Clim. Past Discuss., 9, 5701-5745, 2013 Climate 9
[0}

www.clim-past-discuss.net/9/5701/2013/ 3
doi:10.5194/cpd-9-5701-2013 of the Past g CPD
© Author(s) 2013. CC Attribution 3.0 License. Discussions & 9, 5701-5745, 2013

Modelled CO»
threshold for
Antarctic glaciation

Uncertainties in the modelled CO,

E. Gasson et al.

threshold for Antarctic glaciation

Title Page

L

E. Gasson1‘2, D. J. Lunt3, R. DeContoz, A. Goldner4, M. Heinemanns, M. Huber4‘*,
A. N. LeGrande®, D. Pollard’, N. Sagoo®, M. Siddall', and A. Winguth® Abstract

Introduction

'Department of Earth Sciences, University of Bristol, UK Conclusions i References

2Climate System Research Center, University of Massachusetts, Amherst, USA
3School of Geographical Sciences, University of Bristol, UK

4Earth, Atmospheric, and Planetary Sciences, Purdue University, USA
SInternational Pacific Research Center, University of Hawai'i, USA
®NASA/Goddard Institute for Space Studies, USA

’Earth and Environmental Systems Institute, Pennsylvania State University, USA
8Department of Earth and Environmental Sciences, University of Texas, USA Back
“now at: Department of Earth Sciences, University of New Hampshire, USA

Tables Figures

Close

Full Screen / Esc

Received: 19 August 2013 — Accepted: 30 September 2013 — Published: 17 October 2013
Correspondence to: E. Gasson (egw.gasson@gmail.com) Printer-friendly Version

Published by Copernicus Publications on behalf of the European Geosciences Union. TEEETE Dresvesian

Il

5701


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

A frequently cited atmospheric CO, threshold for the onset of Antarctic glaciation of
~ 780 ppmv is based on a study using an ice sheet model and the GENESIS climate
model. Proxy records suggest that atmospheric CO, concentrations passed through
this threshold across the Eocene—Qligocene transition ~ 34 Ma. However, atmospheric
CO, concentrations may have been close to this threshold earlier than this transi-
tion, which is used by some to suggest the possibility of Antarctic ice sheets during
the Eocene. Here we investigate the climate model dependency of the threshold for
Antarctic glaciation by performing offline ice sheet model simulations using the cli-
mate from a number of different climate models (HadCM3L, CCSM3, CESM1.0, GEN-
ESIS, FAMOUS, ECHAMS and GISS_ER). These climate simulations are sourced from
a number of independent studies, as such the boundary conditions, which are poorly
constrained during the Eocene, are not identical between simulations. The results of
this study suggest that the atmospheric CO, threshold for Antarctic glaciation is highly
dependent on the climate model used and the climate model configuration. A large dis-
crepancy between the climate model and ice sheet model grids for some simulations
leads to a strong sensitivity to the lapse rate parameter. However, with the exception of
HadCM3L and its reduced complexity version FAMOUS, the simulations suggest the
growth of an intermediate sized ice sheet (> 25 m sea level equivalent) for atmospheric
CO, concentrations in the range of 560-920 ppmv, which is consistent with previous
studies.

1 Introduction

The first continental-scale Antarctic ice sheet formed during the Eocene/Oligocene
transition (EOT) ~ 34 Ma (Zachos et al., 2001). The extent of Antarctic glaciation prior
to this event is disputed (e.g. Miller et al., 2005; Barker et al., 2007b; Gasson et al.,
2012). Although various explanations for the cause of Antarctic glaciation have been
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suggested, such as the formation of the Antarctic circumpolar current due to the open-
ing of ocean gateways (e.g. Kennett, 1977; Barker et al., 2007a), arguably the lead-
ing hypothesis at present is that Antarctic glaciation was caused by decreasing at-
mospheric CO, concentrations coupled with a favourable astronomical configuration
(DeConto and Pollard, 2003). This hypothesis is supported by both modelling studies
(DeConto and Pollard, 2003; Huber et al., 2004) and proxy records for atmospheric
CO, (Pagani et al., 2005, 2011; Pearson et al., 2009). A commonly cited threshold
for Antarctic glaciation of 2.8 x (~ 780 ppmv) pre-industrial CO, concentration (PIC) is
based on the modelling study of DeConto and Pollard (2003), who used an ice sheet
model asynchronously coupled to the GENESIS climate model. Proxy records of atmo-
spheric CO, suggest that this threshold of 2.8 x PIC may have been crossed at times
earlier than the EOT (Beerling and Royer, 2011), raising the possibility of glaciation ear-
lier than the this event, during the Eocene (Miller et al., 2008). Although other modelling
studies have also simulated Antarctic glaciation (e.g. Huybrechts, 1993; Langebroek
et al., 2009), there has been limited work investigating to what extent this 2.8 x PIC
threshold is dependent on the climate model used. Here we perform offline ice sheet
model (ISM) simulations using the climatology from a variety of GCMs (General Cir-
culation Models), including the GENESIS GCM used by DeConto and Pollard (2003),
to investigate the model dependence of the Antarctic atmospheric CO, threshold for
glaciation.

The basis for this inter-model comparison is the EOMIP (Eocene Modelling Intercom-
parison Project) (Lunt et al., 2012), which collated a number of pre-existing Eocene
GCM simulations (Heinemann et al., 2009; Roberts et al., 2009; Lunt et al., 2010;
Winguth et al., 2010; Huber and Caballero, 2011). This was an informal inter-model
comparison because it was based on a number of independent studies, as a result
the GCMs were not setup with identical boundary conditions (such as the astronomi-
cal configuration and palaeo-geography). Although this precludes a direct assessment
of model dependency, it is arguably more faithful to the true uncertainties associated
with modelling this period, which has poorly constrained boundary conditions (Lunt
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et al., 2012). In addition to the EoMIP simulations, we use additional Eocene simu-
lations from GENESIS, CESM1.0 (Goldner et al., 2013) and FAMOUS (Sagoo et al.,
2013). The aims of this paper are to perform ISM simulations using the climate output
from a variety of climate models (HadCM3L, CCSM3, CESM1.0, GENESIS, FAMOUS,
ECHAMS5 and GISS_ER), compare these results with existing modelling studies, and
to diagnose potential differences between the climate simulations used and sensitivity
of Antarctic ice sheet growth to the background mean climate states.

2 Methods
2.1 Model description

We use the Glimmer ISM in this paper, the mechanics of this model are documented
in Rutt et al. (2009). Glimmer follows the conventions of a number of previous large-
scale, whole ice sheet ISMs (e.g. Huybrechts, 1993; Abe-Ouchi and Blatter, 1993; Ritz
et al., 1996; DeConto and Pollard, 2003). It makes use of the shallow ice approximation
(SIA), a simplification of the ice sheet physics that significantly reduces computational
expense (Hutter, 1983). Although higher-order and full Stokes ice sheet models exist
(e.g. Morlighem et al., 2010; Seddik et al., 2012), their computational expense currently
prohibits their use for the very long duration (104—105 yr), whole ice sheet equilibrium
simulations conducted here. For example, Seddik et al. (2012) limited their simulations
of the Greenland ice sheet using a full Stokes model to 100 yr due to the computational
expense of the model. The use of the SIA approximation prohibits the accurate simu-
lation of ice streams or the transfer of mass across the grounding line from terrestrial
ice to floating ice shelves. In this paper we focus on the slow response of the large and
predominantly terrestrial East Antarctic ice sheet (EAIS) on long timescales. Because
of the lack of necessary dynamics in the ice sheet model used we make no attempt to
simulate a marine based West Antarctic ice sheet (WAIS). All of the simulations shown
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in this paper have no basal sliding. The ISM has a spatial resolution of 20km x 20km,
all simulations are initiated from ice-free conditions.

An offline forcing methodology is used, whereby the climatology from the climate
model (surface air temperature and precipitation) is used to force the ice sheet model
with no subsequent feedbacks, other than vertical lapse rate cooling, on the climate
system (e.g. Huybrechts and de Wolde, 1999; Lunt et al., 2008; Stone et al., 2010;
Dolan et al., 2012). A lapse rate adjustment is made to the temperatures due to the
spatial discrepancy between the GCM and ISM resolutions (e.g. Pollard, 2010). All of
the GCM simulations prescribe ice-free boundary conditions over the Antarctic (Lunt
et al., 2012). Previous modelling studies suggest that Antarctic glaciation generates
a number of feedbacks on the climate system, such as changes in surface albedo, sea-
ice and cloud cover (e.g. DeConto et al., 2007; Goldner et al., 2013), we acknowledge
the limitations of our methodology in representing these feedbacks. This methodology
differs from that used by DeConto and Pollard (2003), who asynchronously coupled an
ice sheet model to a climate model allowing an approximation of feedbacks from the
growth of an ice sheet on the climate system. Because we have included the GENESIS
GCM in our inter-model comparison we can compare our forcing methodology with the
more sophisticated asynchronous coupling. The mass balance scheme adopted is the
widely used positive-degree day (PDD) method (Reeh, 1991).

2.2 Bedrock topography

The Antarctic bedrock topography used within the ISM needs to be representative of
the ice-free conditions prior to the onset of glaciation. There are 4 bedrock topogra-
phies which we use for these simulations (see Fig. 1), our motivation for using multiple
bedrock topographies is to explore more fully the uncertainties associated with mod-
elling this period. The first topography used is the present-day Bedmap1 topography
(Lythe and Vaughan, 2001) with the ice sheet removed and accounting for isostatic ad-
justment (the approach adopted by DeConto and Pollard, 2003), which is our default
topography (we we denote as TOPO1). In addition we use the proprietary topography
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used by Lunt et al. (2010) for their GCM boundary conditions (here TOPO2) and the 2
reconstructed topographies of Wilson et al. (2012).

