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Abstract. A frequently cited atmospheric GQhreshold for 1 Introduction
the onset of Antarctic glaciation of 780 ppmv is based
on the study ofDeConto and Pollard2003 using an  The first continental-scale Antarctic ice sheet formed
ice sheet model and the GENESIS climate model. Proxyduring the Eocene-Oligocene transition (EO¥)34 Ma
records suggest that atmospheric 3f@ncentrations passed (Zachos et a).200]). The extent of Antarctic glaciation prior
through this threshold across the Eocene—Oligocene tranto this event is disputed (e.Hliller et al., 2005 Barker et al,
sition ~ 34 Ma. However, atmospheric GQ@oncentrations 2007k Gasson et al2012. Although various explanations
may have been close to this threshold earlier than this tranfor the cause of Antarctic glaciation have been suggested,
sition, which is used by some to suggest the possibility ofsuch as the formation of the Antarctic Circumpolar Current
Antarctic ice sheets during the Eocene. Here we investigatelue to the opening of ocean gateways (&ennett 1977
the climate model dependency of the threshold for Antarc-Barker et al. 20073, arguably the leading hypothesis at
tic glaciation by performing offline ice sheet model sim- present is that Antarctic glaciation was caused by decreasing
ulations using the climate from 7 different climate mod- atmospheric C@ concentrations coupled with a favourable
els with Eocene boundary conditions (HadCM3L, CCSM3, astronomical configurationDgConto and Pollard2003.
CESML1.0, GENESIS, FAMOUS, ECHAMS and GISS_ER). This hypothesis is supported by both ice sheet modelling and
These climate simulations are sourced from a number otlimate modelling studiesDeConto and Pollard2003 Hu-
independent studies, and as such the boundary conditionger et al, 2004, and proxy records for atmospheric £®a-
which are poorly constrained during the Eocene, are notidengani et al, 2005 2011, Pearson et gl2009. A commonly
tical between simulations. The results of this study suggestited threshold for Antarctic glaciation of 2«<8pre-industrial
that the atmospheric GQhreshold for Antarctic glaciation CO, concentration (PIC)Y{ 780 ppmv) is based on the mod-
is highly dependent on the climate model used and the cli-lling study ofDeConto and Pollar(2003, who used an ice
mate model configuration. A large discrepancy between thesheet model asynchronously coupled to the GENESIS cli-
climate model and ice sheet model grids for some simula-mate model. Proxy records of atmospheric GDggest that
tions leads to a strong sensitivity to the lapse rate parameterthis threshold of 2.& PIC may have been crossed at times
earlier than the EOTHReerling and Royer2011), raising the
possibility of glaciation earlier than this event, during the
Eocene iller et al., 2008. Although other modelling stud-
ies have also simulated Antarctic glaciation (élgybrechts
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1993 Langebroek et al2009, with the study oL.angebroek restrial ice to floating ice shelves. In this paper we focus on
et al.(2009 suggesting a threshold 6f2.2 x PIC, there has  the slow response of the large and predominantly terrestrial
been limited work investigating to what extent the glacial East Antarctic ice sheet (EAIS) on long timescales. Because
CO, threshold is dependent on the climate model used. Heref the lack of necessary dynamics in the ice sheet model used
we perform offline ice sheet model (ISM) simulations using we make no attempt to simulate a marine-based West Antarc-
the climatology from a variety of GCMs (general circulation tic ice sheet (WAIS). The ISM is set up with default settings,
models), including the GENESIS GCM used BeConto  which has basal sliding turned off. The ISM has a spatial res-
and Pollard(2003, to investigate the model dependence of olution of 20x 20km, and all the simulations are initiated

the atmospheric C&threshold for Antarctic glaciation. from ice-free conditions.
The basis for this inter-model comparison is the EoMIP  An offline forcing methodology is used, whereby the cli-
(Eocene Modelling Intercomparison Projecbufit et al, matology from the climate model (surface air temperature

