more than 60 % in
the Eastern Sahel region in the UVic ESCM and by a similar percentage in equatorial20

Western South America, the Central Sahel region and Southeast Asia in the CCSM3
(Fig. 2e, f). In contrast, the deciduous tree cover in Central Brazil increased by around
60 % in both models. Meanwhile, in tropical Northern Africa (i.e. the Sahel region),
the grass cover increased by around 60 % in both models. However, with the UVic
ESCM result located the grass cover further north and has over a wider longitude25

ranges than compare to the CCSM3. In tropical South America, the grass cover was
relatively unchanged in the UVic ESCM simulation, while it mostly decreased in the
CCSM3 simulation (Fig. 2g, h). The grass cover change was more pronounced in the
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CCSM3 simulation than in the UVic ESCM simulation, e.g. it was reduced in tropical
North America and South America, while it increased by 20 to 40 % in Northwest South
America and tropical Africa and by about 60 % in Southeast Asia (Fig. 2h). It was
reduced by 20 to 80 % in tropical Western Africa, while it increased by up to 80 % in
tropical Central and Eastern Africa (Fig. 2g).5

The annual-mean anomalies of the zonally averaged tree and grass cover between
the HE1 and the LGM experiments reflected the PFT differences in tropical locations
of South America (Fig. 3a, b), Africa (Fig. 3c, d) and Southeast Asia (Fig. 3e, f). In
some locations equal but opposite vegetation changes occurred, e.g. the tree cover in
the UVic ESCM was reduced by 60 % in tropical Africa around 15◦ N, while the grass10

cover increased by a similar percentage at the same latitude (Fig. 3c). A similar pat-
tern also emerged from the CCSM3 simulation, where at around 10◦ N the tree cover
decreased by 20 % while the grass cover increased by a similar percentage (Fig. 3d).
Moreover, in tropical South America, the tree and the grass cover in the CCSM3 simu-
lation were reduced by about 30–50 % between 5◦ N–10◦ N, while an opposite change15

of tree and grass cover by about 10–30 % occurred around 10◦ S (Fig. 3b). The tree
and grass cover in the UVic ESCM south of the equator (∼15◦ S) discussed so far
(Fig. 3a, c, e) showed differences of less than 5 %, whereas the differences in CCSM3
(Fig. 3b, d, f) are at least larger than 10 %. While the UVic ESCM did not show any pro-
nounced changes in tropical Southeast Asia (Fig. 3e), the CCSM3 tree cover generally20

decreased and the grass cover increased in that region (Fig. 3f).

3.3 Biome distribution comparison

In this section, we compare our model results to data. For this comparison, we used
pollen records for HE1 from tropical South America and tropical Africa (Fig. 4a) com-
piled by Hessler et al. (2010). In Fig. 4, a comparison is presented to show where model25

results are consistent with proxy information. The changes in tropical African forest as
found in the HE1 UVic and the HE1 CCSM simulations mostly agreed with the pollen
reconstruction (Fig. 4b, c). According to both models and the pollen records, equatorial
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Western Africa was covered by tropical forest corresponding to a wet climate. In South-
west Africa, the pollen records indicated a warm temperate forest and farther south
savannah (Fig. 4a). The HE1 UVic simulation agreed with both records in Southwest
Africa, while the HE1 CCSM simulation only agreed with one record (Fig. 4a, b) be-
cause the HE1 CCSM predicted savannah due to a relatively warm climate in these5

locations (Fig. 4c). Another discrepancy between the HE1 CCSM simulation and the
pollen records is found in Eastern Africa, where the model predicted tropical forest and
grassland, while the records suggest warm-temperate forest and savannah (Fig. 4c).