The EOT topographies generated by Wilson et al. (2012) attempt to take into account
the erosion, thermal subsidence and plate movements which have occurred since the
Eocene. The reconstructions make use of models for sediment erosion and thermal
subsidence. The sediment erosion models are constrained by observed sediment vol-
umes deposited around the Antarctic continent. Wilson et al. (2012) generated min-
imum extent (we denote as TOPOS3) and maximum extent (TOPO4) reconstructions
based on different target sediment volumes, due to uncertainties in offshore sediment
volumes. Wilson et al. (2012) do not claim that these are accurate reconstructions of
the Eocene/Oligocene topography, but argue that they are 2 plausible end-members.
Based on these reconstructions, the accommodation space of the Antarctic continent
would have been greater at the EOT than present. The total area above present-day
sea level is 12.4 x 108 km? and 13.0 x 10° km? for the minimum and maximum recon-
structions (Wilson et al., 2012), respectively, compared to TOPO1 which has a total
area of 10.5 x 10° km?. The majority of this increase in continental area is for the West
Antarctic. Importantly, Wilson et al. (2012) suggested that during the EOT the West
Antarctic continent could have supported a largely continental based ice sheet, rather
than a marine based ice sheet as is present today. All of the Eocene GCM simulations
available to us have a deglaciated Antarctic and largely submerged West Antarctic. As
such, it is possible that the climate would differ if the reconstructions of Wilson et al.
(2012) were used for the GCM boundary conditions. Although we will use the Wilson
et al. (2012) topographies for sensitivity tests, it is with the caveat that the climate forc-
ing provided to the West Antarctic is from GCM simulations which may have ocean
cells over regions which are land in the reconstruction of Wilson et al. (2012). To test
the significance of the Wilson et al. (2012) topographies to the formation of the ice
sheets at the EOT more accurately, it would be necessary to repeat the GCM simula-
tions using a palaeo-geography which incorporates the Wilson et al. (2012) Antarctic
topography.
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2.3 GCM simulations

The GCM simulations available to us were performed at a variety of atmospheric CO,
concentrations, ranging from 1 x to 16 x PIC (see Table 1). We first perform equilibrium
simulations using the climate output at fixed atmospheric CO, concentrations. Addi-
tionally, for GCMs where simulations were performed at multiple CO, concentrations
(HadCM3L, CCSM3, CESM1.0 and GENESIS) we perform transient CO, experiments
by scaling between the simulations following a logarithmic relationship between atmo-
spheric CO, and climate (C).

The GCM simulations used here are based on a number of previously published in-
dependent studies, as such the GCM boundary conditions are not identical (Lunt et al.,
2012). Although the EoMIP GCM simulations have slightly different boundary condi-
tions, they are broadly similar in that they use an early Eocene palaeo-geography and
have prescribed ice-free conditions over Antarctica. Note that EOMIP originally focused
on coupled ocean-atmosphere GCM simulations only and therefore did not include the
GENESIS atmosphere-slab ocean GCM simulations which we have included here. Two
separate studies used the CCSM3 model with a slightly different configuration, we de-
note these as CCSM3_H (Huber and Caballero, 2011) and CCSM3_W (Winguth et al.,
2010). We add simulations from 2 recently published studies using CESM1.0 (Gold-
ner et al., 2013) and FAMOUS (Sagoo et al., 2013), the latter is a reduced complexity
version of HadCM3L.

The astronomical configuration has been shown to be important for Antarctic glacia-
tion (DeConto and Pollard, 2003; Langebroek et al., 2009); the astronomical configu-
rations vary between the GCM simulations used here although they are broadly similar
(see Table 1). The simulations for HadCM3L, CCSM3_H, CESM1.0 and FAMOUS use
the modern astronomical configuration, whereas the ECHAMS5 and GISS_ER simu-
lations have greater eccentricity and the GENESIS and CCSM3_W simulations have
zero eccentricity. The astronomical configuration used for the GENESIS, GISS_ER
and CCSM3_W simulations are likely to be the most favourable for Antarctic glaciation
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whereas ECHAMS has the the least favourable astronomical configuration, based
on peak insolation during the austral summer. There are additional simulations for
HadCMS3L and GENESIS at 2 x and 4 x PIC, which use astronomical parameters re-
sulting in extremes of summer insolation.

There are additional differences in the GCM boundary conditions. The vegetation
prescribed varies, with the GISS_ER and CCSM3_H simulations adopting the vegeta-
tion maps of Sewall et al. (2000), CCSM3_W using the vegetation of Shellito and Sloan
(2006), the HadCM3L simulation using homogeneous shrubland, and the ECHAMS
simulation prescribing homogeneous vegetation resembling a present-day savanna.
All of the simulations have present-day aerosol loading, with the exception of the
CCSMB3_H simulation which has a reduced aerosol loading. The adoption of this re-
duced aerosol loading is justified by possible reduced ocean productivity leading to
reduced dimethyl sulphide (DMS) production (Huber and Caballero, 2011; Kump and
Pollard, 2008). Because of the reduced aerosol load in the CCSMS3 simulation of Huber
and Caballero (2011), surface temperatures are increased. The global mean surface
air temperature of the CCSM3_W 4 x PIC simulation is approximately equivalent to the
CCSMS3_H 2 x PIC simulation, largely due to the different approach to aerosol load-
ing (Lunt et al., 2012). These differences in boundary conditions are important but are
representative of plausible boundary conditions; this gives insight into the decisions
required when modelling relatively data poor periods, such as palaeo-climates. The
FAMOUS simulation differs from the other simulations as it was part of a 100 member
parameter ensemble and has been selected based on agreement with early Eocene
proxy data (Sagoo et al., 2013). The main aim of their paper was to simulate a reduced
meridional temperature gradient, which is suggested by proxy data to have occurred in
the warmth of the early Eocene (Sagoo et al., 2013).
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3 Results
3.1 Equilibrium simulations

We first describe results from the equilibrium (50 kyr) ice sheet model simulations using
the climate output from the GCM simulations. As can be seen from Fig. 2, the offline
simulations using the climate output from CCSM3_H, CESM1.0 and ECHAMS5 pro-
duce large ice sheets over much of East Antarctica at 2 x PIC (10.3 — 14.6 x 10% km®)
and GENESIS produces a full continental sized EAIS at 2 x PIC (28.6 x 10° km3).
However, there is minimal ice in the equivalent 2 x PIC simulation using HadCM3L
(0.3 x 10° km3). Even when using a 1 x PIC HadCMS3L simulation (not shown) minimal
ice forms (1.1 x 10° km3). The FAMOUS simulation is totally ice-free at 2 x PIC. For
CCSM3_H and ECHAMS5, ice nucleates over Queen Maud Land and the Gamburtsev
Mountains. These two smaller ice sheets combine to generate an intermediate sized
ice sheet in the 2 x PIC simulations.

The 4 x PIC simulations are shown in Fig. 3. There is a relatively large ice sheet
for the 4 x PIC simulation using CCSM3_H (9.4 x 10°km?®). The ice sheet in the 4 x
PIC simulation using CCSM3_H is only ~ 35 % smaller than for the 2 x PIC simulation.
This is plausibly a result of the relatively low CO, sensitivity of CCSM3 (Huber and
Caballero, 2011). This is in contrast to the CESM1.0 simulation, which is mostly ice-
free at 4 x PIC, likely a result of the higher CO, sensitivity of CESM1.0 compared to
CCSMBS. We also performed offline simulations using the output from CCSM3_H at 8 x
and 16 x PIC (not shown). The simulation with CCSM3_H at 8 x PIC generated minimal
ice, with a total volume of 0.2 x 108 km3, and the simulation at 16 x PIC was ice-free.
This suggests that the glacial threshold for these CCSM3_H simulations is between
8 x and 4 x PIC. The differences in GCM boundary conditions result in different sized
ice sheets between CCSM_H and CCSM_W at 4 x PIC.

Between 4 x and 2 x PIC a full continental sized ice sheet forms in the offline simula-
tions using the GENESIS model. This is the same GCM used by DeConto and Pollard
(2003) and produces a similar result to their glacial CO, threshold. The simulation using
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the GISS_ER model is for 4 x PIC and 7 x CH, compared to pre-industrial concentra-
tions. Roberts et al. (2009) estimate that the GISS_ER simulations is equivalent to
a 4.3 x PIC simulation. When we use the climate output from the GISS_ER simulation
to force the ISM it generates a small ice cap over Queen Maud Land, this is a slightly
higher volume than the 4 x PIC HadCMS3L simulation.

3.2 Transient simulations

In addition to the equilibrium simulations we next present transient atmospheric CO,
simulations, in order to better define the CO, thresholds. The climate is created by
linearly scaling between the GCM simulations at different atmospheric CO, concentra-
tions over 1.5 Myr (a rate of CO, decrease of ~ 1 ppm kyr'1, which is comparable to
proxy records for atmospheric CO, across the EOT, Pagani et al., 2011). This is only
possible for the GCMs where simulations are available at more than one atmospheric
CO, concentration, these being HadCM3L, CCSM3_H, CESM1.0 and GENESIS. This
scaling is based on the equation for climate sensitivity (e.g. Solgaard and Langen,
2012):

- . InCO,/1120) . In(CO/560) )
T P n(560/1120)  In(1120/560)°

where C,, and C,, is the climate (temperature and precipitation) for the 2 x and 4 x
PIC GCM simulation, respectively, and CO, is the atmospheric CO, concentration at
the current timestep. We are therefore calculating an Earth system sensitivity based
on these 2 GCM simulations, this may differ from the climate sensitivities for the GCMs
under modern boundary conditions, which are included in Table 1 for reference. To
model checks for potential negative values for precipitation resulting from this scaling
and resets these to zero.