2012, which collated a number of pre-existing Eocene GCM and precipitation) is used to force the ice sheet model with no
simulations Heinemann et al.2009 Roberts et aJ.2009 subsequent feedbacks, other than height-mass balance feed-
Lunt et al, 2010 Winguth et al, 2010 Huber and Caballefo  back, on the climate system (elguybrechts and de Wolde
20117). This was an informal inter-model comparison becausel999 Lunt et al, 2008 Stone et al. 2010 Dolan et al,
it was based on a number of independent studies, as a r&012. A lapse rate adjustment is made to the temperatures
sult the GCMs were not set up with identical boundary con-due to the spatial and vertical discrepancy between the GCM
ditions (such as the astronomical configuration and palaeoand ISM topographies (e.§ollard 2010. All of the GCM
geography). Although this precludes a direct assessment afimulations prescribe ice-free boundary conditions over the
model dependency, it is arguably more faithful to the true un-Antarctic Lunt et al, 20129. Previous modelling studies sug-
certainties associated with modelling this period, which hasgest that Antarctic glaciation generates a number of feed-
poorly constrained boundary conditiorsufit et al, 2012). backs on the climate system, such as changes in surface
In addition to the EoOMIP simulations, we use Eocene simu-albedo, sea-ice and cloud cover (ebgConto et al.2007,
lations from GENESIS, CESM1.@pldner etal.2013 and  Goldner et al.2013. Although the lack of these feedbacks
FAMOUS (Sagoo et a).2013. The aims of this paper are will not affect the threshold for the initial accumulation of
to perform ISM simulations using the climate output from a ice from ice-free conditions, it may affect the rate at which
variety of climate models (HadCM3L, CCSM3, CESM1.0, full-scale glaciation occurs. We acknowledge the limitations
GENESIS, FAMOUS, ECHAMS5 and GISS_ER), compare of our methodology in representing these feedbacks. This
these results with existing modelling studies, and to diag-methodology differs from that used HyeConto and Pol-
nose potential differences between the climate simulationsard (2003, who asynchronously coupled an ice sheet model
used and sensitivity of Antarctic ice sheet growth to the back-to a climate model, allowing an approximation of feedbacks
ground mean climate states. from the growth of an ice sheet on the climate system. Be-
cause we have included the GENESIS GCM in our inter-
model comparison, we can compare our forcing methodol-

2 Methods ogy with the more sophisticated asynchronous coupling. The
mass balance scheme adopted is the widely used positive-
2.1 Ice sheet model description degree day (PDD) methodRéeh 1991). Alternatives to the

PDD method exist, such as physically based energy balance
We use the Glimmer ISM in this paper. The mechanicsmodels (e.gBougamont et a|.2005, however these are not
of this model are documented Rutt et al.(2009. Glim- presently included in the Glimmer ISM. All ISM simulations
mer follows the conventions of a number of previous ISMs are set up identically, with only the input climate and GCM
(e.g.Huybrechts 1993 Abe-Ouchi and Blatter1993 Ritz topographies differing.
et al, 1996 DeConto and Pollard2003. It makes use of
the shallow ice approximation (SIA), a simplification of the 2.2 Bedrock topography
ice sheet physics that significantly reduces computational ex-
pense Hutter, 1983. Although higher-order and full Stokes The Antarctic bedrock topography used within the ISM
ice sheet models exist (e.ylorlighem et al, 2010 Seddik  needs to be representative of the ice-free conditions prior
et al, 2012, their computational expense currently prohibits to the onset of glaciation. There are four bedrock topogra-
their use for the very long duration (301(° year) ice sheet phies which we use for these simulations (see E)g.our
equilibrium simulations conducted here. For examf8led-  motivation for using multiple bedrock topographies is to
dik et al. (2012 limited their simulations of the Greenland explore more fully the uncertainties associated with mod-
ice sheet using a full Stokes model to 100years due to thelling this period. The first topography used is the present-
computational expense of the model. The use of the SIA apday Bedmapl topographyythe and Vaughan2001) with
proximation prohibits the accurate simulation of ice streamsthe ice sheet removed and accounting for isostatic adjust-
or the transfer of mass across the grounding line from terment (e.gDeConto and Pollard003, which is our default
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to 107 x 10°km? and 111 x 10° km? for the TOPO1 and
TOPOQO2 reconstructions, respectively.

