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Abstract

Simulated climate for the Antarctic continent using the GENESIS (Version 2.1) Global Climate Model with 34 Ma boundary
conditions is shown to be highly sensitive to polar vegetation type. Six experiments were run using different levels of atmospheric
CO,, orbital configurations, ice sheet geometries and vegetation types to assess model sensitivity to Antarctica being covered with
either a needle leaf evergreen forest or tundra. Simulations using 2X pre-industrial levels of CO, (combined mean annual
temperature (MAT) — 19 °C) are about 7 °C cooler than minimum estimates from the Antarctic Cenozoic plant record (MAT — 12
to 15 °C). However, simulations using 3 X CO, (MAT —7 °C) are in good agreement with our empirical estimates of mean annual
temperature. With ice sheets and orbits set up to represent early Oligocene interglacial conditions, the tundra climate is significantly
cooler than the evergreen forest climate, with local, austral summer averages up to 6 °C cooler in non-glaciated areas and
continental averages ~2.5 °C cooler. In the model this is mainly due to higher albedo and decreases in net radiation and sensible and
latent heat flux, especially during spring and summer. Feedbacks between coastal and continental cooling, marginal sea surface
temperatures and sea ice also appear to be significant. A review of the late Palacocene to earliest Miocene plant fossil record in the
Antarctic Peninsula and Ross Sea regions shows that the vegetation was in transition ~34 Ma, from a relatively diverse, mainly
evergreen forest to a tundra vegetation. The modelled sensitivity of continental temperatures to a change from forest to tundra
suggests vegetation-climate feedbacks during the Eocene-Oligocene transition played a significant role in the initial rapid
glaciation of the continent.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

During the last few decades there has been increas-
ing interest in the geological record of polar climate.

Interpretations from the fossil plant record, particularly
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global ‘Greenhouse’ state started in the Triassic (Frakes
et al., 1992) with Antarctica remaining largely ice-free
until ~34 Ma (the Eocene/Oligocene (E/O) boundary).
The plausibility of the Intergovernmental Panel on
Climate Change predictions of Earth system responses
to increasing levels of atmospheric greenhouse gases
are reliant on complex Global Climate Models (GCMs,
e.g., McGuffie and Henderson-Sellers, 1997; Trenberth,
1992). GCMs are now widely utilized and accepted as a
tool for providing plausible scenarios to complex nat-
ural system problems and to help us plan for possible
futures in a rapidly warming world. Because these
models allow the detailed simulation of the Earth sys-
tem and its response to external forcing, palacogeogra-
phy, atmospheric chemistry, changing distributions of
terrestrial ecosystems (e.g., Bergengren et al., 2001;
Foley et al., 2000; Henderson-Sellers, 1993; Otto-Blies-
ner and Upchurch, 1997), and ice sheets (e.g., DeConto
and Pollard, 2003a; Siegert et al., 2003), they are
applicable to a wide range of palaeoclimate scenarios.
Palacoclimate simulations have become a widely ac-
cepted means for both the testing of geological data-
driven hypotheses and the evaluation of model perfor-
mance under a wide range of boundary conditions and
forcing scenarios.

With the advent of palaeoclimate modelling it has
become important to characterize past vegetation type
and distribution because of its influence as a boundary
condition on palacoclimate model output (Dutton and
Barron, 1996). One approach to accounting for evolv-
ing continental land cover in palacoclimate simulations
involves the coupling of predictive vegetation models
(e.g., EVE or TRIFFID, Cox, 2001; DeConto et al.,
1999a,b; Foley et al., 1996; Prentice et al., 1992) to a
GCM. A simpler approach and the one adopted here
incorporates a prescribed distribution of vegetation,
which remains constant as the modelled climate
evolves. Altering this fixed vegetation between equili-
brated model runs provides information on the sensi-
tivity of the simulated climates to the nature and
distribution of different continental biomes. Empirical
data is an essential component of such simulations
providing both realistic boundary conditions and output
calibration.

This paper investigates model sensitivity to differ-
ent Antarctic vegetation and orbital forcing, and
assesses the model’s accuracy against the proxy
palaeoclimate record from fossil plants. The GENESIS
GCM (Version 2.1) is used to model palaeoclimate at
34 Ma around the time of the initiation of the East
Antarctic Ice Sheet. Prescribed biome distributions
representative of the Antarctic proxy record and preg-

lacial, interglacial and glacial earliest Oligocene orbital
and ice sheet scenarios are used in the model runs.
Averaged model outputs for the Antarctic landmass,
including specific regions significant for the proxy
record, are then compared with annual and seasonal
near-surface temperatures and precipitation values
interpreted directly from the plant fossil record using
modern analogue techniques.

2. The proxy vegetation and climate record from
Antarctica

The fossil plant record of Antarctica is exposed
today in ice-free areas and is increasingly accessible
beneath sea ice and floating ice shelves from ocean
sediments using state-of-the-art drilling technology
e.g., the Cape Roberts Project (CRP, http://www.geo.
vuw.ac.nz/croberts/index.html) and planned ANDRILL
Project (http://andrill-server.unl.edu/). Information from
these past floras suggests a much greater cover and
diversity of vegetation over the continent during times
when global climate was much warmer than at present.
A significant proportion of the Antarctic flora since the
mid Cretaceous consists of angiosperms, notably sev-
eral species of Nothofagus (the Southern Beech tree)
(Hill and Scriven, 1995). Cretaceous and Cenozoic
macroflora including coniferous fossil forests are pri-
marily found in the Antarctic Peninsula region (e.g.,
Falcon-Lang and Cantrill, 2001; Falcon-Lang et al.,
2001; Francis, 1999; Poole and Cantrill, 2001). In
Victoria Land, Cenozoic plant macrofossils have been
found in the Sirius Group deposits, the McMurdo
Sound erratics and as single Nothofagus leaves in the
CIROS-1 and CRP-3 near-shore cores (Ashworth and
Cantrill, 2004; Cantrill, 2001; Francis, 2000; Francis
and Hill, 1996; Hill, 1989). Terrestrial palynomorph
assemblages, which provide a more regional picture
of contemporaneous onshore vegetation growth, were
also found in both of these regions but can be compli-
cated by the presence of long-ranging often recycled
taxa (e.g., Askin and Raine, 2000; Mildenhall, 1989;
Prebble et al., this volume; Raine and Askin, 2001).
Key reviews of Antarctic vegetation and palaeoclimate
have been published by Truswell (1990), Askin (1992),
Hill and Scriven (1995) and Francis (1999).

A series of increases in benthic marine 8'%0 provide
the most commonly cited evidence for Palacogene cool-
ing and East Antarctic glaciation (e.g., Zachos et al.,
2001). Oligocene isotope event 1 (Oil) in the nomen-
clature of Miller et al. (1991) is the biggest (>1%o) of
these increases and is generally believed to coincide
with the sudden (<10° year) growth of the East Ant-
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arctic Ice Sheet (Flower, 1999; Zachos et al., 1996).
The majority of palacobotanical records of Antarctic
margin vegetation growing during the late Palacocene
to early Miocene (bracketing the E/O boundary and of
significance for assessing the proxy climate record
across the Oil transition) are located within two distinct
geographic regions: the Antarctic Peninsula and the
Ross Sea. Fig. 1 and Table 1 summarize the localities
of the significant deposits in these regions reviewed for
this study. Fig. 2 presents a summary of palacovegeta-
tion compositional data from fossil leaves, wood and
terrestrial palynomorphs discovered at these localities
along with their modern analogue interpretations.

Continent-wide fossil evidence suggests the flora
evolved in response to an overall cooling of the climate
throughout the late Palaeocene to early Miocene. Fossil
plants from the late Palacocene suggest the growth of
tall stature vegetation consisting of evergreen mixed
broadleaf and needle leaf trees and shrubs (dominated
by Nothofagus spp.). Through time, diversity decreased
(only slightly along the Victoria Land coast, Prebble et
al., this volume) along with temperature and the canopy
lowered and opened to a low stature, tundra-like veg-
etation in the early Miocene. The E/O boundary occurs
within a transition period between these two vegetation
types (Fig. 2). Late Eocene to earliest Miocene floras
have been compared to the Valdivian—-Magellanic for-
est/woodland in Chile south of latitude 47° 30" S,
Nothofagus vegetation at Tierra del Fuego, and the
fern-bush communities of the subantarctic islands,
e.g., the Auckland Island group south of New Zealand.
Despite the general sparseness and wide distribution of
the plant fossil record from this period across the
Antarctic continent we can assume that a mosaic of
vegetation types occupied varied niches in the land-
scape from quite sheltered low altitude valleys, perhaps
filled with the remnants of a temperate rainforest, to
higher altitude more exposed plains covered with low
shrubland and tundra.