The biome distributions derived from the model and pollen results were in disagree-
ment at the Colônia site (Brazil). According to the pollen record, savannah covered this10

region indicating a warm and dry climate (Fig. 4). The tropical forest in the HE1 UVic
and the HE1 CCSM simulations was broadly consistent with the pollen records of Lake
Caçó (Northeast Brazil). The HE1 CCSM simulations was also in agreement with the
pollen record of core GeoB 3910-2 off the coast of Northeast Brazil (site number 10 in
Fig. 4a); both model and data indicated savannah (Fig. 4c). In contrast, for the same15

region, the HE1 UVic simulation predicted tropical forest (Fig. 4b).
A tropical Asian biome reconstruction for HE1 is not available yet; hence it is difficult

to perform a thorough model-data comparison. However, the simulation of a savannah
corridor in Sundaland in CCSM3 is worth noting as the existence of such a feature
during the last glaciation is highly debated (e.g. Bird et al., 2005). From a modeling20

perspective, the changes in the biome distributions between the HE1 and LGM sim-
ulations were insignificant (not shown, but see the PFT cover anomalies), although
some changes did occur in the CCSM3 model. For example, grass cover increased in
southeast China and replaced savannah in the HE1 CCSM simulation (Fig. 4c).

4 Discussion25

The simulations in the UVic ESCM presented here are different from Handiani
et al. (2012). Both studies used the UVic ESCM and an identical experimental design,
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however, Handiani et al. (2012) did not include the dynamical wind feedback parame-
terization. Regarding the precipitation patterns in the tropics, there are a few differences
between the earlier study by Handiani et al. (2012) and our present study. Our prein-
dustrial simulation (not shown) resulted in a climate that was warmer and drier than in
the study by Handiani et al. (2012), most notably in equatorial Southern South Amer-5

ica and Africa as well as the Sahel region. Nevertheless, the HE1 simulations of both
studies suggested similar tropical precipitation anomalies. Thus including the dynami-
cal wind feedback parameterization in the UVic ESCM improved the representation of
the precipitation pattern in the ITCZ region in the preindustrial simulation (not shown),
but it only had a slight impact on the tropical precipitation response in the HE1 simu-10

lation. Moreover, despite the additional moisture transport by advection in this version
of the UVic ESCM, the precipitation in the terrestrial tropics and the ITCZ region was
still weaker as compared to the CCSM3. Weaver et al. (2001), who introduce the mois-
ture transport by advection in the UVic ESCM, identify additional regions such as the
mid-latitude North Atlantic Ocean and Pacific Ocean regions that need further improve-15

ment. The inclusion of dynamical wind feedback parameterization in the atmospheric
model in this version of the UVic ESCM barely influences the tropical vegetation cover
distribution in the preindustrial simulation (not shown). The comparison between Han-
diani et al. (2012) and this study (not shown) shows a great similarity of preindustrial
tropical vegetation cover. The smooth precipitation distribution from both preindustrial20

simulations led to a similar smooth vegetation distribution in the tropics. For example,
tree cover penetrated into the subtropics of Northern and Southern Africa (not shown,
see Handiani et al., 2012).

The slowdown of the AMOC during the HE1 simulation caused an adjustment of
the surface temperature called the “bipolar seesaw”, which is characterized by a cool-25

ing in the Northern Hemisphere and a slight warming in the Southern Hemisphere
(Broecker et al., 1985). In the tropics, the bipolar seesaw in turn influenced the precipi-
tation patterns. Positive anomalies developed over the equatorial South Atlantic Ocean
and surrounding regions, while negative anomalies appeared over the tropical North
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Atlantic Ocean. In the CCSM3, the positive anomaly spanned an entire band south of
the equator from Central Brazil to Central Africa with the maximum of this band over
Eastern Brazil. The negative anomalies ranged from the Sahel to Central America.
These anomalies also occurred in the UVic ESCM, although much less pronounced as
compared to the CCSM3. In the UVic ESCM, the highest positive anomalies extended5

farther into southeast South America and Western Angola, while maximum negative
anomalies were found in the Sahel region.