The majority of the increase in continental area for TOPO3
and TOPO4 is for the West Antarctic. Importantijilson
et al.(2012 suggested that during the EOT the West Antarc-
tic 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 diVilson 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 forcing 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 thé/ilson
et al. (2012 topographies to the formation of the ice sheets

A 1000 km B 1000 km

c 1000 km D 1000 km at the EOT more accurately, it would be necessary to repeat
bedrock elevation (m) the GCM simulations using a palaeo-geography which incor-
o M 10 w200 porates th&Vilson et al.(2012 Antarctic topography.

Fig. 1. (a) Isostatically relaxed Bedmapl topographyLgthe and 2.3 GCM simulations
Vaughan(2001), rotated into early Eocene position (TOPQOb). A
reduced-resolution version of the proprietary topography used byThe GCM simulations used here are based on a num-

L.unt et.al.(201(); we use a higher-resolution ygrsion for our ISM ber of previously published independent studies, and as
simulations than that shown here (TOPQZ).Minimum (TOPO3) such the GCM boundary conditions are not identical

and(d) maximum extent reconstructed Eocene/Oligocene topogra- . -
phy of Wilson et al.(2012. Note the increase in land surface area (Luntetal, 2012. Although the EoMIP GCM simulations

above present-day sea level, in particular for the West Antarctic. "@ve slightly different boundary conditions, 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—
topography (we denote as TOPO1). In addition we use theatmosphere GCM simulations only and therefore did not in-
proprietary topography used kyunt et al. (2010 for their clude the GENESIS atmosphere—slab ocean GCM simula-
GCM boundary conditions (here TOPO2) and the two recon-tions which we have included here. Two separate studies used
structed topographies d¥ilson et al.(2012. the CCSM3 model with a slightly different configuration,

The EOT topographies generated Wison et al.(2012 we denote these as CCSM3_Huber and Caballet®017)

attempt to take into account the erosion, thermal subsidencand CCSM3_W \Vinguth et al, 2010. We add simula-
and plate movements which have occurred since the Eocen@ons from two recently published studies using CESM1.0
(seeWilson and Luyendyk2009andWilson et al, 2012for (Goldner et al.2013 and FAMOUS Gagoo et a).2013;
a detailed description of the method). The reconstructionghe latter is a reduced complexity version of HadCM3L.
make use of models for sediment erosion and thermal subsi- The GCMs used here have been evaluated previously
dence, constrained by observed sediment volumes depositexjainst modern-day observations (9.dt should be noted
around the Antarctic continentVilson et al.(2012 gener-  that modern-day performance may not be relevant to per-
ated minimum-extent (we denote as TOPO3) and maximumformance under Eocene boundary conditid®snnolley and
extent (TOPO4) reconstructions based on different targeBracegirdle(2007) evaluated 4 of the GCMs used here (ex-
sediment volumes, due to uncertainties in offshore sedimentiuding GENESIS, CESM1.0 and FAMOUS) against 15
volumes.Wilson et al. (2012 do not claim that these are other GCMs (used in the IPCC AR4) for their performance
accurate reconstructions of the Eocene/Oligocene topogracompared with Antarctic re-analysis output. They assigned
phy, but argue that they are two plausible end-membersskill scores based on five variables (mean sea level pressure,
Based on these reconstructions, the accommodation spadeight and temperature at 500 hPa, sea surface temperature,
of the Antarctic continent would have been greater at thesurface mass balance), giving a skill score between 0 (low
EOT than present. The total area above present-day sea levekill) and 1 (high skill). Over the Antarctic region (defined as
is 124 x 1P km? and 131 x 10° km? for the minimum and latitudes greater than 4%), ECHAMS5 had the highest skill
maximum reconstructiond/(ilson et al, 2012, compared score (0.45) of the 15 GCMs based on the 5 chosen variables,
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Table 1. Summary of GCM simulations, séeint et al.(2012) for a full description of the simulations. Astronomical parameters: eccentricity
(ecc.), obliquity (obl.) and longitude of precession (pre.), with insolation (ins.) for January &&l6o shown (sz). CS is the modern-
day equilibrium climate sensitivity for the GCMs, excluding vegetation and chemical feedbacks.