Fossil plant assemblages can provide direct infor-
mation on past terrestrial climate on local to conti-
nent-wide scales. The use of both quantitative and
qualitative analytical methods for the interpretation
of fossil plants allows estimates of certain palaeocli-
mate parameters e.g., mean annual temperature, cold-
est and warmest mean monthly temperature, and mean
annual precipitation, depending on the chosen tech-
nique. Despite inherent limitations to each technique
(reviewed by Askin, 1992; Jones and Rowe, 1999)
remains of fossil plants provide rare and valuable
evidence of terrestrial palacoclimate throughout geo-
logical history.
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Fig. 1. Maps to illustrate localities discussed in the text and to show
sites of previously described ?Palacocene to Miocene fossil plant
material reviewed for this study. Refer to Table 1 for details of each
deposit. (a) Antarctica, (b) the Ross Sea region, (c) the Antarctic
Peninsula region.



V.C. Thorn, R. DeConto / Palaeogeography, Palaeoclimatology, Palaeoecology 231 (2006) 134—157

Table 1

Details of ?Palacocene to Miocene fossil plant deposits from the Antarctic peninsula and Ross Sea regions reviewed for this study (refer to Fig. 1 for

location maps)

Stratigraphic age and
lithostratigraphy

Location

Modern analogue palaeoclimate
parameters

Selected references

Antarctic Peninsula region
Oligocene-Miocene transition:
Mount Wavel Formation

Early Oligocene:

Point Thomas Formation,
Ezcurra Inlet Group

Eocene— ?earliest Oligocene:

La Meseta Formation,
Seymour Island Group

?Palaeocene:

Dufayel Island Group

Ross Sea region
Early Miocene:
CIROS-1 core

Late Oligocene/Miocene:
CRP-2/2A core
(above ~300 mbsf)

Early Oligocene:

CRP-2/2A (below ~300mbsf)
and CRP-3 core
(above 410 mbsf)

Middle — Upper Eocene:
McMurdo Sound erratics

Point Hennequin,

South King George Island,
South Shetland Islands
South King George Island,
South Shetland Islands

Seymour and Cockburn
Islands, James Ross Basin

Dufayel Island,

Barton Peninsula,
King George Island,
South Shetland Islands

McMurdo Sound,
Ross Sea region

Off Cape Roberts,
McMurdo Sound,
Ross Sea region

Off Cape Roberts,
McMurdo Sound,
Ross Sea region

Moraine ridges

on Minna Bluff
and Mt. Discovery,
McMurdo Sound,
Ross Sea region

MAT 5-8 °C
MAP 600-4300 mm

MAT 11.7-15 °C
MAP 3225-1220 mm

Dicotyledonous wood:
MAT 7-15 °C

MAT 10-12 °C

MAP 10004000 mm — warm, wet

Cold, disturbed interglacial
MAT 5 °C (Nothofagus gunnii
habitat in Tasmania)

Cool to cold Antarctic Zone
of Greene (1964)= south of
60°, but incl. South Sandwich
Islands and Bouvet Island:
MST ¢.5-7 °C

Patagonia: MST 8-12 °C;
Arctic (Salix arctica habitat):
MST 4 °C

Periglacial: MST 7-10 °C,
MWT 1-2-7 °C

Cold temperate (generically
MWT<-3 °C;

MST>10 °C)-periglacial;
MST (at SL) ~10-12 °C
Patagonia: MST 8-12 °C;
Arctic (Salix arctica habitat):
MST 4 °C

Leaf: comparable to Nothofagus
beardmorensis (described from

the Sirius Group): growing season

up to 5 °C (short and warm),
winter season down to —15

to —22 °C, MAT—12 °C
Wood: Cool (?warm) temperate
MAT<13 °C

Birkenmajer and Zastawniak,
1989; Askin, 1992

Birkenmajer, 1997;
Birkenmajer and Zastawniak,
1989; Askin, 1992

Case, 1988; Francis, 1991;
Askin, 1992, 1997; Francis
and Poole, 2002
Birkenmajer and Zastawniak,
1986, 1989; Askin, 1992

Hill, 1989; Francis, 1999;
Raine, 1998; Roberts et al.,
2003

Raine, 1998; Askin, 2000;
Askin and Raine, 2000;
Prebble et al., this volume
(and references therein)

Francis and Hill, 1996;

Cantrill, 2001; Raine and Askin, 2001;

Prebble et al., this volume
(and references therein)

Axelrod, 1984; Veblen et al.,
1996; Francis, 1999; Askin,
2000; Pole et al., 2000

Quantitative modern analogue climate data are quoted from the sources listed, and where only qualitative climate terms were used in the original
interpretation, e.g., ‘cold temperate’, relevant temperature and precipitation ranges are extrapolated from Philip (1998). MAT, mean annual
temperature; MST, mean summer temperature; MWT, mean winter temperature; MAP, mean annual precipitation.

Palaeoclimate data interpreted from Antarctic fossil
flora and useful for comparison with the GCM simu-
lated data are listed in Table 1 with selected sources

from the literature. Only deposits with well-constrained
age control are included, which precludes the contro-
versial Sirius Group, which may be as old as early
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Fig. 2. Summary of the composition of the fossil plant assemblages reviewed for this study and modern analogue vegetation types. For sources refer
to Table 1. The Eocene/Oligocene (E/O) boundary at 34 Ma, used for the climate model experiments, is highlighted. The modern analogue
vegetation is divided into three zones describing the change from relatively diverse, mainly evergreen rainforest during the Late Palacocene to
Middle Eocene, to a tundra/low shrub community in the earliest Miocene. The E/O boundary occurs within the ‘transition” zone between these two
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Fossil Flora
Composition

Modern Analogue
Description

Low-diversity angiosperms
(including Nothofagus)

Rare conifers: podocarps
Cryptogams: diverse bryophytes
(liverworts & mosses), rare lycopods

Low-diversity angiosperms
(including Nothofagus, Proteaceae)

Rare conifers: podocarp, araucarian,
?cupressacean

Cryptogams: bryophytes (liverworts &
mMOSSes) - more common in

Late Oligocene, ferns & rare lycopods,
Equisetum (horsetail)

Dominantly broad-leaved
angiosperms: Nothofagus (all extant
subgenera), Proteaceae,
Myrtaceae, Casuarinaceae

Conifers: podocarp, araucarian,
cupressacean

Cryptogams:
bryophytes, lycopods & ferns

Tundra / Low shrub

Small-leaved shrubs, hard cushion plants
Nothofagus gunnii, subalpine woodland
or tangled shrub (<1m tall)

Transition: Low-diversity forest—
Shrubland - Tundra / Low shrub

Valdivian-Magellanic forest/woodland, Chile
Magellanic forest: south of c. 47°30’'S
Nothofagus-dominated, rare podocarps,
dominantly bryophytic epiphytes

Lower biomass & species diversity

Southern oceanic islands: e.g. Auckland Islands
Fern-bush communities - Myrsine & Dracophyllum
woody scrub with ferns, bryophytes & lichens

Evergreen, mixed broadleaf
& needleaf temperate forests

Low to mid-elevation Valdivian temperate
rainforest, Chile (c. 37°45'S to 43°20'S)

Mainly evergreen rainforest,
Nothofagus-dominated, podocarps,
Araucaria araucana stands at high altitude
in northern region, dominantly bromeliad &
hymenophyllous fern epiphytes

High biomass & arboreal species diversity

Cool, wet, sclerophyllous forests in
New Zealand & Tasmania

Mainly evergreen, broad-leaved, dense
canopy, leathery leaves, winter rainfall

Miocene (Hicock et al., 2003; Miller and Mabin,
1998). Temperature and precipitation figures are de-
rived from the modern climate within which grows the
closest analogue of the fossil vegetation assemblage.
Commonly these parameters are quoted qualitatively
rather than quantitatively due to the uncertainties in-
herent in the use of the ‘Nearest Modern Relative’
technique and broad climatic terms are used such as
‘cool temperate’ or ‘periglacial’. However, to be able
to compare quantitative climate model output with

proxy palaeoclimate information from fossil plants
such qualitative information is assigned generic tem-
perature and precipitation estimates for this study
based on atlas definitions of climatic zones (Philip,
1998). Where quantitative temperature data is quoted
commonly mean annual temperature is used. However,
when interested in the initiation of ice sheet growth
the mean summer temperatures are more relevant due
to their influence on the survivability of snow
throughout successive years.
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3. Model description

We use the latest version of the GENESIS GCM
(Version 2.1, Pollard and Thompson, 1997; Thompson
and Pollard, 1997) to test the sensitivity of a partially
glaciated Palaeogene Antarctica to a changing land
cover. GENESIS has been used extensively in past,
present, and future climate studies including simulations
of the E/O boundary and long time-continuous simula-
tions of the Oil glaciation using a coupled dynamical ice
sheet model component (DeConto and Pollard, 2003a,b;
Pollard and DeConto, 2003). The atmospheric compo-
nent of GENESIS has 18 vertical layers and a spectral
resolution of T31 (~3.75° latitude X 3.75° longitude)
coupled to 2° X 2° surface model components including
a non-dynamical 50 m slab ocean, a dynamic—thermo-
dynamic sea ice model and multi-layer models of soil,
snow and vegetation. Ocean heat transport is not pre-
scribed, but is calculated as linear diffusion down the
local ocean temperature gradient with the diffusion co-
efficient depending on latitude and the zonal fraction of
land versus sea. The use of a computationally efficient
slab ocean model allows for multiple sensitivity experi-
ments and is likely a reasonable approach given
recent palaeo-AOGCM (coupled atmosphere—ocean-
GCM) simulations resulting in near-modern poleward
ocean heat transports over a wide range of ancient
boundary conditions and forcings e.g., Late Cretaceous
(Otto-Bliesner et al., 2002), Eocene (Huber and Sloan,
2001) and Pliocene (Haywood and Valdes, 2004).