We calculate the CO, threshold for the formation of an intermediate (which we de-
fine here as 25 m Eocene sea level equivalent (SLE)) and large (40 m Eocene SLE) ice
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sheet. Ice volumes are converted to Eocene sea levels by accounting for the change
in state from ice to seawater and dividing by the total Eocene ocean surface area
(372.9 x 10° km?; DeConto et al., 2008). In the simulations of Pollard et al. (2005) us-
ing an earlier version of the GENESIS GCM with a constant astronomical forcing, the
glacial threshold was 2.1x PIC for an intermediate ice sheet and 1.6x PIC for a large
ice sheet (shown in Fig. 4). For the equivalent simulations including astronomical forc-
ing, the CO, thresholds were higher, at ~3.0x PIC and ~2.8x PIC (Pollard et al.,
2005). Similar results were also found by Langebroek et al. (2009) using a reduced
complexity model in their study focusing on Antarctic glaciation in the middle Miocene.
The thresholds for the formation of a large ice sheet in their study were 2.2 x PIC for the
experiment including astronomical forcing and 1.6 x PIC for the constant astronomical
forcing experiment (Langebroek et al., 2009).

In these transient CO, experiments, we scale between 6x and 0.5x PIC over 1.5 Myr
using the climate data from HadCM3L, CCSM3_H, CESM1.0 and GENESIS. Although
experiments are available at additional CO, concentrations, we interpolate between
and extrapolate the simulations at 2x and 4x PIC for consistency. Note that by interpo-
lating and extrapolating we are introducing error, however this error is relatively small
compared with the inter-model disagreement (see Supplement for a comparison of ex-
trapolated climatologies with GCM control climatologies). Because simulations are only
available at one atmospheric CO, concentration for the other GCMs, we cannot esti-
mate the CO, thresholds for these models. However, based on the results of the offline
simulations, for the 2x simulation using ECHAMS5 an intermediate ice sheet has formed
(~25m Eocene SLE), suggesting the threshold for a large ice sheet (~ 40m Eocene
SLE) is below 2x PIC. For GISS_ER and CCSM3_W, the threshold for glaciation is
below 4.3x PIC and 4x PIC, respectively.

The transient CO, experiments are shown in Fig. 4. An intermediate ice sheet (25m
Eocene SLE) forms at 3.3 x PIC in the experiment using CCSM3_H, 2.5 x PIC in the
experiment using GENESIS and 2 x PIC when using CESM1.0. Again the lack of ice in
the experiment using HadCMBL is clearly evident, with a small increase in ice volumes
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below 1 x PIC. A large ice sheet (> 40 m Eocene SLE) forms at 2.4 x PIC in the exper-
iment using GENESIS and 1.8 x PIC for CESM1.0. Recall that none of these experi-
ments include albedo feedbacks nor feedbacks on precipitation, which may affect the
glacial CO, thresholds.

The pattern of ice growth varies between GCMs. The CCSM3_H experiment has 3
distinct steps in ice growth, CESM1.0 has multiple smaller steps, whereas for GENE-
SIS there is one major threshold. The study of DeConto and Pollard (2003), using an
earlier version of the GENESIS GCM and an asynchronous coupling method, showed
the growth of ice in a series of steps as ice first formed as isolated ice caps in the
mountain regions. It therefore appears unusual that our experiment using a later ver-
sion of GENESIS does not show this pattern. However, more recent simulations based
on a modified method of that used by DeConto and Pollard (2003) and the same ver-
sion of GENESIS we use here, also lack the stepped pattern to ice growth (D. Pollard,
personal communication, 2012). Also note the greater ice volume of our GENESIS
simulations compared with that of Pollard et al. (2005) at equivalent atmospheric CO,
concentrations, this is likely due to the lack of basal sliding in the simulations presented
here.

3.3 Key sensitivities

We next present sensitivity tests in order to determine how changing certain poorly
constrained parameters affects the glacial CO, thresholds. Firstly, we highlight the im-
pact of changing the lapse rate. The lapse rate has two effects, firstly it allows for the
cooling of the ice sheet surface as it rises vertically through the atmosphere. Secondly,
the lapse rate is used to scale from the coarse GCM surface topography onto the finer
topography used within the ISM. Values for the lapse rate parameter can vary spatially
and temporally, largely due to changes in the moisture content of the atmosphere. In
a GCM study, Krinner and Genthon (1999) found values for the lapse rate as low as
~10Kkm™" for the dry continental interior above continental sized ice sheets, such as
the EAIS. For the moister coastal regions, values as high as —5Kkm™" were found,
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these values are compatible to empirical results (Magand et al., 2004). As our ISM do-
main covers the entire Antarctic continent, the default lapse rate chosen is an approx-
imation between these two environments. To test the sensitivity of changing the lapse
rate parameter, we repeat the transient CO, experiments for CCSM3_H and GENE-
SIS using lapse rates of -6, -7 and -8 Kkm™ (see Fig. 5); the default value used in
the previous experiments was -7 Kkm™', chosen for consistency with DeConto and
Pollard (2003).

As can be seen from Fig. 5, the simulations using CCSM3_H are highly sensitive to
the value chosen for the lapse rate parameter. With the threshold for the growth of an
intermediate ice sheet varying between 1.2 x and 5.7 x PIC for lapse rates between
-6 .and -8 Kkm™". With the higher value for the lapse rate, the threshold for the growth
of a large ice sheet is crossed at 2.4 x PIC. The simulations using GENESIS are less
sensitive to the value for the lapse rate, with the threshold for the growth of an inter-
mediate ice sheet varying between 2.2 x and 3.0 x PIC for the three values for the
lapse rate. Similar simulations were also performed using HadCMS3L, however these
had little impact on the low ice volumes seen in the previous HadCM3L transient CO,
experiments and are therefore not shown here.

The reason for the strong sensitivity of the CCSM3_H experiment to the lapse rate
parameter is due to the Antarctic topography within the GCM. For the simulations us-
ing CCSMB3_H, the Antarctic topography within the GCM (from the Sewall et al., 2000,
palaeo-topography) is significantly lower than the ISM topography. This is evident in the
maps shown in Fig. 6. The discrepancy between the GCM and ISM topography for the
CCSMS3_H simulations exceeds 1 km in certain regions. The Antarctic GCM topography
within CCSM3_H (and also ECHAM5, CCSM_W, CESM1.0 and GISS_ER) resembles
the present-day Antarctic bedrock topography without isostatic adjustment. Because
of this, there is a large lapse rate correction to the surface temperatures as they are
scaled from the GCM topography to the ISM topography. This results in the high sen-
sitivity to the value for the lapse rate parameter. This could also explain the results of
Huber and Nof (2006), which did not find snow accumulation over the Antarctic in an
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experiment with an earlier version of CCSM_H. They used the same GCM boundary
conditions as the CCSM3_H experiment used here (Huber and Caballero, 2011). Simi-
larly, Heinemann et al. (2009) noted ice-free conditions over the Southern Hemisphere
high latitudes in their simulation using ECHAMS5 (the same simulation used here).

For the GCM simulations using GENESIS, the GCM topography is much closer
to the ISM topography, therefore the ISM simulations are less sensitive to the lapse
rate parameter. The Antarctic topography in the simulations using CCSM3, CESM1.0,
ECHAMS5 and GISS_ER are all significantly less mountainous than the ISM topography
and are therefore all likely to be sensitive to the value chosen for the lapse rate param-
eter. The Gamburtsev mountain range in the centre of the East Antarctic continent is
much lower in elevation for these GCM simulations. Although there is uncertainty as to
the past uplift history of the Antarctic, the Gamburtsev Mountains are thought to have
formed earlier than the Eocene (Cox et al., 2010). This difference in GCM topography
over the Antarctic may also affect precipitation patterns, in addition to surface temper-
atures. Therefore the disagreement between the ISM simulations in Fig. 4 may be due
to differences in the GCM boundary conditions, in addition to differences between the
GCMs. The differences are therefore a combination of inter-model disagreement and
experimental design.

We present further sensitivity tests using 4 different Antarctic ISM topographies. The
ISM topographies we use are: TOPO1, the default topography used in the previous ex-
periments; TOPO2, the proprietary topography used by Lunt et al. (2010); and TOPOS3
and TOPO4, the minimum and maximum reconstructed topographies of Wilson et al.
(2012), respectively (see Fig. 1). Note that all of these topographies are more mountain-
ous than the GCM topography used in the CCSM3, CESM1.0, ECHAMS5 and GISS_ER
simulations.

The glacial CO, threshold is sensitive to the choice of Antarctic bedrock topography.
When using the Wilson et al. (2012) topographies (TOPOS3 and TOPO4), the onset
of glaciation is at a slightly higher atmospheric CO, concentration than the default to-
pography (TOPO1). This is especially evident for the experiments using CCSM3_H
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(Fig. 7). This is due to a slightly higher elevation of the mountains in Queen Maud
Land and the Gamburtsev Mountains, the regions where ice first nucleates. The differ-
ence in mountain elevation is likely a result of the different isostasy models used for
our default topography and that used by Wilson et al. (2012). Similar to the previous
experiments, a large ice sheet does not form in the CCSM3_H experiments (the lapse
rate is —7 Kkm'1). For the GENESIS experiments, the maximum size of the ice sheet
varies due to differences in the total Antarctic surface area between the different to-
pographies. For the maximum reconstruction of Wilson et al. (2012) (TOPO4), an ice
sheet of 32.5 x 10° km® (78 m Eocene SLE) has formed at 2 x PIC. This increased ice
volume compared to the default topography experiment is largely due to the growth of
a continental based WAIS.