GCM Reference Co Palaeo-geography ecc. obl. pre. ins. C6)(
HadCM3L Luntetal.(2010 1,2,4,6x  Proprietary 0.017 23.44 283 519 33
2,4 x 0.054 2452 27 591
0.054 2452 90® 462
0 22.00 — 470
CCSM3 Huber and Caballer(2011) 2,4,8,16< Sewall et al(2000 0.017 23.44 283 519 2.7
CESM1.0 Goldner et al(2013 2,4,8,16< Sewall et al(2000 0.017 23.44 283 519 4.1
GENESIS DeConto et al(2008 2,4% DeConto et al(2008 0 2350 500 25

0.050 2250 27 539
0.050 2450 90°* 465

FAMOUS Sagoo et al(2013 2x Proprietary 0.017 23.44 283 519 33
ECHAM5  Heinemann et al2009 2x Bice and Marotzk¢200) 0.030 23.28 270° 531 3.4
GISS_ER Roberts et al(2009 4x Bice and Marotzk¢200l) 0.027 23.20 180° 482 2.7
CCsSM3 Winguth et al.(2010 4,8,16<  Sewall et al(2000 0 2350 - 500 2.7

with HadCM3 (0.36) and CCSM3 (0.28) 4th and 7th, respec-day aerosol loading, with the exception of the CCSM3_H
tively, and GISS_ER (0.11) 14th. For Antarctic sea surfacesimulation which has a reduced aerosol loading. The adop-
temperatures the skill of all of the models was low, in part tion of this reduced aerosol loading is justified by possible
due to the method used to measure skill, however ECHAMS5 reduced ocean productivity leading to reduced dimethyl sul-
GISS_ER and HadCM3 were in the top half of the 15 GCMs. phide (DMS) productionfuber and Caballe;r@011; Kump
HadCM3 had the joint best skill score for surface mass bal-and Pollarg 2008. Because of the reduced aerosol load in
ance over the Antarctic, with CCSM3 and ECHAM5 also the CCSM3 simulation oHuber and Caballer(2017), sur-
scoring highly & 0.9), however GISS_ER had a low skill face temperatures are increased. The global mean surface
score (0.07)Connolley and Bracegird]007). air temperature of the CCSM3_Wk4PIC simulation is ap-

The astronomical configuration has been shown to be im{proximately equivalent to the CCSM3_HZPIC simulation,
portant for Antarctic glaciationfeConto and Pollard003 largely due to the different approach to aerosol loadinm(
Langebroek et al.2009; the astronomical configurations et al, 2012. These differences in boundary conditions are
vary between the GCM simulations used here, althoughmportant but are representative of plausible boundary con-
they are broadly similar (see Tableand Fig. S1 in the ditions; this gives insight into the decisions required when
Supplement). The simulations for HadCM3L, CCSM3_H, modelling relatively data poor periods, such as the Eocene.
CESM1.0 and FAMOUS use the modern astronomical con- The FAMOUS simulation differs from the other simula-
figuration, whereas the ECHAM5 and GISS_ER simu-tions as it was selected from a 100-member parameter en-
lations have greater eccentricity and the GENESIS andsemble (varying 10 parameters, &sgoo et a).2013 based
CCSM3_W simulations have zero eccentricity. The astro-on closest agreement with early Eocene proxy ds&g6o
nomical configuration used for the GENESIS, GISS_ER andet al, 2013. The main aim of their paper was to simulate a
CCSM3_W simulations are likely to be the most favourable reduced meridional temperature gradient, which is suggested
for Antarctic glaciation, whereas ECHAM5 has the the leastby proxy data to have occurred in the warmth of the early
favourable astronomical configuration, based on peak insoEocene $agoo et a).2013. The simulations within EoMIP
lation during the austral summer. There are additional sim-were also evaluated against proxy ddtart et al, 2012.
ulations for HadCM3L and GENESIS atx2and 4x PIC, The EoMIP simulations had closest agreement with proxy
which use astronomical parameters resulting in extremes oflata at higher atmospheric G@oncentrations. The sim-
summer insolation. ulation with the closest agreement with the proxy records