3.1. Vegetation representation in the GCM

Vegetation is responsible for complex climatically
important transfers of heat and moisture between the
land surface and the atmosphere (Dickinson et al.,
1986) and its representation in the GCM is a key aspect
of this study. In the GCM configuration used here the
Land-Surface-Transfer (LSX) component (Pollard and
Thompson, 1995) uses three of 12 explicit vegetation
types (Dorman and Sellers, 1989) and their associated
parameters of canopy structure (heights), Leaf Area
Index, fractional cover, seasonal phenology, leaf trans-
mittance and reflectance (albedo), roughness length
(turbulent transport) and biophysical control of evapo-
transpiration (stomatal resistance) to represent the veg-
etation cover in a given 2° X 2° land surface grid cell.
LSX is a derivative of early land-surface/vegetation
models e.g., the Biosphere—Atmosphere Transfer
Scheme (BATS, Dickinson et al., 1986) and the Simple
Biosphere Model (SiB, Sellers et al., 1986) and is
similar in design to the Land Surface Model (LSM)

in the NCAR CCSM (National Center for Atmospheric
Research Community Climate System Model, Bonan,
1998). The model calculates radiative and turbulent
fluxes through an upper and lower canopy to the soil
or snow covered surface below while accounting for the
interception of rain and snow, which subsequently drips
or blows off. Vegetation temperatures, canopy air tem-
peratures, and specific humidities are calculated from
the atmospheric conditions above the upper canopy and
the soil or snow conditions below. Prognostic variables
are then passed back to the atmosphere allowing real-
istic interaction between the GCM’s land surface and
atmospheric components. In the model, partitioning of
latent heat and sensible heat is dependent on canopy
structure, soil moisture, holding capacity of the rooted
soil layer and local rates of precipitation, evaporation
and transpiration. Leaf and stem temperatures, air tem-
perature, specific humidity, and intercepted precipita-
tion are calculated for both the upper and lower
canopies, as are soil and snow surface temperatures.

The GCM also includes a six-layer soil model
extending to a depth of 4.25 m. The soil model calcu-
lates the downward diffusion of heat and moisture,
desiccation of the rooted zone as a function of transpi-
ration, surface runoff, subsurface drainage and ponding
of liquid water on the surface. A three-layer snow model
represents snow cover over soil, ice sheet and sea ice
surfaces with total snow thickness and fractional cover-
age controlled by the melting and accumulation rates on
the uppermost layer. In high latitudes, the explicit treat-
ment of snow and vegetation including biome-specific
canopy height and seasonal phenology allows for the
seasonal masking of snow with an important climatic
effect on albedo and net radiation as discussed below.

The capability to simulate the physical climatic
effects of vegetation is of particular importance to the
study of a partially glaciated Palacogene Antarctica
when vast areas of the continent were ice-free and
susceptible to changing distributions of terrestrial eco-
systems. Earlier versions of the GENESIS GCM have
been used to test the sensitivity of global Cretaceous
(Otto-Bliesner and Upchurch, 1997) and Miocene (Dut-
ton and Barron, 1996) climates to different global dis-
tributions of vegetation assuming either an ice-free
(Cretaceous) or mostly ice-covered (Neogene) Antarc-
tica. These studies and others clearly point to the im-
portance of vegetation type in palacoclimate
simulations. This is especially true over high latitudes
where the replacement of tundra with evergreen forest
has been shown to have a warming effect of up to ~14
°C during spring and summer (Bonan et al., 1992;
DeConto et al., 1999a,b; Dutton and Barron, 1996;
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Robinson and Kukla, 1985). Most of the warming
stems from a reduction of albedo in areas with signif-
icant seasonal snowfall where evergreen trees with tall
snow-free canopies hide the high albedo of snow-cov-
ered soil or low-canopy biomes such as tundra (Bonan
et al., 1995).

During the development of the SiB biome categories
used in this study Dorman and Sellers (1989) simulated
the surface albedo of several vegetation cover catego-
ries. Needle leaf evergreen trees ranged from 0.10—0.12
(boreal summer to winter) and 0.28 when snow-covered
(although this latter figure they considered too low).
This illustrates the propensity of tall trees not to retain
snow cover, which is commonly dislodged in strong
winds, resulting in a relatively low albedo year-round.
In contrast, the low stature tundra biome had a relative-
ly high albedo even when snow-free with a simulated
summer albedo between 0.12 and 0.26 (depending on
the soil background colour). Therefore, it is evident that
tall green vegetation, if it remains free of snow cover, is
a highly effective radiative trap for the visible wave-
lengths of light involved in photosynthesis and the issue
of snow cover is important as land surface albedo can
be altered significantly. Further, tree height in compar-
ison to low stature tundra vegetation (roughness length)
also influences the temperature of the near-surface
through enhanced heat exchanges and turbulent mixing.
The larger amount of photosynthetically active biomass
in tree canopies in contrast to tundra absorbs more
incoming radiation with the sun higher above the hori-
zon during the summer months and also has higher
latent heat flux due to increased evapotranspiration.

In a Late Cretaceous modelling study using the
GENESIS GCM interactively coupled to a predictive
vegetation model (EVE, Bergengren et al., 2001),
DeConto et al. (1999a,b) recognized an atmospheric
CO, threshold, below which forest could not be main-
tained on an ice-free Antarctic continent. As tundra
spread at the expense of forest, cooling accelerated
via snow-albedo feedbacks leading to further expansion
of tundra. Similar tundra-cooling feedbacks have been
suggested as a potential contributor to Quaternary gla-
ciation (Gallimore and Kutzbach, 1996) and may have
been an important contributor to episodes of Antarctic
cooling prior to the full permanent glaciation of the
continent sometime in the Neogene.

4. Experimental design and boundary conditions
To address the potential climatic effects of changing

Antarctic vegetation around the time of the E/O transi-
tion we ran a suite of six equilibrium climate model

simulations using the palacogeographic boundary con-
ditions from prior climate-ice sheet simulations of the
Oil glaciation (DeConto and Pollard, 2003a) with vary-
ing CO, concentrations, ice sheet configurations, orbital
parameters and Antarctic vegetation (Table 2). The 34
Ma global palacogeography is based on a global tectonic
reconstruction using the plate rotations in Hay et al.
(1999) with superimposed early Oligocene shorelines
and topography (Ronov et al., 1989). Antarctic topog-
raphy is based on an initially isostatically rebounded ice-
free topography with the bedrock elevations (Bamber
and Bindschadler, 1997) modified to account for the
load of the prescribed ice sheets (Brotchie and Sylvester,
1969). Two sets of simulations were run with 2 X and 3 X
pre-industrial levels of atmospheric CO, representing
the end-member greenhouse gas concentrations before
and after the E/O ‘Greenhouse-Icehouse’ transition, as
determined by a long time-continuous GCM-ice sheet
simulation of the Oil glaciation (DeConto and Pollard,
2003b). Therefore, we assume that the 3x CO, simula-
tions are representative of conditions just prior to glaci-
ation (preglacial) and the 2x CO, simulations more
representative of an early Oligocene Antarctica (both
interglacial and glacial). Although prior coupled GCM-
ice sheet simulations have shown that the continent
would likely be fully glaciated at 2x CO, it is consid-
ered worth exploring this scenario as it is close to the
CO, threshold for ice sheet initiation. Antarctic climate
and ice volume has been shown to be highly sensitive to
orbital forcing close to the glaciation threshold (Pollard

Table 2
Model simulations and relevant model inputs

Model CO, mixing Orbital parameters Ice sheet  Antarctic

run ratio® (ecc., obl., pre.)®  geometry®  vegetation®
1 2 %X CO, 0.04, 23.5, 90 interglacial TUND
2 2% CO, 0.04, 23.5, 90 interglacial EVER
3 2 xCO, 0.01, 22.5,270.0  glacial TUND
4 2xCO, 0.01, 22.5,270.0  glacial EVER
5 3XCO, 0.04, 23.5, 90 preglacial TUND
6 3xXCO, 0.04, 23.5, 90 preglacial EVER

Palaeogeographic boundary conditions were the same as used in prior
climate-ice sheet simulations of the Oil transition (DeConto and
Pollard, 2003a).