3.4 Diagnosing differences between simulations

It is not immediately clear why there is such variation in ice volumes between the differ-
ent climate simulations, in particular why the ISM simulations using the HadCM3L early
Eocene simulations of Lunt et al. (2010) and the FAMOUS simulations of Sagoo et al.
(2013) should generate such low ice volumes. Although Lunt et al. (2012) noted certain
differences between the GCM simulations within EOMIP, their analysis did not identify
a disagreement which could explain our ISM results. The variables which are passed to

the ISM from the GCM output data are the annual mean air temperature (T,), annual
air temperature half range (AT,) and the total precipitation (P). Much of the analysis
by Lunt et al. (2012) focused on the annual means from the GCMs. Interestingly, their
analysis suggested that when looking at the annual mean air temperatures, HadCM3L
is cooler than CCSM3_H and ECHAMS for the 2 x PIC simulations. These relatively
cool annual mean air temperatures are especially pronounced for the Southern Hemi-
sphere high latitudes.

The surface mass balance in the ISM is calculated using the climate output from the
GCM. The lack of ice in the simulations using HadCM3L (and FAMOUS) is a result
of the outputs of mass (ablation) exceeding the inputs of mass (precipitation). The
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3 variables which are passed to the ISM from the GCM (on the ISM grid following
lapse rate correction) are summarised in Table 2 as averages over the East Antarctic
continent and also as averages over the mountainous regions (> 1500 m), the regions
where ice tends to first nucleate. The annual air temperatures are averaged over the
ice-free surface (i.e. at the first time-step). Note that the ice sheet model is not given
these average values but is given spatially varying values. As can be seen from Table 2,
HadCM3L has the lowest annual mean air temperature of all of GCM simulations over
the East Antarctic continent for the 2 x and 4 x PIC simulations. FAMOUS is by far the
warmest of the simulations at 2 x PIC, which explains the lack of ice growth for this
simulation.

The total annual precipitation averaged over the East Antarctic is lower for HadCM3L
(O.38myr'1) than for the other simulations. There is especially low precipitation for
the HadCM3L simulation over Queen Maud Land, the Gamburtsev Mountains and the
Transantarctic Mountains, the regions where ice first forms in the simulations of De-
Conto and Pollard (2003). However the total precipitation for GENESIS, which gen-
erated the largest ice sheet of the ISM simulations at 2 x PIC, is also relatively low
(average 0.46 myr'1 over the East Antarctic) compared to the other GCMs. FAMOUS
has the highest total precipitation over the East Antarctic (average 1.10 myr_1), with
ECHAMS5 the second highest (average 0.74 myr'1).

The relatively low total precipitation from the HadCM3L simulations may partially
explain the low ice volumes in the ISM simulations. However, it is the very high season-
ality for the HadCMS3L simulations which is the most striking anomaly when compared
to the other GCMs. The seasonality of the GCM affects the ablation as the PDD mass
balance scheme uses the annual air temperature half range, which is the difference
between the warmest month and the annual mean (see Table 2). The annual air tem-
perature half range of East Antarctica is 25.7 °C for the 2 x PIC HadCMS3L simulation,
compared to 12.2-16.0 °C for the other GCMs. The HadCM3L simulations are there-
fore distinctly different compared to the other GCM simulations in that they have the
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lowest annual mean air temperature, lowest precipitation and also the highest annual
air temperature half range.

To investigate the impact of these 3 climate variables on the ice sheet model results,
we use the PDD mass balance scheme to calculate the potential snowmelt (&) for
various annual mean air temperatures and annual air temperature half ranges. If the
total annual precipitation exceeds the potential snowmelt then snow will accumulate.
If the total annual precipitation is less than the potential snowmelt than there is no
year to year snow accumulation and an ice sheet cannot grow. We will therefore be
able to determine whether it is the low precipitation or the high seasonality (or some
combination of both) which causes the HadCMB3L results. The potential snowmelt is
calculated from the PDD sum and the PDD factor for snow (Reeh, 1991):

as = aD,, (2)

where a; is the PDD factor for snow (3mm a °C'1) and D, is the PDD sum. We use
the mass balance scheme to calculate D, using:

= ~(T,- T3
D, = 1 / Ta exp <(a—2a)> det, (3)
0

26T

the inner integral in practice is evaluated between 0 and 50°C, o is the standard
deviation of temperature fluctuations with a value of 5°C used, A is the period of the
year and Ty is the daily surface air temperature calculated using:

- ont
g=7;+Agam({%). (4)

We numerically compute the potential snowmelt (contours in Fig. 8) according to Egs.

(2)—(4) for a range of values for T, and AT,. Also shown on Fig. 8 are the values for T,

and AT, from the GCM simulations, as averages over the Antarctic mountain regions.
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As can be seen from Fig. 8, the high annual mean air temperatures of the FAMOUS
simulation generate a very high potential snowmelt, explaining the lack of ice in this
simulation. For HadCMB3L, despite the low annual mean air temperatures over the
mountainous regions of Antarctica, the potential snowmelt is still relatively high at 2 x
PIC. This is due to the large annual air temperature half range in the HadCM3L simula-
tions. The potential snowmelt in the HadCM3L 2 x PIC simulation is comparable to the
CCSMB3_H 4 x PIC simulation. This CCSM3_H 4 x PIC simulation generated a large
ice sheet, whereas the HadCM3L simulation did not. The total annual precipitation for
the CCSM3_H 4 x PIC simulation is approximately double that of the HadCMB3L 2 x
PIC simulation over the East Antarctic. This would suggest that the low precipitation in
the HadCMB3L simulations is also a significant factor. Based on the Clausius—Claperon
relation, the low precipitation is itself likely to be a result of the low annual mean air
temperatures. In an idealised simulation where we arbitrarily double the HadCM3L
precipitation, a large ice sheet (18.1 x 10° km3) forms for the 2 x PIC simulation. This
ice sheet differs from the other simulations, which nucleated between Queen Maud
Land and the Gamburtsev Mountains, instead this area is ice-free and the ice-sheet
has grown over Victoria Land and Wilkes Land. This would suggest that even with pre-
cipitation arbitrarily doubled, the region around Queen Maud Land and the Gamburtsev
Mountains remains precipitation limited for the HadCM3L simulation.

The total annual precipitation values we have shown in Fig. 8 are averages over
the mountainous regions. There is variability from this mean which explains why ice
grows for simulations where the mean annual precipitation is lower than the potential
snowmelt. For example, the potential snowmelt for the 4 x PIC CCSM3_H simulation
is above the mean annual precipitation for the mountainous regions yet still produced
a large ice sheet. Additionally, this data is for ice-free conditions at the first time-step,
and therefore does not include height-mass balance feedback or ice-flow from regions
of initial ice nucleation.
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3.5 GCM seasonality

Given the importance of seasonality to our ice sheet model results, in particular for
HadCM3L, we next discuss the different seasonalities of the GCMs. As previously
noted the astronomical configurations are not identical between GCM simulations but
are similar; the HadCM3L, FAMOUS, CCSM3_H and CESM1.0 simulations all have
a modern astronomical configuration. Maps of annual temperature range are shown in
Fig. 9.

It is interesting to note that the GENESIS simulations have a relatively high annual
temperature range over the Northern Hemisphere, but not the Southern Hemisphere.
This pattern is unique to GENESIS amongst the 2 x PIC simulations, although the
GISS_ER 4 x PIC simulation also shows a similar pattern. GENESIS is the GCM used
by DeConto et al. (2008) in their study investigating the thresholds for Northern Hemi-
sphere glaciation. Their study suggested that the threshold for Northern Hemisphere
glaciation is ~ 280 ppmv, providing evidence against the early Northern Hemisphere
glaciation hypothesis. This hypothesis was based on evidence from ice-rafted debris in
the Eocene and Oligocene (Tripati et al., 2005; Eldrett et al., 2007), and discrepancies
between benthic 5'°0 and Mg/Ca records across the EOT (Lear, 2000), although this
second issue has now largely been resolved (DeConto et al., 2008; Liu et al., 2009;
Wilson and Luyendyk, 2009). Given the strong seasonality seen in the GENESIS sim-
ulations in the Northern Hemisphere, it would perhaps be interesting to repeat the ex-
periment of DeConto et al. (2008) using another GCM; especially considering that the
regions of low seasonality in the Northern Hemisphere, the west of North America and
northeast Asia, are also the regions where ice first nucleates in their ISM simulations
(DeConto et al., 2008).

The strong seasonality in the HadCM3L simulations is not just a result of very warm
summers, but also cool winters. As can be seen from Fig. 9, for the early Eocene 2 x
PIC simulations using HadCMB3L there is a very large annual temperature range over
Antarctica. For HadCM3L, the annual range in surface air temperature over Antarctica
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exceeds 60 °C in certain regions. The HadCM3L 4 x PIC simulation has a slightly lower
seasonality than the 2 x PIC simulation, but the seasonality is still greater than for any
of the other GCMs at 4 x PIC. This very large annual temperature range for HadCM3L
is also apparent in the high latitude Northern Hemisphere. None of the other GCMs
exhibit such a large annual temperature range in both hemispheres. Sensitivity tests
using HadCM3L simulations with different astronomical forcing, including a simulation
favourable to Southern Hemisphere glaciation (Lunt et al., 2011), did not generate any
significant increase in ice volumes (not shown).

To investigate whether the strong HadCM3L seasonality is a result of the early
Eocene boundary conditions, or a model bias, we have plotted seasonality maps for
modern control simulations from the GCMs in Fig. 10. The seasonality of the ERA-40
dataset is also shown. Although the modern control HadCM3L simulation has a rela-
tively high seasonality compared with the other GCMs, especially over northern Asia, it
is not significantly higher than the ERA-40 dataset. Over Antarctica, which has a large
ice sheet in these control simulations, all of the GCMs have a similar seasonality.
This suggests that the strong HadCM3L seasonality is caused by the change to early
Eocene boundary conditions, although it is interesting that a similar change does not
affect the other GCMs.