Pronounced changes in broadleaf tree cover in the tropics were confined to the Sa-
hel region, equatorial Southern South America and Western Africa. This suggests that
these regions were most sensitive to a shift of the tropical rainbelt in response to a slow-10

down of the AMOC. Changes in tree cover were related to changes in grass cover. We
indeed expected a shift from tropical trees to grass cover due to a drier climate in
the Sahel region and a shift from grass cover to tree cover due to a wetter climate
in equatorial Southern South America. This was confirmed by the HE1 CCSM results
around 10◦ S in tropical South America and around 10◦ N in tropical Africa, where tree15

cover and grass cover changed by comparable magnitudes. Similarly, according to the
HE1 UVic results around 15◦ N in tropical Africa, tree cover decreased significantly
while grass cover increased. Such a pattern is also found in the HE1 experiments by
Scholze et al. (2003), Köhler et al. (2005) and Menviel et al. (2008), where the vegeta-
tion shifts occur in the latitudinal band between 5◦ S and 15◦ N.20

According to Bonan and Levis (2006), the tropical forest in South America under
present climate conditions is less extensive in CCSM3 than in the observations. The
complex interaction within the hydrological cycle (between soil moisture, vegetation,
evaporation, transpiration and precipitation) in that region leads to a considerable de-
crease in precipitation and tree cover. As a consequence, the broadleaf tree cover25

in tropical South America under preindustrial climate conditions was smaller in the
CCSM3 than in the UVic ESCM. Similarly, in the HE1 CCSM simulation, tropical South
America was covered by more open vegetation (e.g. savannah and grassland) than in
the HE1 UVic simulation. However, the biome distribution in the HE1 CCSM simulation
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proved to be in agreement with pollen sites in tropical South America, and in spite of the
deficiency of the simulated hydrological cycle in tropical South America, the CCSM3
captured the climate change in western tropical Africa during HE1 quite well.

The tropical forest simulated by both models in Southeast Asia is supported by Mor-
ley (2000), who suggests that the Borneo tropical forest persisted and even extended5

onto the continental shelf of the South China Sea during the last glacial period. Nev-
ertheless, CCSM3 also suggested the appearance of a savannah corridor in Sunda-
land as it has first been proposed by Heaney (1991). Moreover, in the HE1 CCSM
simulation, the vegetation cover in tropical Southeast Asia responded to abrupt cli-
mate change in the Northern Atlantic Ocean with changes in tree and grass cover of10

around 20 %. These changes were significantly larger than in the HE1 UVic simulation,
which were less than 10 %. The CCSM3 results can be considered as an indication of
a teleconnection between North Atlantic Ocean climate and vegetation cover in tropical
Southeast Asia (e.g. Zhou et al., 2007; Lee et al., 2011). However, a more extensive
compilation of paleovegetation data from this region is needed to ease the comparison15

between model and data and to corroborate this finding.
Comparing model output and pollen records is not an easy task; one example from

our study is that the definitions of the PFTs are not exactly the same. This problem be-
comes apparent when comparing pollen reconstructions from specific geographic loca-
tions (e.g. a mountain or lake) with model results, which often cannot represent those20

locations in the required detail. Since models are mostly formulated in terms of PFTs,
but are checked for consistency against pollen records or the present-day vegetation
distribution, either the PFTs from the model output have to be converted into a biome
distribution, or the biome distribution from the pollen records has to be converted into
PFTs. Several model studies have tackled this situation by developing a scheme to25

compute biomes based on the PFTs from the model output (e.g. Crucifix et al., 2005;
Roche et al., 2007; Schurgers et al., 2006; Handiani et al., 2012). The weakness of this
approach is that the calculation depends on specific model output; hence a scheme for
one model can not be used directly for another model. This was suggested in our two
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schemes for the UVic ESCM and the CCSM3. In contrast, a number of techniques have
been developed to convert the biome distribution derived from satellite or observational
data into PFTs (e.g. Meissner et al., 2003; Poulter et al., 2011). Unfortunately, these
approaches can only be used for present-day model results, since biome distributions
derived from satellite data is only available for the present-day vegetation.5