? CO, mixing ratios in multiples of the pre-industrial level of 280
ppm (Houghton et al., 1990).

® Idealised orbital parameters (eccentricity, obliquity and precession)
producing relatively cold or warm austral summers. Values of preces-
sion are shown as the prograde angle between perihelion and the
Northern Hemisphere vernal equinox.

¢ Ice sheet configurations representing a partly glaciated (preglacial,
interglacial), and fully glaciated (glacial) East Antarctica.

4 EVER, needle leaf evergreen forest vegetation, TUND, tundra
vegetation.
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and DeConto, 2005) and vegetation feedbacks may also
be important.

Three different ice sheet geometries are provided by
prior coupled GCM-ice sheet model simulations of the
E/O boundary (DeConto and Pollard, 2003a) at 3 and
2x CO, and with orbital parameters representing
‘preglacial’, ‘interglacial’ and ‘glacial’ Antarctic cli-
mate conditions (Fig. 3). Small ice caps in the 3X
CO, simulations are representative of a late Eocene
preglacial scenario while two different ice sheet con-
figurations, along with their associated orbital para-
meters, represent the range of expected climate
(glacial vs. interglacial) variability in the earliest Oli-
gocene after the Oil transition. Orbital parameters
were chosen from those used in prior coupled GCM-
ice sheet model simulations (DeConto and Pollard,
2003a) to represent conditions generally favourable
or unfavourable for ice growth. While the prescribed
orbits do not produce the extremes in Antarctic sum-

Preglacial / Interglacial

E=0.04

mer insolation the medium eccentricity and obliquity
in the ‘preglacial’ and ‘interglacial’ cases produce
relatively warm austral summers. Conversely, the low
eccentricity and obliquity in the ‘glacial case’ is more
favourable for ice growth. In the case of low eccen-
tricity, the choice of precession becomes less important
and low eccentricity, low obliquity orbits have been
implicated in early Miocene glacial advances (Naish et
al., 2001; Zachos et al., 1997).

The two different floral community end members in
transition across the E/O boundary in Antarctica are
each assigned the closest comparable Dorman and Sell-
ers (1989) biome categories as vegetation boundary
conditions for the GCM. Category ‘4’ (needle leaf
evergreen trees, EVER) was chosen to reflect the forest
community control case and category ‘10’ (dwarf trees
and shrubs with groundcover, TUND) to reflect the
tundra. Despite the mainly broad-leaved nature of the
fossil plant record across the E/O boundary, the pre-

Vernal Equinox

Ma:rch

Perihelion

Glacial
E=0.01

{0 =225°

Jan

€

July

Perihelion

Mat‘rch

Vernal Equinox
i

»

L
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Fig. 3. Geometry of the synthetic orbital parameters used in the two sets of ‘preglacial/interglacial” and ‘glacial’ climate model simulations based on
prior climate-ice sheet simulations of the Eocene/Oligocene boundary (DeConto and Pollard, 2003a). The ‘preglacial/interglacial’ configuration
uses medium obliquity (O) and eccentricity (E), with precession (P) placing perihelion in January to produce relatively warm austral summers. In
contrast, the ‘glacial’ orbital configuration uses low obliquity and eccentricity, with perihelion in July to produce relatively cold austral summers

and an overall reduction in seasonality.
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dominantly evergreen nature of this palacovegetation is
considered to be of significant importance in relation to
the effect on the modelled climate. Biome category ‘4’
was chosen to reflect this seasonality in the forest
foliage within the limitations of the scheme and to
ensure a significant difference to the tundra designation.
This choice of alternative model biomes allows an
exploration of the widest possible envelope of vegeta-
tion feedback. For any given model experiment the
appropriate biome category was supplied as a blanket
land surface cover over Antarctica. Category ‘6’
(broadleaf trees with groundcover-savanna) was used
as a general mixed biome for the remainder of the
terrestrial regions of the globe. The simplicity of this
approach allows for a direct comparison between the
modelled equilibrium climates that evolve using each of
the different high latitude biome boundary conditions.

5. Results

Each of the experiments (Table 2) were run for 25—
30 model years, providing more than ten years of
equilibrium climate in each case. Two-metre screen
temperature (degrees Celsius) and precipitation rate
(mm per day) were averaged from the last ten years
of each simulation over the terrestrial grid cells of the
Antarctic continent (Table 3). Mean annual and mean
seasonal data were analysed for the whole continent
and each of the key regions separately (the Antarctic
Peninsula and the Ross Sea regions). Mean austral
summer (DJF) and winter (JJA) data were averaged
from December/January/February (90 model days) and
June/July/August (92 model days), respectively. Addi-
tional GCM fields analysed included surface-atmo-
sphere sensible and latent heat fluxes, surface

Table 3

albedo, and sea ice and snow cover fractional extent
and thickness. Areal averages were calculated for
comparison between geographic areas (to account for
the spatial shrinking of model grid cells near the South
Pole); however, raw averages were used for signifi-
cance testing. Student’s z-test was applied to the model
data to confirm significant differences between the
EVER and TUND climatologies.

5.1. Antarctic climate sensitivity to vegetation boundary
conditions

5.1.1. Preglacial (3x CO) and interglacial (2x CO,)
orbital experiments

Modelled mean annual temperature (MAT) data for
the interglacial 2 X CO, scenarios indicate that a blanket
TUND vegetation across Antarctica results in a signif-
icantly cooler climate over much of the landmass (on
average by 1.2 °C) than if Antarctica was covered in
EVER (Fig. 4, Table 3). In a warm preglacial climate
(3% CO,) with identical orbital configuration, mean
annual temperatures are ~5 °C warmer than the cooler
2Xx CO,, interglacial scenario (Table 3). Both EVER
and TUND interglacial climates (with relatively limited
continental ice sheets and a warm summer orbital con-
figuration) are above 0 °C on average during the sum-
mer (Fig. 5, Table 3). In the warm preglacial scenario,
mean summer temperatures reach 7.4 °C in the EVER
climate and 5.8 °C in the TUND climate. As expected,
the influence of tundra versus evergreen forest vegeta-
tion evident in mean seasonal temperature comparisons
is greatest during the spring and summer months. Sig-
nificant summer continental-averaged cooling is 2.5 °C
in the 2X CO, interglacial scenario and 1.6 °C in the
3X CO, scenario (Fig. 5). During austral summer,

Model simulation results for near-surface temperature and precipitation rate averaged from 10 model years for the land area of Antarctica

Near-surface temperature (°C)

Precipitation rate (mm/yr)

MAT DJF JJA MAP DIJF JIA

2 X COy: Interglacial TUND —12.5 1.6 —-20.9 423 86 109
EVER —113 4.1 —21.5 442 99 114

Difference —-12 —-2.5 0.6 —19 —13 -5

Glacial TUND —26.8 —17.6 —334 219 58 54

EVER —25.1 —15.7 -31.9 318 60 80

Difference —1.7 —-19 —-15 —99 -2 —26

3xCO;y: Preglacial TUND -7.1 5.8 —15.0 475 97 127
EVER —6.1 7.4 —14.6 518 115 135

Difference - 1.0 —-16 —04 —43 —18 -8

TUND minus EVER results are quoted as ‘Difference’ and are all >99% significant based on Student’s z-test analysis of the raw averages.
EVER= needle leaf evergreen forest, TUND= tundra. MA*, mean annual; DJF, mean summer; JJA, mean winter; T, temperature; P, precipitation.
All figures are areal averages taking into account the spatial shrinkage of model grid cell area towards the South Pole. All data is rounded to one

decimal place.
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a 3XCO2 preglacial EVER TUND TUND-EVER