It is not yet clear why HadCM3L has such a strong seasonality at high latitudes
under Eocene boundary conditions, other attempts at understanding why HadCM3L
generates such a strong seasonality have included additional HadCMB3L simulations
using a dynamic vegetation model (TRIFFID) as opposed to the homogenous shrub-
land used by Lunt et al. (2010) (C. Lopston, personal communication, 2012); the study
of Thorn and DeConto (2006) showed high sensitivity of the Antarctic climate to the
polar vegetation cover. In addition, GENESIS simulations have been completed us-
ing the proprietary palaeo-geography used by Lunt et al. (2010) (D. Pollard, personal
communication, 2012). These additional GENESIS simulations were also performed
with a variety of vegetation types. The HadCM3L simulations with a dynamic vege-
tation model had an equally strong seasonality, whereas the GENESIS simulations
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were similar to the standard Eocene/Oligocene simulations. Further diagnostic work
is needed to understand why HadCM3L has a strong seasonality under early Eocene
boundary conditions, this could include experiments replacing the East Antarctic ice
sheet (similar to the experiments of Goldner et al., 2013) and including changes to
ocean gateways.

4 Discussion
4.1 Ice in the Eocene?

Based on previous modelling studies (DeConto and Pollard, 2003; Langebroek et al.,
2009), and proxy records of atmospheric CO, concentrations (Pagani et al., 2005,
2011; Pearson et al., 2009; Beerling and Royer, 2011), it is plausible that Antarctica
could have been partially glaciated at times during the Eocene. This would support the
argument of Miller et al. (2008) that Antarctica experienced ephemeral glaciation earlier
than the EOT, based on evidence from the sea level records of Kominz et al. (2008)
which show significant fluctuations in the Eocene. The offline simulations undertaken
in this paper suggest that the modelled glacial CO, is highly climate model dependent.
The composite of proxy atmospheric CO, records from Beerling and Royer (2011)
is reproduced in Fig. 11 for data from 40-0 Ma, this includes data from a number of
different of proxy methods, note that the uncertainty for each of these proxies varies.
The ISM simulations using the climate from HadCM3L (Lunt et al., 2010) and FA-
MOUS (Sagoo et al., 2013) do not support the early Antarctic glaciation hypothesis,
however, due to the strong seasonality and low precipitation over Antarctica using
HadCMB3L, there is also no significant glaciation at atmospheric CO, concentrations
lower than PIC. Given that Antarctica is glaciated today this result seems unlikely and
is also anomalous when compared with previous modelling studies (Huybrechts, 1993;
DeConto and Pollard, 2003; Langebroek et al., 2009) and the other GCMs used in the
inter-model comparison presented here. At 4 x PIC small ice caps (< 25m Eocene
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SLE) have formed in the experiments using the climate output from CCSM3 and GEN-
ESIS. At 2 x PIC, an intermediate ice sheet (> 25m Eocene SLE) has formed in the
experiments using CCSM3, CESM1.0, ECHAMS5 and GENESIS. The compilation of at-
mospheric CO, proxies of Beerling and Royer (2011) suggests that atmospheric CO,
was likely between 4 x and 2 x PIC throughout much of the mid to late Eocene (see
Fig. 11), although there is significant uncertainty for much of the early Eocene (Beer-
ling and Royer, 2011). With the exception of the experiments using HadCM3L and
FAMOUS, none of the experiments support totally ice-free conditions during the mid to
late Eocene based on current atmospheric CO, reconstructions.

An alternative way of addressing the question of land ice in the Eocene is to instead
ask why the Eocene was ice-free if indeed it was. Although our modelling, coupled
with the proxy records of atmospheric CO,, suggests that isolated ice caps could have
existed, we urge caution in assuming that this is correct. This caution is warranted
given the significant inter-model disagreement. It seems plausible that a mountainous
continent located over the pole would support ice caps. However, there are a number
of additional factors which we have not yet fully addressed.

The opening of ocean gateways, in particular the Drake Passage, was proposed
as a mechanism for the onset of Antarctic glaciation (Kennett, 1977). The modelling
studies of DeConto and Pollard (2003) and Huber et al. (2004), coupled with the syn-
chronous decrease in atmospheric CO, at the EOT (Pagani et al., 2011), suggest de-
creasing atmospheric CO,, rather than the opening of ocean gateways as the primary
mechanism for continental Antarctic glaciation. However, DeConto and Pollard (2003)
suggest that the opening of ocean gateways could have lowered the CO, glacial thresh-
old. This is because prior to the opening of the Drake Passage and the development
of the Antarctic Circumpolar Current (ACC) there was greater oceanic meridional heat
transport towards the Southern Hemisphere high latitudes. All of the early Eocene
GCM simulations we have used have an open but shallow Drake Passage, resulting in
partial development of the ACC. The CCSM3 and CESM1.0 experiments have a closed
Tasman Gateway (Huber and Caballero, 2011; Sewall et al., 2000). It is plausible that
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if the experiments were repeated with a closed Drake Passage then the glacial CO,
threshold would be lower, potentially below that suggested by the proxy records for the
Eocene. In an idealised experiment where the oceanic meridional heat transport was
increased by 20 % to represent a closed Drake Passage, DeConto and Pollard (2003)
noted a slight lowering of the glacial CO, threshold to 2.3 x PIC, compared with 2.8 x
PIC for an open Drake Passage experiment. The GCM simulations used here have
a partially opened Drake Passage, so it is possible that the increase in the glacial CO,
threshold would be less than for the DeConto and Pollard (2003) open/closed experi-
ment, if additional GCM simulations with a closed Drake Passage were undertaken.
Proxy sea surface temperature records suggest that during past warm periods, such
as the early Eocene, there was a reduced meridional temperature gradient. During the
early Eocene, the high latitudes may have been significantly warmer than present-day
(Bijl et al., 2009; Hollis et al., 2009; Liu et al., 2009; Bijl et al., 2010) and the low latitudes
only slightly warmer than present-day (Sexton et al., 2006; Lear et al., 2008; Keating-
Bitonti et al., 2011). Climate models, including those used here, have had limited suc-
cess in reproducing this reduced meridional temperature gradient (Roberts et al., 2009;
Winguth et al., 2010). For HadCM3L and CCSM3, the best model-data agreement re-
quires high atmospheric CO, concentrations, in the range of ~ 9—-18x PIC (Lunt et al.,
2012). These atmospheric CO, concentrations appear high when compared with the
proxy estimates. However, Huber and Caballero (2011) suggest that this increased ra-
diative forcing is not necessarily just due to atmospheric CO,, but could include feed-
backs from other greenhouse gases, cloud feedbacks or other unknown factors. This
increased radiative forcing could be sufficient to prevent snow accumulation, for exam-
ple our CCSM3_H simulation at 16 x PIC is ice-free. Alternatively, the CO, sensitivity
could be higher than that suggested by the GCMs, which is particularly low for CCSM3
and GENESIS (Huber and Caballero, 2011). Indeed, simulations using ECHAMS re-
quire only moderate atmospheric CO, concentrations (2 x PIC) to show reasonable
agreement with the sea surface temperature data, a result that is at least in part due
to the higher CO, sensitivity of ECHAM5 (Heinemann et al., 2009). It is interesting
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therefore that our ISM simulations using the climate from this ECHAMS5 simulation pro-
duced a large (10.3 x 10° km3) ice sheet. This is perhaps dependent on the large lapse
rate temperature correction required from the relatively low Antarctic topography used
in the ECHAMS5 simulation to the ISM topography we use and the lack of elevation
correction for precipitation, which could lead to artificially high precipitation rates. The
FAMOUS simulation included here was part of a parameter ensemble of simulations.
The ensemble member included here had the best agreement with the proxy data and
showed a reduced meridional temperature gradient, although high latitude sea surface
temperatures were still lower than suggested by some proxy records (Sagoo et al.,
2013).

Our simulations also have relevance to other areas of debate regarding the onset of
Antarctic glaciation. There is a large (~ 1.5 %o.; Coxall et al., 2005) increase in the ben-
thic 6180 record at the EOT, caused by deep-sea cooling (Liu et al., 2009; Lear et al.,
2010; Pusz et al., 2011) and/or the growth of a continental sized Antarctic ice sheet
(Zachos et al., 2001; Houben et al., 2012). Recent independent estimates suggest that
part of this shift was due to ~ 1.5-5°C of deep-sea cooling (Liu et al., 2009; Lear et al.,
2010), which would imply the remainder was due to the growth of an ice-sheet with
a volume of ~ 10-45 x 10° km® (assuming Antarctic ice had a composition of —35 %o,
using a calibration of 0.0246 %o1 0% km™3 of grounded ice, DeConto et al., 2008). Based
on our simulations, the lower ice volume estimate could easily be accommodated on
Antarctica, even if the continent was partially glaciated before the event. Our largest
ice volume estimate is 32.5 x 10% km® using the GENESIS simulation at 2 x PIC and
the upper estimate of Wilson et al. (2012) for the bedrock topography. Therefore if the
EOT 620 shift was caused by the growth of an ice sheet of 45 x 10° km? (i.e. deep-sea
cooling was 1.5 °C), it would require ice-free conditions prior to the event and potentially
the additional growth of Northern Hemisphere ice sheets.
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5 Conclusions

The inter-model comparison performed in this paper highlights that the modelled
Antarctic CO, threshold is highly model and model configuration dependent. The
threshold for the growth of an intermediate ice sheet (25m Eocene SLE) varies be-
tween 2 x and 3.3 x PIC when using the climate output from GENESIS, CCSM3_H,
CESM1.0 and ECHAMS5 Eocene simulations, but is less than 1 x PIC for HadCMS3L.