5 Conclusions

This study compared two simulations of HE1 by two different earth system models.
Both models simulated a slowdown of the AMOC in response to a freshwater perturba-
tion in the North Atlantic Ocean. The associated bipolar seesaw in surface temperature
influenced the tropical climate through a southward shift of the rainbelt. However, the10

effect on precipitation was smaller in the UVic ESCM than in the CCSM3.
The shift of the tropical rainbelt caused drier climate conditions in the northern equa-

torial region and wetter climate conditions in the southern equatorial region, which also
influenced the tropical vegetation patterns, specifically in tropical Africa around 15◦ N
in the UVic ESCM and 10◦ N in the CCSM3. In southern equatorial Africa, there was no15

visible response to the freshwater hosing in the UVic ESCM, while in the CCSM3 op-
posite tree and grass cover changes occurred around 15◦ S. The tree and grass cover
in the CCSM3 in tropical South America also suggested opposite changes south of the
equator (10◦ S), while north of the equator (between 5◦ N and 10◦ N) both decreased
due to a drier climate. In addition, tree cover decreased and grass cover increased20

between 10◦ N and 15◦ N, and between 0 and 10◦ S in Southeast Asia during the HE1
experiment in CCSM3.

The direct comparison of the simulated biome distribution and pollen records pro-
vides for an assessment of the model-data agreement without relying on indirect re-
constructions of precipitation and temperature distributions from pollen records. Nev-25

ertheless, comparing model and pollen records has its own uncertainties; one of it is to
have a coherent classification of biome distribution for both model and pollen records.
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For our study, we applied two such biomisation schemes, specific to each model, which
allowed for a comparison between the model results and the available pollen records.

Finally, the agreement with the reconstructed biome distribution during HE1 varied
in each model. The best correspondence was found in Southwestern and equatorial
Western Africa as well as in Northeastern Brazil. The vegetation cover simulated by5

CCSM3 in tropical Southeast Asia opens up the possibility that abrupt climate change
in the North Atlantic Ocean may have a large-scale, even global impact on the terrestrial
biosphere.
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Table 1. The original PFTs as simulated by the UVic ESCM and CCSM3 are combined into
four main types of PFTs to simplify the model intercomparison (Bonan et al., 2006). The UVic
ESCM classification also makes use of the lowest temperature criteria (e.g. Kaplan et al., 2003;
Sitch et al., 2003).

PFT description Broadleaf Evergreen trees Needleleaf Evergreen trees Deciduous trees Grasses

UVic Broadleaf tree (BL) X X
IF Tcmin ≥ 15.5 ◦C IF Tcmin < 15.5 ◦C

ESCM Needleleaf tree (NL) X X
IF Tcmin ≥ −2 ◦C IF Tcmin < −2 ◦C

C3 grass (C3) X
C4 grass (C4) X
Shrubs (SH) X

CCSM3 Tropical broadleaf evergreen tree X
Tropical broadleaf deciduous tree X
Temperate broadleaf evergreen tree X
Temperate needleleaf evergreen tree X
Temperate broadleaf deciduous tree X
Boreal needleleaf evergreen tree X
Boreal deciduous X
C4 grass X
C3 grass X
C3 Arctic grass X

5380

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/5359/2012/cpd-8-5359-2012-print.pdf
http://www.clim-past-discuss.net/8/5359/2012/cpd-8-5359-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 5359–5387, 2012

Tropical vegetation
response to Heinrich

Event 1

D. Handiani et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2a. Distribution of dominant PFTs which is based on the percentage of PFT coverage for
the UVic ESCM results simulation.

Dominant PFTs or PFTs mixture PFT coverage

BL, NL, SH, C3, C4 over 50 %
Broadleaf tree (BL) BL ≥ 50 %
Needleleaf tree (NL) NL ≥ 50 %
Shrubs (SH) SH ≥ 50 %
C3 grass (C3) C3 ≥ 50 %
C4 grass (C4) C4 ≥ 50 %

BL, NL, SH, C3, C4 less than 50 %
Mixed trees BL+NL ≥ 50 %
Mixed vegetation (without trees) SH+C3+C4 ≥ 50 %
Open vegetation 20 % ≤ BL+NL+SH+C3+C4 ≥ 50 %
Barren soil BL+NL+SH+C3+C4 < 20 %

If the percentage is over 50 %, the PFT potential is set equal to the dominant PFT (broadleaf
tree, needleleaf tree, 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).
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Table 2b. The combination of environmental constraints and potential PFTs are used to com-
pute the biome distribution from UVic ESCM results (Handiani et al., 2012).