»

b 2XCOz2 interglacial EVER

€ 2XCOz2 glacial EVER TUND TUND-EVER

—
60-30-20-10 -5 0 5

°C

Fig. 4. Simulated mean annual two-metre surface temperature (°C) and differences for tundra (TUND) and evergreen (EVER) cases. (a) 3X CO,,
small ice sheets and a warm austral summer orbit, (b) 2xX CO,, medium ice sheets and a warm austral summer orbit, and (c) 2% CO,, a large
continental-scale ice sheet and a cold austral summer orbit are used to represent ‘preglacial” late Eocene, ‘interglacial’ early Oligocene, and ‘glacial’
early Oligocene conditions, respectively. As in subsequent figures, thick black lines show the continental outline and interior ice sheet extent.
Differences (right) are shown as the TUND case minus EVER to show the magnitude of tundra-induced cooling over high southern latitudes.
Colour shading is limited to regions with temperature differences greater than 1 °C. Differences under non-stippled areas are statistically significant
at the 95% confidence level as determined by Student’s z-test.
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Fig. 5. Simulated austral summer (DJF) two-metre surface temperature (°C) shown as zonal means over land and ocean (left) and differences (right)
for the EVER and TUND cases as in Fig. 4. Zonal mean temperatures show the direct influence of evergreen (dashed red line) versus tundra (solid
red line) vegetation over ice-free continental regions, and indirect effects on high-latitude sea surface conditions.
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cooling is >4 °C across large regions of the continental During the Spring, particularly prior to snow melt,
interior. This tundra-induced cooling effect is reflected most of the ice-free areas have albedo values up to
in the much higher albedo of the Antarctic landmass in 0.8, whereas this decreases to 0.2 in the EVER climate
the TUND climate of both CO, scenarios (Fig. 6). (Fig. 6). This is consistent with prior palaeoclimate-

a 3XCO2 preglacial EVER

TUND

b 2XCO2 interglacial

EVER

C 2XCO2 glacial

— I E—
01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

Fig. 6. Austral spring (SON) albedo calculated by the model in response to the distribution of spring snow cover, sea ice, and land surface
conditions for the EVER (left) and TUND (right) cases.
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vegetation studies (DeConto et al., 1999a,b; Dutton and
Barron, 1996; Otto-Bliesner and Upchurch, 1997)
where the effect of vegetation type on vegetation-atmo-
sphere heat exchanges and land surface albedo is shown
to be most prominent during the spring and summer
months while the effect of roughness length on turbu-
lent mixing in the boundary layer occurs all year. The
albedo effects clearly dominate however, as reflected in
the model results where the TUND cooling effect of up
to 2.5 °C during the interglacial summer could have a
potentially significant impact on the survivability of
snow patches throughout the year and consequent ice
sheet development. This is especially true in the 2X
CO, interglacial case (Fig. 5b) where tundra-induced
summer cooling maintains zonal mean Antarctic tem-
peratures close to or just below zero. In contrast, sum-
mer temperatures in the EVER case are generally well
above zero and therefore unfavourable for perennial
snow cover and glaciation. In contrast to the summer

a 2xCOz interglacial

cooling effect of tundra, during the winter months the
TUND climate exhibits smaller, but statistically signif-
icant warming in the 2X CO, interglacial scenario
(Table 3). In some areas the warming is between 2
and 4 °C. This is likely in response to the longer
roughness length of the higher stature evergreen forest
vegetation and its influence on turbulent mixing and
sensible heat flux. This seasonal warming decreases the
mean annual cooling effect of tundra vegetation across
the Antarctic landmass (Fig. 4). Nonetheless, tundra-
induced cooling clearly dominates and extends well
offshore; decreased sea surface temperatures, especially
during the summer and in the 2x CO, scenarios (Figs.
4 and 5), increasing seasonal sea ice extent and thick-
ness in the seaway between East and West Antarctica
(e.g., Fig. 7). The effect of tundra vegetation on South-
ern Ocean sea surface temperatures and sea ice com-
bined with the seasonal thermal inertia of the ocean
extends the zonal mean cooling effect into the winter

EVER

— —
0.0 01 0.2 0.4 0.6 0.8 1.0 5.0 10.0 50.¢4

Fig. 7. Simulated, maximum austral spring (ASO) sea ice thickness (metres) for the interglacial (a) and glacial (b) 2X CO, scenarios, with EVER
and TUND continental vegetation. No seasonal sea ice forms in the 3X CO, cases (not shown).
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months (JJA) despite the lack of winter insolation and
vegetation-albedo feedbacks and despite the relative
winter-warming effects of tundra vegetation.

Regionally, the influence of vegetation type on mod-
elled climate in the more maritime Antarctic Peninsula
appears less prominent than in the Ross Sea region
where continental influences dominate. The Ross Sea
region, in both EVER and TUND 2x CO, interglacial
climates, is significantly cooler than the Antarctic Pen-
insula with an approximate 8.5 °C difference in MAT.
Mean annual temperatures in the tundra climate are
significantly cooler than the evergreen forest climate
throughout the year in both regions. In the Antarctic
Peninsula both EVER and TUND climates (—2.0 and
—3.0 °C MAT, respectively) are substantially warmer
than the mean annual temperatures for the entire con-
tinent (—12.5 and —11.3 °C) with both summer and
winter temperatures within 6.5 °C of zero. In the 3X
CO, preglacial scenarios, mean annual and seasonal
temperatures at the Antarctic Peninsula are again sig-
nificantly warmer than both the Ross Sea region and
Antarctica as a whole. Mean annual temperature even
in the TUND climate is above zero (1.7 °C) with mean
summer temperatures reaching 8.8 °C in the EVER
climate. The Ross Sea region mean annual temperatures
for both the EVER and TUND climates mirror that of
the whole continent (—6.1 and —7.1 °C, respectively),
although the mean summer temperatures are signifi-
cantly colder than the continental average.

Over the Antarctic landmass in all interglacial and
preglacial scenarios the annual precipitation rate is
moderate, between 1.16 and 1.42 mm/day (~400—
500 mm p.a.) (Table 3), and is within the range of a
modern boreal forest (taiga) biome with cold winters
(when precipitation falls as snow) and warm, humid,
but short summers. Overall, mean annual precipitation
is higher in the preglacial 3X CO, climates than the
interglacial 2x CO, climates and lower in the TUND
compared with the EVER scenarios, although in gen-
eral there is little significant difference (Fig. 8). Dur-
ing the 2X CO, interglacial scenarios the winter
season is slightly wetter with most of this precipitation
falling as snow. The influence of vegetation type on
Antarctic mean annual precipitation rate is greatest in
the 3x CO, preglacial climate with the TUND climate
having 0.12 mm/day (43 mm p.a.) less on average
than the EVER climate. In contrast, only 0.05 mm/day
(19 mm p.a.) less on average falls with tundra vege-
tation in the 2x CO, interglacial climate. Higher
average regional precipitation in the Antarctic Penin-
sula and Ross Sea region than the continent-wide
average is consistent with coastal regions being wetter

a 3XCOz2 preglacia

| | )
3.0-2.0-1.0-0.5-0.2 0.0 0.2 0.5 1.0 2.0 3.0
mm/day

Fig. 8. Differences (TUND minus EVER) in simulated mean annual
precipitation rate (mm/day). Precipitation differences are shown for
(a) the 3X CO, and (b) 2% CO, interglacial cases described in the text.
Colour shading is limited to regions with precipitation differences
greater than 0.2 mm/day. Differences under non-stippled areas are
statistically significant at the 95% confidence level as determined by
Student’s ¢-test.

than the interior, a situation relevant to 34 Ma as well
as modern geography.

Mean annual sensible and latent heat fluxes over the
whole of Antarctica during both the 2x CO, intergla-
cial and 3x CO, scenarios are generally upward (pos-
itive) and significantly lower in the TUND than the
EVER climate (e.g., Fig. 9). As expected, significant
seasonal variability in sensible heat flux occurs in both
the TUND and EVER climates with higher positive
flux during the summer. During the summer months,
tundra vegetation particularly in the interior of conti-
nental East Antarctica, causes a significantly lower
upward sensible heat flux than evergreen forest due in
part to the lower temperatures of the single lower
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Fig. 9. Differences in simulated seasonal heat and radiative fluxes (W/m?) for the 2x CO, interglacial case with EVER versus TUND vegetation.
Differences, shown as TUND minus EVER, are calculated for (a) upward sensible heat flux, (b) upward latent heat flux, and (c) downward net
radiation at the surface. Differences under non-stippled areas are statistically significant at the 95% confidence level as determined by Student’s 7-test.

canopy. Maximum summer values of over 50 W/m? presence or absence of sea ice. Comparing sensible heat
occur in the ice-free region east of the Pensacola Moun- flux between the EVER and TUND climates indicates a
tains in the EVER climate, however, as expected the much greater effect in the summer than the winter
offshore influence of vegetation type on heat flux is months in both the 2X CO, interglacial and 3x CO,

insignificant except in places where it influences the cases, with reductions in sensible heat flux >30 W/m?
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in some regions. The model results for both CO, cases
and vegetation types yield a lower latent heat flux
during these winter months consistent with a lack of
evapotranspiration during the Polar Night and a lower
specific humidity gradient. In all of the TUND cases
latent heat flux is significantly reduced compared with
the EVER case in every season particularly during
summer over ice-free regions (e.g., Fig. 9). Vegetation
type has the largest influence on latent heat flux in the
3x CO, scenario due to the higher rates of evapotrans-
piration associated with a warmer environment.