A large part of this disagreement is due to differences in the GCM boundary condi-
tions, in particular the topography over the Antarctic. Some of the pre-existing Eocene
GCM simulations we have used here have relatively low topography over the Antarctic.
The higher resolution ISM topographies we use are significantly more mountainous, re-
quiring a large lapse rate correction. Because the lapse rate is a poorly constrained pa-
rameter and likely to vary spatially, the lapse rate correction is a large potential source
of error. In sensitivity tests, changing the lapse rate between -6 and -8 Kkm™' led to
glacial threshold varying between 1.2 x and 5.7 x PIC for CCSM3_H. Future work could
involve a repeat of the GCM simulations with identical boundary conditions, which are
closer to the ISM topography. We have not investigated ISM dependance in this paper,
and we have only used one ISM and one surface mass balance scheme. It is possi-
ble that the CO, threshold could also vary if a different ISM or surface mass balance
scheme were used.

The simulations using the HadCMS3L simulations of Lunt et al. (2010) have relatively
low precipitation and a very high seasonality, which results in little snow accumulation,
even at low atmospheric CO, concentrations. This result is anomalous when compared
to the results of the other GCM simulations. When using a FAMOUS simulation which
had been tuned to early Eocene proxy data, no ice formed at 2 x PIC. The ISM sim-
ulations using the climate output from CCSM3, CESM1.0, GENESIS and ECHAMS5,
suggests that grounded ice could have existed earlier than the EOT, if atmospheric
current estimates of atmospheric CO,. This could support evidence from sea level
records (Miller et al., 2005; Kominz et al., 2008). If the Antarctic was ice-free in the
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Eocene it may suggest than some other mechanism prevented glaciation. For exam-
ple, it is possible that stronger net radiative forcing (not necessarily due to atmospheric
CO,) resulted in warmer high latitudes than shown in the GCM simulations used here.
Alternatively, the impact of the opening of ocean gateways and changes in ocean circu-
lation could be greater than suggested by recent studies (DeConto and Pollard, 20083;
Huber et al., 2004).

Supplementary material related to this article is available online at
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-supplement.
pdf.

Acknowledgements. This work was carried out in part using the computational facilities of the
Advanced Computing Research Centre, University of Bristol. E. Gasson was supported by
NERC. This is a contribution to the PALSEA working group.

References

Abe-Ouchi, A. and Blatter, H.: On the initiation of ice sheets, Ann. Glaciol., 18, 203—207, 1993.
5704

Barker, P., Diekmann, B., and Escutia, C.: Onset of Cenozoic Antarctic glaciation, Deep-Sea
Res. Pt. Il, 54, 2293—-2307, 2007a. 5703

Barker, P. F, Filippelli, G. M., Florindo, F., Martin, E. E., and Scher, H. D.: Onset and role of the
Antarctic Circumpolar Current, Deep-Sea Res. Pt. |l, 54, 2388—2398, 2007b. 5702

Beerling, D. J. and Royer, D. L.: Convergent Cenozoic CO, history, Nat. Geosci., 4, 418—420,
2011. 5703, 5721, 5722, 5745

Bice, K. and Marotzke, J.: Numerical evidence against reversed thermohaline circulation in the
warm Paleocene/Eocene ocean, J. Geophys. Res., 106, 11529-11542, 2001. 5733

Bijl, P. K., Schouten, S., Sluijs, A., Reichart, G.-J., Zachos, J. C., and Brinkhuis, H.: Early
Palaeogene temperature evolution of the southwest Pacific Ocean, Nature, 461, 776-779,
2009. 5723

5726

CPD
9, 5701-5745, 2013

Modelled CO»
threshold for
Antarctic glaciation

E. Gasson et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-supplement.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-supplement.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-supplement.pdf

10

15

20

25

30

Bijl, P. K., Houben, A. J. P, Schouten, S., Bohaty, S. M., Sluijs, A., Reichart, G.-J., Sinninghe
Damsté, J. S., and Brinkhuis, H.: Transient Middle Eocene atmospheric CO, and temperature
variations, Science, 330, 819-821, 2010. 5723

Cox, S. E., Thomson, S. N., Reiners, P. W., Hemming, S. R., and van de Flierdt, T.: Extremely
low long-term erosion rates around the Gamburtsev Mountains in interior East Antarctica,
Geophys. Res. Lett., 37, L22307, doi:10.1029/2010GL045106, 2010. 5714

Coxall, H. K., Wilson, P. A., Palike, H., Lear, C. H., and Backman, J.: Rapid stepwise onset
of Antarctic glaciation and deeper calcite compensation in the Pacific Ocean, Nature, 433,
53-57, 2005. 5724

DeConto, R. M. and Pollard, D.: Rapid Cenozoic glaciation of Antarctica induced by declining
atmospheric CO,, Nature, 421, 245-249, 2003. 5703, 5704, 5705, 5707, 5709, 5712, 5713,
5716, 5721, 5722, 5723, 5726, 5733

DeConto, R., Pollard, D., and Harwood, D.: Sea ice feedback and Cenozoic evolution of Antarc-
tic climate and ice sheets, Paleoceanography, 22, 1-18, 2007. 5705

DeConto, R. M., Pollard, D., Wilson, P. A., Palike, H., Lear, C. H., and Pagani, M.: Thresholds
for Cenozoic bipolar glaciation, Nature, 455, 652—-656, 2008. 5711, 5719, 5724, 5733, 5736,
5737

Dolan, A. M., Koenig, S. J., Hill, D. J., Haywood, A. M., and DeConto, R. M.: Pliocene Ice Sheet
Modelling Intercomparison Project (PLISMIP) — experimental design, Geosci. Model Dev., 5,
963-974, doi:10.5194/gmd-5-963-2012, 2012. 5705

Eldrett, J. S., Harding, I. C., Wilson, P. A., Butler, E., and Roberts, A. P.: Continental ice in
Greenland during the Eocene and Oligocene, Nature, 446, 176-179, 2007. 5719

Gasson, E., Siddall, M., Lunt, D. J., Rackham, O. J. L., Lear, C. H., and Pollard, D.: Exploring
uncertainties in the relationship between temperature, ice volume, and sea level over the past
50 million years, Rev. Geophys., 50, RG1005, doi:10.1029/2011RG000358, 2012. 5702

Goldner, A., Huber, M., and Caballero, R.: Does Antarctic glaciation cool the world?, Clim. Past,
9, 173-189, doi:10.5194/cp-9-173-2013, 2013. 5704, 5705, 5707, 5721, 5733, 5736, 5737

Heinemann, M., Jungclaus, J. H., and Marotzke, J.: Warm Paleocene/Eocene climate as simu-
lated in ECHAM5/MPI-OM, Clim. Past, 5, 785—802, doi:10.5194/cp-5-785-2009, 2009. 5703,
5714, 5723, 5733, 5736

Hollis, C. J., Handley, L., Crouch, E. M., Morgans, H. E., Baker, J. A., Creech, J., Collins, K. S.,
Gibbs, S. J., Huber, M., Schouten, S., Zachos, J. C., and Pancost, R. D.: Tropical sea tem-

5727

CPD
9, 5701-5745, 2013

Modelled CO»
threshold for
Antarctic glaciation

E. Gasson et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2010GL045106
http://dx.doi.org/10.5194/gmd-5-963-2012
http://dx.doi.org/10.1029/2011RG000358
http://dx.doi.org/10.5194/cp-9-173-2013
http://dx.doi.org/10.5194/cp-5-785-2009

10

15

20

25

30

peratures in the high-latitude South Pacific during the Eocene, Geology, 37, 99-102, 2009.
5723

Houben, A. J., van Mourik, C. A., Montanari, A., Coccioni, R., and Brinkhuis, H.: The Eocene—
Oligocene transition: changes in sea level, temperature or both?, Palaeogeogr. Palaeocl.,
335-336, 75-83, 2012. 5724

Huber, M. and Caballero, R.: The early Eocene equable climate problem revisited, Clim. Past,
7, 603-633, doi:10.5194/cp-7-603-2011, 2011. 5703, 5707, 5708, 5709, 5714, 5722, 5723,
5733, 5736, 5737

Huber, M. and Nof, D.: The ocean circulation in the Southern Hemisphere and its climatic
impacts in the Eocene, Palaeogeogr. Palaeocl., 231, 9-28, 2006. 5713

Huber, M., Brinkhuis, H., Stickley, C. E., D66s, K., Sluijs, A., Warnaar, J., Schellenberg, S. A,
and Williams, G. L.: Eocene circulation of the Southern Ocean: was Antarctica kept warm
by subtropical waters?, Paleoceanography, 19, PA4026, doi:10.1029/2004PA001014, 2004.
5703, 5722, 5726

Hutter, K.: Theoretical Glaciology — Material Science of Ice and the Mechanics of Glaciers and
Ice Sheets, D. Reidel Publishing Company, Dordrecht, 1983. 5704

Huybrechts, P.: Glaciological modelling of the late cenozoic East Antarctic ice sheet: stability or
dynamism?, Geogr. Ann. A, 75, 221-238, 1993. 5703, 5704, 5721

Huybrechts, P. and de Wolde, J.: The dynamic response of the Greenland and Antarctic ice
sheets to multiple-century climatic warming, J. Climate, 12, 2169-2188, 1999. 5705

Keating-Bitonti, C. R., Ivany, L. C., Affek, H. P,, Douglas, P.,, and Samson, S. D.: Warm, not
super-hot, temperatures in the early Eocene subtropics, Geology, 39, 771-774, 2011. 5723