Dominant PFTs Environmental Constraints Mega biomes
or PFTs mixture Tc min GDD5 GDD0 Tw (◦C)

(◦C) min min min max

BL tree 15.5 Tropical forest
BL tree or mixed trees 5 Warm temperate

forest
BL tree or NL tree or mixed
trees

−2 Temperate forest

BL tree or NL tree or mixed
trees

−32.5 Boreal forest

Grass (C3, C4) or mixed vege-
tation or open vegetation

17 Savannah and dry
woodland

Grass (C3, C4) or mixed vege-
tation or open vegetation

500 10 Grassland and dry
shrubland

Barren soil 22 Desert
SH or mixed vegetation 15 Dry tundra
SH or mixed vegetation 800 15 Tundra

The environmental constraints were chosen based on the definition of biomes in the BIOME 4 model (Kaplan et al.,
2003).
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Table 3. The biome distribution estimation scheme adopted from a study by Schurgers
et al. (2006) applied to the CCSM3 output. The temperature limitation is based on bioclimatic
parameters for survival and establishment of PFTs in the CCSM3 (Bonan et al., 2003). The
high latitude biome distribution is only classified by Tundra.

PFT fraction (%) Temperature Mega biomes and
limitation (◦C) non-biomes description

Cv > 20
Cf,> 80

Cf trop >Cf temp Tropical forest
Cf trop >Cf bor
Cf temp >Cf trop 3.0 <Tc < 18.8 Warm temperate forest
Cf temp ≥ Cf bor Temperate forest
Cf bor >Cf trop Boreal forest
Cf bor ≥Cf temp

Cf,≤ 80

Cv,C4 ≥Cv,C3 Savannah and dry woodland

Cv,C3 ≥Cv,C4
Tc > −17.0 Grassland and shrubland
Tc ≤ −17.0 Tundra/Dry tundra

Cv <= 20
Tc > 0.0 Desert
Tc < 0.0 Ice

Barren

Cf forest fraction (sum of cover of all tree PFTs);
Cf trop tropical forest fraction (sum of cover of all tropical tree PFTs) ;
Cf temp temperate forest fraction;
Cf bor boreal forest fraction;
Cv vegetation fraction (sum of cover of all PFTs);
Tc air surface temperature;
Cv,C3C3 grasses fraction;
Cv,C4C4 grasses fraction.
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Fig. 1. Annual mean anomalies of surface temperature (a, c) and precipitation (b, d) between
HE1 UVic and LGM UVic (top) and between HE1 CCSM and LGM CCSM (middle) simu-
lations. The contour intervals are fixed at 1 ◦C for surface temperature and 0.5 mmday−1 for
precipitation. (e) The global zonally averaged precipitation differences between HE1 and LGM
simulations for the UVic ESCM (blue) and the CCSM3 (red) model.
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Fig. 2. Annual mean differences of PFT cover between HE1 and LGM simulations for the UVic
ESCM (left panels) and the CCSM3 (right panels). The classification into the four PFTs is
defined in Table 1.
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Fig. 3. Annual mean anomalies of regional zonally averaged tree and grass cover between
HE1 and LGM for the UVic ESCM (left panels) and the CCSM3 (right panels). The regional
areas are tropical South America and Central America (top), tropical Africa (middle) and tropical
Southeast Asia (bottom).
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Fig. 4. Sites of HE1 pollen records compiled by Hessler et al. (2010) and the biome reconstruc-
tion of each site as represented by the colour of the circle (a, see legend biome distribution).
The biome distribution computed from the HE1 UVic simulation (b) and the HE1 CCSM sim-
ulation (c) are shown. A comparison between model output and biome reconstruction of each
location is indicated by white-blue triangles where biomes are similar in both the model and the
reconstruction; white-red triangles denote where modelled and reconstructed biomes differ.
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