Vegetation-albedo/cooling effects on downward net
surface radiation are clearly seen in the 2x CO, inter-
glacial simulations (Fig. 9c) where net radiation is
reduced by 10-40 W/m? over most of ice-free conti-
nental interior and over ocean regions with increased
sea ice fractional cover and thickness.

5.1.2. Glacial (2x CO;) orbit experiments

As expected the simulated glacial climate condi-
tions in the south polar region for both EVER and
TUND scenarios are much colder and drier than the
preglacial and interglacial experiments (Table 3, Figs.
4 and 5). The glacial climate mean annual tempera-
tures are ~14 °C cooler than the interglacial climate
for both vegetation types with a much higher overall
albedo due primarily to the direct snow-masking effect
of a more extensive ice sheet (Fig. 6). The magnitude
of the difference between the glacial and interglacial
EVER and TUND temperatures is similar, but with a
slightly different response to the change in Antarctic
vegetation. Overall, the influence of tundra vegetation
in a glacial scenario cools the mean annual tempera-
ture of the Antarctic landmass by 1.7 °C. Surprisingly
this is slightly more than in the interglacial climate
(1.2 °C) due to a continued tundra cooling effect
during the winter. During the summer months when
temperatures are important with respect to the surviv-
ability of snow and ice, tundra cools the land area
significantly, by 1.9 °C on average, in comparison to
evergreen forest although this effect is less compared
to the interglacial climate (2.5 °C cooling) due to a
smaller vegetated ice-free area (Fig. 5). The maximum
effect of tundra vegetation on the glacial climate
occurs during the spring with 2.2 °C of cooling com-
pared to the evergreen forest scenario across Antarc-
tica. This slight reduction in the influence of
vegetation type on the glacial model climate compared
to the interglacial climate is expected due to a more
extensive ice sheet, generally colder temperatures and
less land area available for vegetation influences. In
the natural world, colder glacial climate would reduce

the geographic range of vegetation cover and therefore
evapotranspiration rates and latent heat flux between
the land surface and the atmosphere. As in the inter-
glacial climate the tundra cooling effect in the glacial
scenario decreases Southern Ocean sea surface tem-
peratures significantly and increases the fractional
cover of sea ice, which forms in both EVER and
TUND climates mostly in the seaway between East
and West Antarctica and around the Victoria Land
coast (Figs. 4 and 7).

Regionally, mean annual temperatures on the Ant-
arctic Peninsula are ~18 °C warmer in both EVER and
TUND scenarios (—6.2 and —8.8 °C, respectively)
than the mean annual temperature for the entire Ant-
arctic continent (—25.1 and —26.8 °C). In the Ross Sea
region, mean annual temperatures are again more influ-
enced by continental effects and are much closer to the
continental average at —21.8 °C (EVER) and —23.2 °C
(TUND). Mean summer temperatures in the Ross Sea
for both vegetation types are — 12 °C (EVER) and — 13
°C (TUND) compared to the near zero mean summer
temperatures of the Antarctic Peninsula region at 0.1
and — 1.6 °C. Mean winter temperatures plummet to
—30 °C for both EVER and TUND climates in the
Ross Sea region and to —11.3 °C (EVER) and —14.7
°C (TUND) in the Antarctic Peninsula.

Precipitation rates are significantly lower in the gla-
cial climates compared with the interglacial and preg-
lacial climates (Table 3). In addition, the glacial EVER
climate is wetter than the glacial TUND climate by 0.27
mm/day (99 mm p.a.) mean precipitation, however,
summer precipitation remains similar in each of the
different vegetation cases. The highest precipitation
rates occur during the austral autumn. Model mean
annual precipitation data suggests a wetter glacial cli-
mate on the maritime Antarctic Peninsula (400 mm p.a.,
EVER; 274 mm p.a., TUND) compared to the mean
annual precipitation rate for the whole of the Antarctic
continent (318 mm p.a.; 219 mm p.a.).

5.2. Model versus proxy palaeoclimate

This study focuses on the model data for the
terrestrial areas south of 60° Latitude. Additional in-
formation from model-data comparisons could be de-
rived in the future from expanding the analysis north
with additional proxy data without the need to run
additional simulations.

To compare the quantitative palacoclimate interpre-
tations from the Antarctic fossil plant record spanning
the E/O boundary (Table 1, Fig. 2) with the modelled
34 Ma climates for the terrestrial regions of Antarctica,
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the model data need to be simplified. The six model
experiments represent contrasting preglacial (3x CO,)
and glacial/interglacial (2x CO,) scenarios with dis-
tinct ice sheet and orbital configuration boundary con-
ditions based on prior coupled GCM-ice sheet
simulations across the Oil transition (DeConto and
Pollard, 2003a). While we use idealised orbital values
within the assumed range of Cenozoic eccentricity and
obliquity (Berger and Loutre, 1991; Laskar et al., 2004)
it is supposed that average Antarctic conditions during
the earliest Oligocene consisted of some combination of
the 2x CO, model climatologies. Further, the two
different simple vegetation boundary conditions
(EVER and TUND) used to test the model sensitivity
to Antarctic vegetation type are necessarily over-sim-
plistic compared with a more realistic distribution of
carliest Oligocene Antarctic biomes. Differences in
environmental conditions across the landscape, e.g., in
altitude, aspect, soil type and drainage, would have
occurred as they do in modern vegetated environments.
This would have resulted in a mosaic of vegetation
communities across the ice-free areas of the continent
(if the climate was warm enough for vegetation growth)
each with their own level of temperature and moisture
feedback to the climate. Therefore, the EVER and
TUND model biomes for all paired scenarios are com-
bined for proxy comparative purposes. The model data
are therefore simplified by averaging model tempera-
ture and precipitation data for both the 2X CO; and 3 X
CO, scenarios (to incorporate mixed vegetation, ice
sheet and orbital configurations) to produce two sets
of summary figures for comparison with the available
proxy data (Table 4).

The range of quantitative palacoclimate temperature
and precipitation figures available from studies on the
Antarctic fossil plant record from the latest Eocene

Table 4

through the Oligocene floral ‘transition zone’ is sum-
marised in Table 4 (refer also to Table 1 and Fig. 2).
The results indicate that mean annual temperature in the
combined 2x CO, scenario models is ~7 °C colder than
the minimum proxy temperature and —20 °C below the
mid-point. Mean summer and especially winter tem-
peratures reach 24 °C colder than the proxy minimum.
A similar comparison occurs within the key regional
areas with simulated mean annual temperatures closest
to the proxy range in the Ross Sea region, which are ~5
°C colder than the proxy minimum. In the model, mean
annual temperatures on the Antarctic Peninsula are 10
°C colder than the proxy data. However, the averaged
3X CO, model temperatures are in good agreement
with the proxy record and are within the proxy temper-
ature range for mean annual temperature (at 5 °C
warmer than the minimum) and mean summer temper-
ature (3 °C warmer than the minimum) continent-wide.
Simulated mean winter temperatures are again signifi-
cantly colder than the proxy range, however, the min-
imum mean winter proxy temperatures may represent
even lower temperatures due to uncertainties in the
modern analogue interpretation. Regionally, the 3 X
CO, mean annual temperatures also agree well with
the proxy record. In the Ross Sea region the model
mean annual temperature is within the proxy range and
it is only 3 °C colder than the minimum proxy temper-
ature in the Antarctic Peninsula region. Simulated mean
summer temperatures are only 3 °C colder in the Ross
Sea region.

Both the 2x CO, and 3Xx CO, simulations appear to
significantly underestimate the precipitation rate in the
Antarctic Peninsula region (Table 4) suggesting that the
modelled climate is too dry in the coastal regions of
Antarctica. However, the range of modern analogue
data for this climatic parameter is broad and we only

Comparison of combined results from the model simulations with quantitative palacoclimate data summarised from the Antarctic latest Eocene to

Oligocene plant fossil record

Whole of Antarctica

Ross Sea region

Antarctic Peninsula region

Near-surface temperature Precipitation
(°C) rate (mm)

MAT DIJF JJA MAT DIJF JJA MAT DIJF JJA MAP
Model summary' 2XCO, —19 -7 —-27 —-17 -8 -23 -5 1 —-10 350
3xXCO, -7 7 —15 -7 1 —11 2 8 -1 496

Proxy range’ —12t015 4t012 <-3to7 —12t05 4t012 <—-3to7 5tol5 nd nd 6004300
Combined model data 2xCO, —7 —11 <-24 -5 —12 <-20 —10 nd nd —250
(") minus proxy data 3 x CO, 5 3 <-12 5 -3 <-8 -3 nd nd —104

minimum (%):

Model figures are derived from areally averaged data across the Antarctic continent from each of the six experiments as described in the text;
combining the effects of the different prescribed boundary conditions. For sources of proxy data refer to Table 1. Model figures are rounded to the
nearest integer for ease of comparison with the proxy data. nd= no data.
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have comparable proxy data from the Antarctic Penin-
sula, which the modelling suggests has a significantly
different climate to the Ross Sea region and the conti-
nental averages. Furthermore, medium-resolution spec-
tral GCMs do a poor job representing the steep
orographic slopes of coastal margins especially with
regards to precipitation. Therefore, in terms of precip-
itation an estimate of the model’s success over the
broader Antarctic remains equivocal.