Kennett, J. P.: Cenozoic evolution of Antarctic glaciation, the Cirum-Antarctic Ocean, and their
impact on global Paleoceanography, J. Geophys. Res., 82, 3843-3860, 1977. 5703, 5722

Kominz, M. A., Browning, J. V., Miller, K. G., Sugarman, P. J., Mizintseva, S., and Scotese, C. R.:
Late Cretaceous to Miocene sea-level estimates from the New Jersey and Delaware coastal
plain coreholes: an error analysis, Basin Res., 20, 211-226, 2008. 5721, 5725

Krinner, G. and Genthon, C.: Altitude dependence of the ice sheet surface climate, Geophys.
Res. Lett., 26, 2227—2230, 1999. 5712

Kump, L. R. and Pollard, D.: Amplification of Cretaceous warmth by biological cloud feedbacks,
Science, 320, 195, 2008. 5708

5728

CPD
9, 5701-5745, 2013

Modelled CO»
threshold for
Antarctic glaciation

E. Gasson et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Il

Interactive Discussion



http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/cp-7-603-2011
http://dx.doi.org/10.1029/2004PA001014

10

15

20

25

30

Langebroek, P. M., Paul, A., and Schulz, M.: Antarctic ice-sheet response to atmospheric CO,
and insolation in the Middle Miocene, Clim. Past, 5, 633—-646, doi:10.5194/cp-5-633-2009,
2009. 5708, 5707, 5711, 5721, 5745

Lear, C. H.: Cenozoic deep-sea temperatures and global ice volumes from Mg/Ca in benthic
foraminiferal calcite, Science, 287, 269-272, 2000. 5719

Lear, C. H., Bailey, T. R., Pearson, P. N., Coxall, H. K., and Rosenthal, Y.: Cooling and ice growth
across the Eocene—Oligocene transition, Geology, 36, 251-254, 2008. 5723

Lear, C. H., Mawbey, E. M., and Rosenthal, Y.: Cenozoic benthic foraminiferal Mg/Ca and
Li/Ca records: toward unlocking temperatures and saturation states, Paleoceanography, 25,
PA4215, doi:10.1029/2009PA001880, 2010. 5724

Liu, Z., Pagani, M., Zinniker, D., Deconto, R., Huber, M., Brinkhuis, H., Shah, S. R.,
Leckie, R. M., and Pearson, A.: Global cooling during the eocene-oligocene climate tran-
sition, Science, 323, 1187-1190, 2009. 5719, 5723, 5724

Lunt, D. J., Foster, G. L., Haywood, A. M., and Stone, E. J.: Late Pliocene Greenland glaciation
controlled by a decline in atmospheric CO, levels, Nature, 454, 1102—-1105, 2008. 5705

Lunt, D. J., Valdes, P. J., Jones, T. D., Ridgwell, A., Haywood, A. M., Schmidt, D. N., Marsh, R.,
and Maslin, M.: CO,-driven ocean circulation changes as an amplifier of Paleocene—Eocene
thermal maximum hydrate destabilization, Geology, 38, 875-878, 2010. 5703, 5706, 5714,
5715, 5720, 5721, 5725, 5733, 5735, 5736, 5737

Lunt, D. J., Ridgwell, A., Sluijs, A., Zachos, J., Hunter, S., and Haywood, A.: A model for orbital
pacing of methane hydrate destabilization during the Palaeogene, Nat. Geosci., 4, 775-778,
2011. 5720

Lunt, D. J., Dunkley Jones, T., Heinemann, M., Huber, M., LeGrande, A., Winguth, A., Lopt-
son, C., Marotzke, J., Roberts, C. D., Tindall, J., Valdes, P., and Winguth, C.: A model-data
comparison for a multi-model ensemble of early Eocene atmosphere—ocean simulations:
EoMIP, Clim. Past, 8, 1717-1736, doi:10.5194/cp-8-1717-2012, 2012. 5703, 5705, 5707,
5708, 5715, 5723, 5733

Lythe, M. and Vaughan, D.: BEDMAP: a new ice thickness and subglacial topographic model
of Antarctica, J. Geophys. Res., 106, 11335—-11351, 2001. 5705, 5735

Magand, O., Frezzotti, M., Pourchet, M., Stenni, B., Genoni, L., and Fily, M.: Climate variability
along latitudinal and longitudinal transects in East Antarctica, Ann. Glaciol., 39, 351-358,
2004. 5713

5729

CPD
9, 5701-5745, 2013

Modelled CO»
threshold for
Antarctic glaciation

E. Gasson et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Il

Interactive Discussion



http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/cp-5-633-2009
http://dx.doi.org/10.1029/2009PA001880
http://dx.doi.org/10.5194/cp-8-1717-2012

10

15

20

25

30

Miller, K. G., Kominz, M. A., Browning, J. V., Wright, J. D., Mountain, G. S., Katz, M. E., Sug-
arman, P. J., Cramer, B. S., Christie-Blick, N., and Pekar, S. F.: The Phanerozoic record of
global sea-level change, Science, 310, 1293—1298, 2005. 5702, 5725

Miller, K., Wright, J., Katz, M., Browning, J., Cramer, B., Wade, B., and Mizintseva, S.: A view of
Antarctic ice-sheet evolution from sea-level and deep-sea isotope changes during the Late
Cretaceous—Cenozoic, in: Antarctica: a Keystone in a Changing World — Proceedings of the
10th International Symposium on Antarctic Earth Sciences, 2008. 5703, 5721

Morlighem, M., Rignot, E., Seroussi, H., Larour, E., Ben Dhia, H., and Aubry, D.: Spa-
tial patterns of basal drag inferred using control methods from a full-Stokes and sim-
pler models for Pine Island Glacier, West Antarctica, Geophys. Res. Lett., 37, L14502,
doi:10.1029/2010GL043853, 2010. 5704

Pagani, M., Zachos, J. C., Freeman, K. H., Tipple, B., and Bohaty, S.: Marked decline in atmo-
spheric carbon dioxide concentrations during the Paleogene, Science, 309, 600-603, 2005.
5703, 5721

Pagani, M., Huber, M., Liu, Z., Bohaty, S. M., Henderiks, J., Sijp, W., Krishnan, S., and De-
Conto, R. M.: The role of carbon dioxide during the onset of Antarctic glaciation, Science,
334, 1261-1264, 2011. 5708, 5710, 5721, 5722, 5738

Pearson, P. N., Foster, G. L., and Wade, B. S.: Atmospheric carbon dioxide through the Eocene—
Oligocene climate transition, Nature, 461, 1110-1113, 2009. 5703, 5721

Pollard, D.: A retrospective look at coupled ice sheet-climate modeling, Climatic Change, 100,
173-194, 2010. 5705

Pollard, D., DeConto, R. M., and Nyblade, A. A.: Sensitivity of Cenozoic Antarctic ice sheet
variations to geothermal heat flux, Global Planet. Change, 49, 63-74, 2005. 5711, 5712,
5738, 5745

Pusz, A. E., Thunell, R. C., and Miller, K. G.: Deep water temperature, carbonate ion, and ice
volume changes across the Eocene—Oligocene climate transition, Paleoceanography, 26,
PA2205, doi:10.1029/2010PA001950, 2011. 5724

Reeh, N.: Parameterization of melt rate and surface temperature on the Greenland ice sheet,
Polarforschung, 5913, 113—-128, 1991. 5705, 5717

Ritz, C., Fabre, A., and Letréguilly, A.: Sensitivity of a Greenland ice sheet model to ice flow
and ablation parameters: consequences for the evolution through the last climatic cycle, Clim.
Dynam., 13, 11-24, 1996. 5704

5730

CPD
9, 5701-5745, 2013

Modelled CO»
threshold for
Antarctic glaciation

E. Gasson et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Il

Interactive Discussion



http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2010GL043853
http://dx.doi.org/10.1029/2010PA001950

10

15

20

25

30

Roberts, C. D., LeGrande, A. N., and Tripati, A. K.: Climate sensitivity to Arctic seaway restric-
tion during the early Paleogene, Earth Planet. Sc. Lett., 286, 576-585, 2009. 5703, 5710,
5723, 5733, 5737

Rutt, I. C., Hagdorn, M., Hulton, N. R. J., and Payne, A. J.: The Glimmer community ice sheet
model, J. Geophys. Res., 114, F02004, doi:10.1029/2008JF001015, 2009. 5704

Sagoo, N., Valdes, P., Flecker, R., and Gregoire, L.: The Early Eocene equable climate problem:
can perturbations of climate model parameters identify possible solutions?, Philos. T. Roy.
Soc. A, 371, 20130123, doi:10.1098/rsta.2013.0123, 2013. 5704, 5707, 5708, 5715, 5721,
5724, 5733, 5736

Seddik, H., Greve, R., Zwinger, T., Gillet-Chaulet, F., and Gagliardini, O.: Simulations of the
Greenland ice sheet 100 yr into the future with the full Stokes model Elmer/ice, J. Glaciol.,
58, 427-440, 2012. 5704

Sewall, J. O., Sloan, L. C., Huber, M., and Wing, S.: Climate sensitivity to changes in land
surface characteristics, Global Planet. Change, 26, 445-465, 2000. 5708, 5713, 5722, 5733

Sexton, P. F, Wilson, P. A., and Pearson, P. N.: Microstructural and geochemical perspectives
on planktic foraminiferal preservation: “Glassy” versus “Frosty”, Geochem. Geophys. Geosy.,
7, Q12P19, doi:10.1029/2006GC001291, 2006. 5723

Shellito, C. and Sloan, L.: Reconstructing a lost Eocene paradise: Part |. Simulating the change
in global floral distribution at the initial Eocene thermal maximum, Global Planet. Change,
50, 1-17, 2006. 5708