There are additional differences in the GCM bound- was the CCSM3_H simulation at ¥6PIC. However, not
ary conditions. The vegetation prescribed varies, with theall of the GCMs were run at the same atmospheric,CO
GISS_ER and CCSM3_H simulations adopting the vegeta-concentrations, precluding a direct evaluation of model per-
tion maps ofSewall et al(2000, CCSM3_W using the veg- formance (sed.unt et al, 2012 for a detailed discussion
etation of Shellito and Sloan(2006, the HadCM3L sim-  of model performance). Additionally, atmospheric £Q
ulation using homogeneous shrubland, and the ECHAMS5poorly constrained by proxy records in the EocelBedrling
simulation prescribing homogeneous vegetation resemblingnd Royer2011), making assessment of model skill in the
a present-day savanna. All of the simulations have present=ocene problematid_(int et al, 2012).
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The GCM simulations were performed at atmosphericThis is the same GCM used I3eConto and Pollar2003
CO, concentrations ranging fromxl to 16x PIC (see and produces a similar result to their glacial £@reshold.
Table 1). We first perform equilibrium simulations using The simulation using the GISS_ER model is for 2I1C and
the climate output at fixed atmospheric £@oncentra- 7x CHy compared to pre-industrial concentratioRaberts
tions. Additionally, for GCMs where simulations were per- et al.(2009 estimate that the GISS_ER simulation is equiva-
formed at multiple C@concentrations (HadCM3L, CCSM3, lent to a 4.3 PIC simulation. When we use the climate out-
CESM1.0 and GENESIS) we perform transient £C€x- put from the GISS_ER simulation to force the ISM, it gener-
periments by scaling between the simulations following ates a small ice cap over Queen Maud Land, this is a slightly
a logarithmic relationship between atmospheric ,C&hd higher volume than thex4 PIC HadCM3L simulation.
climate ().

3.2 Transient simulations

3 Results and discussion In addition to the equilibrium simulations we next present
transient atmospheric GOsimulations, in order to better
3.1 Equilibrium simulations define the C@ thresholds. The climate is created by lin-