Throughout these model-proxy data comparisons it
must be emphasised that the comparison of model data
with the proxy record relies heavily on the accuracy of
palaeoclimate interpretations from fossil plant assem-
blages. In the Antarctic these are sparse and have
relatively low diversity in the floral ‘transition zone’
across the E/O boundary. So, a larger proxy dataset
would significantly improve model calibration and
boundary conditions. Palaeobotanical techniques are
becoming increasingly sophisticated for extracting
quantitative information from fossil plants, which can
only serve to improve the empirical testing of GCMs in
the future.

6. Discussion

Altering vegetation type across Antarctica between a
needle leaf evergreen forest and low stature tundra
vegetation has important effects on all the simulated
climates. The significant cooling effect of tundra versus
evergreen forest vegetation of up to 2.5 °C during the
interglacial summer months supports the importance of
vegetation feedbacks during glaciation transition seen
in previous studies (e.g., Bonan et al., 1992; DeConto
and Pollard, 2003a; Dutton and Barron, 1996; Robin-
son and Kukla, 1985). With a predominantly evergreen-
forested Antarctica a significant warming effect could
potentially delay the initiation of a continental-scale ice
sheet due to enhanced summer ablation. Quantification
of this potential delay on ice sheet initiation due to
vegetation type is currently being analysed in coupled
GCM-ice sheet-vegetation simulations for the same
period. Vegetation-climate feedbacks would presum-
ably become even more significant for Antarctic
palaeoclimate in model scenarios closer to the glacia-
tion threshold level of greenhouse gases, suggested by
previous studies to be ~2.4— 2.8 X CO, (DeConto and
Pollard, 2003b). Thus, the implications of significant
vegetation-climate feedbacks are potentially crucial for
coupled GCM-ice sheet modelling. For example, the
cooling effects of tundra recognised in this study sug-
gest that a prescribed 100% tundra land surface could
allow an ice sheet to form at relatively high levels of

atmospheric greenhouse gas concentrations. It is also
noteworthy that the seasonal cooling in the continental
interior caused by a replacement of evergreen vegeta-
tion with tundra is greater than that caused by the
opening of the Tasmanian Gateway in a coupled
AOGCM simulation of the Eocene (Huber et al.,
2004) and a 20% reduction in poleward ocean heat
transport in a slab-ocean GCM simulation of the Eo-
cene—Oligocene boundary (DeConto and Pollard,
2003b). This suggests that climate feedbacks related
to shifting terrestrial ecosystems may have been as
important during the Oil transition as the effects of
opening Southern Ocean gateways, long assumed to be
the most important contributor to Palacogene Antarctic
cooling (Kennett, 1977).

Prior coupled GCM-ice sheet model simulations
suggesting the CO, threshold for widespread Antarctic
glaciation was ~2.4— 2.8 X CO, used the same atmo-
spheric model component as this study (DeConto and
Pollard, 2003b). While climate sensitivity to CO, is
model-dependent, comparison of these results using
2x and 3x CO, with our proxy estimates from the
vegetation record gives us some idea as to the reason-
ableness of simulated Antarctic climate around the time
of the Greenhouse—Icehouse transition.

Comparing the average temperatures for the whole of
Antarctica from each of the model experiments to the
proxy fossil plant record and then combining the effects
of vegetation type and orbital configuration, the 2x CO,
model climates are significantly cooler, while the 3 X
CO, climate agrees well with the proxy temperature
ranges. The growing conditions suggested for the sur-
vival of Nothofagus beardmorensis, a prostrate woody
beech species described from the Ross Sea region Sirius
Group deposits (not included in the proxy record for this
study due to disputed age control), include a minimum
winter temperature of —22 °C and a mean annual tem-
perature of — 12 °C (Cantrill, 2001). The GCM 2x CO,
interglacial temperatures are at the minimum required
for survival of this extinct species with a mean annual
temperature (continent-wide) of —11.3 °C (EVER) and
—12.5 °C (TUND) and mean winter temperatures of
—21.5 and —20.9 °C, respectively. Regionally, these
criteria for growth are only comfortably met in the
Antarctic Peninsula during these interglacial times sug-
gesting that distribution of these low-growing (in com-
parison to tall stature trees) woody plants would be
severely restricted over much of the continent with
only the relatively far north and maritime Antarctic
Peninsula providing a suitable climate for growth. It is
interpreted, however, from the fossil record of the Ross
Sea region that Nothofagus and other woody vegetation
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such as podocarps were significant components of the
regional vegetation at the time of ice sheet initiation and
may have formed a low scrub or closed forest of inter-
mediate stature between that of the Eocene and the
limited late Oligocene to early Miocene vegetation
(Raine and Askin, 2001). The preglacial 3x CO,
model data, however, even in the TUND simulations
provide more equable temperatures continent-wide and
are well within the suggested growing conditions for
Nothofagus beardmorensis. Mean annual temperatures
of —6.1 °C (EVER) and —7.1 °C (TUND) are ~5 °C
above the suggested mean annual temperature criteria
and mean winter temperatures are ~7 °C above the
minimum suggested. The Antarctic Peninsula region
may well have even been too warm for this prostrate
species with mean annual temperatures above zero and
mean summer temperatures reaching ~9 °C in the EVER
climate. The fossil record suggests the presence of a
Nothofagus-dominated forest with conifers, ferns, Pro-
teaceae and other angiosperms growing during the Eo-
cene to earliest Oligocene in the Antarctic Peninsula
region (Askin, 1997).

The GENESIS GCM therefore appears to be simu-
lating too cold a climate at 34 Ma with 2xX CO, to
support significant woody vegetation across Antarctica
as seen in the empirical record. However, temperatures
more comparable with the fossil record are simulated in
the 3x CO, scenario suggesting that the GCM is
producing realistic climates for the period prior to the
Oil transition.

There may be several reasons for cooler than
expected climates simulated for the earliest Oligocene
interglacial scenario, which might also affect the accu-
racy of the 3x CO, simulations. These include our
choice in prescribed ice sheet configurations, orbital
parameters, or issues with the comparative proxy infor-
mation. For example, only two orbital configurations
out of a possible five from DeConto and Pollard’s
(2003b) synthetic 40 kyr orbital cycle were chosen
for this study — a ‘cool, interglacial’ and a ‘cold,
glacial’ scenario. While producing warmer austral sum-
mer temperatures than our glacial climate scenarios we
note that the orbital parameters used to represent
‘interglacial’ conditions are on the cool side of the
full range of possible Cenozoic orbital configurations
and likely contribute a cold bias to our model results.
Considering the sensitivity of Antarctic climate to the
prescribed boundary conditions used in these experi-
ments, additional simulations should be run using a
broader representation of orbital parameters to see if
any of the resulting model climates were closer again to
the proxy palacoclimate data from fossil plants.

In addition, the static vegetation boundary condi-
tions forming the mainstay of the experimental design
relied on the choice of appropriate biome categories.
Within the limitations of the scheme, however, it was
not possible to recognize the broad-leaved or deciduous
components of the 34 Ma vegetation recognized in the
Antarctic fossil plant record. This may have a signifi-
cant effect on the modelled climate due to seasonal
changes in albedo and surface to atmosphere heat
exchanges. Future refinements to these experiments
should therefore include additional vegetation biomes
reflecting more accurately the communities in the fossil
record. In addition, enhanced flexibility over the reso-
lution of community distribution, not only across the
south polar landmass, but the remaining terrestrial
regions of the globe would improve vegetation bound-
ary conditions. Dynamic coupling of a complex vege-
tation model with the GCM would let the modelled
climate and vegetation communities evolve together
allowing a more complete analysis of vegetation-cli-
mate feedbacks and richer model-data comparisons.

Further, inherent assumptions in model boundary
conditions for which no fossil record exists have to
be based by necessity on modern or poorly constrained
values. An obvious example is our reconstruction of
global palacogeography and more specifically, ancient
Antarctic palaeotopography. Similarly, the prescription
of ice shelves are not included in the model simulations,
which could result in even colder modelled climates
over the regions where the model and data are com-
pared. However, the existence and extent of early Ol-
igocene ice shelves is unknown.