Solgaard, A. M. and Langen, P. L.: Multistability of the Greenland ice sheet and the effects of
an adaptive mass balance formulation, Clim. Dynam., 39, 1599-1612, 2012. 5710

Stone, E. J., Lunt, D. J., Rutt, I. C., and Hanna, E.: Investigating the sensitivity of numerical
model simulations of the modern state of the Greenland ice-sheet and its future response to
climate change, The Cryosphere, 4, 397-417, doi:10.5194/tc-4-397-2010, 2010. 5705

Thorn, V. C. and DeConto, R.: Antarctic climate at the Eocene/Oligocene boundary — climate
model sensitivity to high latitude vegetation type and comparisons with the palaeobotanical
record, Palaeogeogr. Palaeocl., 231, 134-157, 2006. 5720

Tripati, A., Backman, J., Elderfield, H., and Ferretti, P.. Eocene bipolar glaciation associated
with global carbon cycle changes, Nature, 436, 341-346, 2005. 5719

Wilson, D. S. and Luyendyk, B. P.: West Antarctic paleotopography estimated at the Eocene—
Oligocene climate transition, Geophys. Res. Lett., 36, L16302, doi:10.1029/2009GL039297,
2009. 5719

5731

CPD
9, 5701-5745, 2013

Modelled CO»
threshold for
Antarctic glaciation

E. Gasson et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Il

Interactive Discussion



http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2008JF001015
http://dx.doi.org/10.1098/rsta.2013.0123
http://dx.doi.org/10.1029/2006GC001291
http://dx.doi.org/10.5194/tc-4-397-2010
http://dx.doi.org/10.1029/2009GL039297

Wilson, D. S., Jamieson, S. S., Barrett, P. J., Leitchenkov, G., Gohl, K., and Larter, R. D.: Antarc-

tic topography at the Eocene—Oligocene boundary, Palaeogeogr. Palaeocl., 335-336, 24-34, CPD
2012. 5706, 5714, 5715, 5724, 5735
Winguth, A., Shellito, C., Shields, C., and Winguth, C.: Climate Response at the Paleocene— 9, 5701-5745, 2013

5 Eocene Thermal Maximum to Greenhouse Gas Forcing — A Model Study with CCSMS3, J.

Climate, 23, 2562-2584, 2010. 5703, 5707, 5723, 5733, 5737

Zachos, J. C., Shackleton, N. J., Revenaugh, J. S., Palike, H., and Flower, B. P: Climate re- Modelled CO;
sponse to orbital forcing across the Oligocene—Miocene boundary, Science, 292, 274-278, threshold for
2001. 5702, 5724 Antarctic glaciation

E. Gasson et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Il

Interactive Discussion

5732


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-print.pdf
http://www.clim-past-discuss.net/9/5701/2013/cpd-9-5701-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 1. Summary of GCM simulations, see Lunt et al. (2012) for a full description of the simula-
tions. Astronomical parameters: eccentricity (ecc.), obliquity (obl.) and longitude of precession
(pre.), with insolation (ins.) for January at 70°S also shown (Wm‘z). CS is the modern day
equilibrium climate sensitivity for the GCMs, excluding vegetation and chemical feedbacks.
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GCM Reference CO, palaeo-geography ecc. obl. pre. ins. CS(°C)
HadCM3L  Luntetal. (2010) 1,2,4,6 x proprietary 0.017 23.44° 283° 519 3.3
2,4 x 0.054 24.52° 270° 591
0.054 24.52° 90° 462
0 22.00° - 470
CCSM3_H Huber and Caballero (2011) 2,4,8,16 x Sewall et al. (2000) 0.017 23.44° 283° 519 27
CESM1.0 Goldner et al. (2013) 2,4,8,16 x  Sewall et al. (2000) 0.017 23.44° 283° 519 4.1
GENESIS  DeConto et al. (2008) 2,4 x DeConto and Pollard (2003) 0 23.50° - 500 25
0.050 22.50° 270° 539
0.050 24.50° 90° 465
FAMOUS Sagoo et al. (2013) 2 x proprietary 0.017 23.44° 283° 519 3.3
ECHAM5 Heinemann et al. (2009) 2 x Bice and Marotzke (2001) 0.030 23.25° 270° 531 3.4
GISS_ER Roberts et al. (2009) 4 x Bice and Marotzke (2001) 0.027 23.20° 180° 482 2.7
CCSM3_W  Winguth et al. (2010) 4,8,16 x Sewall et al. (2000) 0 23.50° - 500 2.7
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Table 2. Climate variables passed to the ISM from GCM simulations, shown as averages over
the East Antarctic continent, with averages at elevations above 1500 m in parenthesis. T, is the
annual mean air temperature, AT, is the annual air temperature half range (difference between
the warm month and the annual mean temperature) and P is total annual precipitation. For 2 x

PIC (upper rows) and 4 x PIC (lower rows) simulations.
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T, (°C) AT, (°C)  P(myr)
HadCM3L -12.4(-19.4) 25.7(28.2) 0.38 (0.31)
CCSM3_H -3.4(-12.0) 13.4(16.0) 0.61(0.60)
CESM1.0 -3.1(-11.6) 13.0 (15.3) 0.53 (0.52)
GENESIS -8.4(-16.1) 14.2(14.7) 0.46 (0.39)
FAMOUS  11.0(3.6) 16.0 (17.4) 1.10 (0.98)
ECHAM5  -1.1(-9.3) 12.2 (13.9) 0.74 (0.64)
HadCM3L -7.0(-13.8) 25.0(27.3) 0.51(0.38)
CCSM3_H -0.7(-9.2) 12.6 (15.1) 0.69 (0.68)
CESM1.0 1.7 (-6.4) 12.5 (14.5) 0.62 (0.62)
GENESIS -3.1(-10.7) 12.8(13.0) 0.56 (0.49)
GISS_ER 0.6 (-6.7) 14.6 (15.9) 0.78 (0.74)
CCSM3_W -1.5(-10.5) 12.5(15.4) 0.59 (0.56)
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Fig. 1. (A) Isostatically relaxed Bedmap1 topography of Lythe and Vaughan (2001), rotated
into early Eocene position (TOPO1). (B) A reduced resolution version of the proprietary topog-
raphy used by Lunt et al. (2010), we use a higher resolution version for our ISM simulations
than that shown here (TOPQOZ2). (C) Minimum (TOPO3) and (D) maximum extent reconstructed
Eocene/Oligocene topography of Wilson et al. (2012). Note the increase in land surface area
above present-day sea level, in particular for the West Antarctic.
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Fig. 2. Offline 2 x PIC simulations of the Antarctic ice sheets forced by the HadCMB3L early
Eocene simulation of Lunt et al. (2010), CCSM3_H simulation of Huber and Caballero (2011),
CESM1.0 simulation of Goldner et al. (2013), GENESIS simulation of DeConto et al. (2008),
FAMOUS simulation of Sagoo et al. (2013) and ECHAMS5 simulation of Heinemann et al. (2009).
Scales same as in Fig. 1.
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HadCM3L CCSM3_H CESM1.0 GENESIS

Fig. 3. Offline 4 x PIC simulations of the Antarctic ice sheets forced by the HadCMS3L early
Eocene simulation of Lunt et al. (2010), CCSM3_H simulation of Huber and Caballero (2011),
CESM1.0 simulation of Goldner et al. (2013), GENESIS simulation of DeConto et al. (2008),
GISS_ER simulation of Roberts et al. (2009) and CCSM3_W simulation of Winguth et al.
(2010). The 4 x PIC GISS_ER simulation includes an additional CH, forcing, which Roberts
et al. (2009) estimate makes this simulation equivalent to a 4.3 x PIC simulation.
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Fig. 4. Transient CO, ISM experiments using climate output from HadCM3L, CCSM3_H,
CESM1.0 and GENESIS simulations. Climate is calculated by linearly interpolating and extrap-
olating between the simulations at 4 x PIC and 2 x PIC over 1.5 Myr, starting with unglaciated s
conditions at 6 x PIC (simulations run right to left). Offline simulations are shown as solid mark-
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Fig. 5. Transient CO, experiments with varying values for the lapse rate parameter, the scaling
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Fig. 8. Contours show potential snowmelt (&5, m yr‘1) for different values for the annual mean
air temperature (T,) and annual air temperature half range (AT,). If the total annual precipi-

tation exceeds this amount then snow will accumulate. Also shown are the values for 73 and
AT, from the GCM simulations, averaged over the mountainous regions (> 1500 m). Error bars

for T, are 1 standard deviation of T, above 1500 m. The mean precipitation over mountainous

regions is included in parenthesis in the legend (m yr™'). 2 x PIC simulations shown in blue and
4 x PIC simulations shown in red.
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Fig. 9. Annual surface air temperature range over land from Eocene GCM simulations at (a) 2 x
PIC and (b) 4 x PIC.
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Fig. 10. Annual surface air temperature range from modern/pre-industrial control GCM simula-
tions and ERA-40 re-analysis dataset.
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Fig. 11. Proxy estimates of atmospheric CO,, reproduced from Beerling and Royer (2011), with
Antarctic glacial thresholds from GCM-ISM inter-comparison. The dotted lines are the thresh-
olds for an intermediate ice sheet (25 m Eocene SLE) and the solid lines are the thresholds for
a large ice sheet (40 m Eocene SLE), PD2005 is the Pollard et al. (2005) simulation with astro-
nomical forcing and L2009 is the Langebroek et al. (2009) simulation with astronomical forcing.
Note that this plot excludes simulations from HadCM3L, FAMOUS, GISS_ER and CCSM3_W,
which did not form an intermediate sized ice sheet (see text).
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