Despite the uncertainties discussed above the results
from this study suggest that the GENESIS GCM suc-
cessfully simulated Antarctic climate for conditions
representative of a time just prior to the development
of a permanent East Antarctic ice sheet ~34 Ma. Fur-
thermore, the choice of 2x and 3x CO, experiments
does appear to span the presumed range of CO, values
around the time of this Oil transition lending some
confidence in the assumptions made in prior coupled
GCM-ice sheet simulations of the event (e.g., DeConto
and Pollard, 2003b).

7. Summary

This study contributes to the investigation of palaeo-
climate during the initiation of the East Antarctic Ice
Sheet ~34 Ma by comparing GCM simulations with
contemporaneous information derived from the proxy
fossil plant record. Covering the polar landmass of
Antarctica with first needle leaf evergreen trees then
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tundra tested the sensitivity of Antarctic climate to
different simple static vegetation boundary conditions.
The polar vegetation categories were chosen to reflect
the change in composition of the fossil plant assem-
blages throughout a ‘transition zone’ described across
the E/O boundary from an evergreen mixed broadleaf
and needle leaf temperate forest to a tundra/low shrub
community. Preglacial, interglacial and glacial model
scenarios were modelled using idealized orbital para-
meters and related ice sheet configurations, 2x and 3 X
pre-industrial atmospheric levels of CO, and 34 Ma
palacogeography.

Simulated preglacial and interglacial climates pro-
duced mean summer temperatures above zero degrees
Celsius continent-wide with the preglacial 3x CO,
climate ~5 °C warmer on average. Precipitation is
moderate across the continent at 400-500 mm p.a. in
these scenarios and comparable to the modern day taiga
biome. Regionally, the Ross Sea region mean tempera-
tures compare closely to continent-wide means, how-
ever, the Antarctic Peninsula models significantly
warmer than continental averages as expected due to
its more northerly position and maritime influences.
The glacial climates (2% CO,) are significantly colder
and drier than the preglacial and interglacial scenarios.

The importance of high latitude vegetation-atmo-
sphere feedbacks to modelled palaeoclimate in the
south polar region has been demonstrated by the
observation of statistically significant differences in
near-surface temperature, precipitation rate and sur-
face-atmosphere heat exchanges over the Antarctic
landmass. Preglacial and interglacial mean annual tem-
peratures across Antarctica are on average ~1 °C
cooler, ~4 °C cooler in ice-free areas, with a tundra
rather than a needle leaf evergreen forest vegetation
covering the continent. The influence of vegetation
type is greatest during the spring and summer with
continental cooling up to 2.5 °C with tundra compared
with evergreen forest vegetation in the interglacial
scenario. The large effect on summer temperature
would likely have significant implications for the
development of a continental-scale ice sheet in a
scenario of global cooling as presumed to have oc-
curred around the Eocene—Oligocene boundary. The
tundra cooling effect is mostly due to the enhanced
albedo of tundra cover compared to forest, particularly
in snow-covered regions. Sensible and latent heat
fluxes are generally lower with tundra vegetation
across the continent in all simulations, as is net down-
ward radiation. In austral winter in the interglacial
scenario, the tundra case is slightly warmer than the
evergreen forest case, however, the winter warming is

more than offset by the summer cooling effect. South-
ern hemispheric winter temperatures remain cooler
overall in the tundra case despite the regional winter
warming. This appears to be due to the seasonal lag of
high latitude sea surface temperatures, which remain
cooler in the tundra than in the evergreen forest case
throughout the year. The tundra vegetation simulations
also exhibit significant expansion in coastal sea ice,
further enhancing and spatially propagating the albe-
do-related cooling feedbacks associated with the
spread of tundra.

The glacial (cool austral summer orbits and bigger
continental ice sheets) climates are colder and drier
than the preglacial and interglacial climates with sig-
nificantly different model sensitivity to the vegetation
boundary conditions. At 2x CO,, the temperatures
suggest that woody vegetation may not survive across
most of the continent, perhaps being restricted to the
relatively mild Antarctic Peninsula region. However,
prior coupled GCM-ice sheet simulations have shown
that the continent would be fully glaciated at 2x CO,
anyway. Sensible heat fluxes are similarly lower with
south polar tundra in the glacial model as in the
interglacial, but latent heat fluxes with both vegetation
types are significantly lower in the glacial scenario.
Modelled mean annual precipitation for interglacial
and glacial experiments is comparable to the modern
taiga biome.

Quantitative palacoclimate information is sum-
marised from the literature for fossil plant assemblages
described from the Antarctic Peninsula and Ross Sea
regions and divided into three zones: Late Palacocene
to the end of the Middle Eocene— Evergreen, mixed
broadleaf and needle leaf temperate forests; Late Eo-
cene to earliest Miocene-transition: Low-diversity for-
est to shrubland to tundra/low shrub; and Early
Miocene—-Tundra/low shrub. These vegetation zones
reflect an overall climatic cooling throughout the late
Palaeocene to earliest Miocene. Climate model tem-
perature and precipitation data from the four experi-
ments are summarised and combined to reflect more
realistic mixed vegetation and orbital boundary condi-
tions and compared with the proxy ranges derived
from modern analogue analysis. The 2x CO, model
results are shown to be much colder than the mini-
mum proxy temperatures (on average by 7 °C) conti-
nent-wide, but particularly during the winter (by 24
°C). Further, the Antarctic Peninsula precipitation rate
is 250 mm p.a. less than the minimum proxy data
suggests. In contrast, the 3X CO, model results are in
good agreement with the proxy data, so providing a
realistic Antarctic climate for conditions just prior to
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the Oil transition. Mean annual (—7 °C) and mean
summer (7 °C) temperatures continent-wide are within
the suggested empirical ranges (— 12 to 15 °C and 4 to
12 °C, respectively). Regionally, modelled mean an-
nual temperature for the Ross Sea region (—7 °C) is
also within the proxy data range (—12 to 5 °C) and
with comparable figures modelling only slightly colder
(3 °C) than the minimum proxy temperatures in the
Antarctic Peninsula. The closest model scenario to the
proxy record of palacoclimate is the preglacial, ever-
green forest simulation, although modelled winter tem-
peratures are still significantly colder. This 3x CO,
case provides comfortable growing conditions sug-
gested for woody vegetation across the continent,
even in the tundra climate, based on suitable criteria
interpreted for the survival of Nothofagus beardmor-
ensis from the Sirius Group. These results remind us
that model data and proxy data comparisons rely on
modern analogue interpretations from the sparse Ant-
arctic fossil record that are difficult to constrain due to
the inherent differences, despite apparent similarities
in taxonomy and diversity, between vegetation grow-
ing ~34 Ma and in the present day.

The two different CO, levels applied to the 34 Ma
simulations in this study were chosen to represent
assumed greenhouse gas levels in the atmosphere
prior to (3x CO,, ‘Greenhouse’) and following (2X
CO,, ‘Icehouse’) the Oil transition. These chosen
levels were based on prior work, which identified a
critical glaciation threshold for this period at atmo-
spheric levels of CO, between 2.5 and 3 times pre-
industrial levels (280 ppm). Certainly, within this range
of CO, concentrations, vegetation type appears to have
a significant effect on Antarctic continental climate
even if CO, is the dominant contributing factor to
climate change at the E/O boundary as indicated by
prior modelling studies (e.g., DeConto and Pollard,
2003b; Huber et al.,, 2004). Interestingly, vegetation
type appears to have a greater effect, on temperature
in particular, in the glacial 2x CO, case compared with
the preglacial and interglacial orbital forcing scenarios.
Vegetation type may have an even more pronounced
effect on climate, particularly on snow accumulation
rates, closer to the critical CO, level for ice sheet
initiation at the E/O transition, which in this GCM
may be nearer 2.8 X CO,. The climatic influence of
vegetation cover on Antarctic interior climate is greater
than that shown in model simulations of open versus
closed Southern Ocean gateways, suggesting climate-
vegetation feedbacks may have played an important
role in the Oil transition and subsequent Cenozoic
climatic events on Antarctica.

Future work will involve the interactive coupling of
dynamic vegetation models with higher resolution cov-
erage of diverse biomes and additional investigation of
the tundra cooling effect. Quantification of the poten-
tially important vegetation-climate feedbacks on
Palacogene ice sheet development described in this
study awaits the results of additional modelling using
coupled climate-ice sheet-vegetation models. This will
test the cooling feedback effects of a needle leaf ever-
green forest to tundra vegetation transition across Ant-
arctica on the timing of the initiation of an extensive
East Antarctic Ice Sheet. The results from this future
work will allow a better assessment of the relative
importance of vegetation-climate feedbacks compared
with previously identified critical forcing factors such
as greenhouse gas concentrations, orbital forcing, ocean
gateways (e.g., the Drake and Tasmanian Passages) and
mountain uplift.
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