early scaling between the GCM simulations at different at-
We first describe results from the equilibrium (50kyr) ice mospheric CQ@ concentrations over 1.5Myr (a rate of €O
sheet model simulations using the climate output from thedecrease of-1ppmkyr?, which is comparable to proxy
GCM simulations. For the GCMs with simulations per- records for atmospheric GGacross the EOTRagani et aJ.
formed with multiple astronomical configurations, we se- 2011)). This is only possible for the GCMs where simula-
lect the configuration closest to modern. As can be seeriions are available at more than one atmospheri¢ Cah-
from Fig. 2, the offline simulations using the climate out- centration, these being HadCM3L, CCSM3_H, CESM1.0
put from CCSM3_H, CESM1.0 and ECHAMS5 produce large and GENESIS. This scaling is based on the equation for cli-
ice sheets over much of East Antarctica at PIC (10.3—  mate sensitivity (e.gSolgaard and Lange2012):
14.6x 10° km3) and GENESIS produces a full continental-
sized EAIS at % PIC (28.6x 10°km®). However, there _ . In(COy/1120 c In(CO,/560)
is minimal ice in the equivalent 2 PIC simulation us- = "2 In(560/1120 “n(1120/560°
ing HadCM3L (03 x 10° km?3). Even when using ax PIC
HadCM3L simulation (not shown) minimal ice forms. {1x whereCa, andCyy is the climate (temperature and precipi-
10° kmd3). The FAMOUS simulation is completely ice-free at tation) for the Z and 4x PIC GCM simulation, respectively,
2x PIC. For CCSM3_H, CESM1.0 and ECHAMS, ice nu- and CQ is the atmospheric C£xoncentration at the current
cleates over Queen Maud Land and the Gamburtsev Mountime step. We are therefore calculating an Earth system sen-
tains. These two smaller ice sheets combine to generate asitivity based on these 2 GCM simulations, this may differ
intermediate-sized ice sheet in the PIC simulations. from the climate sensitivities for the GCMs under modern
The 4x PIC simulations are shown in Fi§. There is a  boundary conditions, which are included in Tablr refer-
relatively large ice sheet for thex4PIC simulation using ence. The model checks for potential negative values for pre-
CCSM3_H (94 x 10°kmd). The ice sheet in the >4 PIC cipitation resulting from this scaling and resets these to zero.
simulation using CCSM3_H is onky 35 % smaller than for We calculate the Cgthreshold for the formation of an in-
the 2x PIC simulation. This is plausibly a result of the rela- termediate (which we define here as 25m Eocene sea level
tively low CO, sensitivity of CCSM3 Huber and Caballeto  equivalent (SLE)) and large (40 m Eocene SLE) ice sheet.
2011). This is in contrast to the CESM1.0 simulation, which Ice volumes are converted to Eocene sea levels by account-
is mostly ice-free at 4 PIC, likely a result of the higher ing for the change in state from ice to seawater and divid-
CO; sensitivity of CESM1.0 compared to CCSM3 (although ing by the total Eocene ocean surface area @Z2.0° km?;
note that GENESIS also has a relatively low £€ensitiv- DeConto et al.2008. In the simulations oPollard and De-
ity). We also performed offline simulations using the output Conto(2005 using an earlier version of the GENESIS GCM
from CCSM3_H at & and 16x PIC (not shown). The sim- with a constant astronomical forcing, the glacial threshold
ulation with CCSM3_H at & PIC generated minimal ice, was 21x PIC for an intermediate ice sheet ané:t PIC for
with a total volume of @ x 10°km?3, and the simulation at a large ice sheet (shown in Fid). For the equivalent sim-
16x PIC was ice-free. This suggests that the glacial thresh-ulations including astronomical forcing, the g@resholds
old for these CCSM3_H simulations is betweex &nd 4x were higher, at- 3.0x PIC and~ 2.8x PIC (Pollard and De-
PIC. The differences in GCM boundary conditions result in Contq 2005. Similar results were also found thyangebroek
different-sized ice sheets between CCSM_H and CCSM_Wet al.(2009 using a reduced complexity model in their study
at 4x PIC. focusing on Antarctic glaciation in the middle Miocene. The
Between 4« and 2< PIC a full continental-sized ice sheet thresholds for the formation of a large ice sheet in their study
forms in the offline simulations using the GENESIS model. were 2.% PIC for the experiment including astronomical

@)

www.clim-past.net/10/451/2014/ Clim. Past, 10, 45466, 2014



456 E. Gasson et al.: Modelled C@threshold for Antarctic glaciation

HadCM3L CCSM3_H CESM1.0 GENESIS

FAMOUS

10.3

Fig. 2. Offline 2x PIC simulations of the Antarctic ice sheets forced by the HadCM3L early Eocene simulatiambét al. (2010,
CCSM3_H simulation oHuber and Caballer(2011), CESML1.0 simulation oGoldner et al(2013, GENESIS simulation obeConto et al.
(2008, FAMOUS simulation of $agoo et a.2013 and ECHAMS5 simulation oHeinemann et a(2009. Bedrock scale same as in Fi.
total ice volumes shown on Figures are irf knS.

HadCM3L CCSM3_H CESM1.0 GENESIS

Fig. 3. Offline 4x PIC simulations of the Antarctic ice sheets forced by the HadCM3L early Eocene simulatiambét al. (2010,
CCSM3_H simulation oHuber and Caballer(?011), CESM1.0 simulation oGoldner et al(2013, GENESIS simulation obeConto et al.
(2008, GISS_ER simulation dRoberts et al(2009 and CCSM3_W simulation dVinguth et al(2010. The 4x PIC GISS_ER simulation
includes an additional Cifforcing, whichRoberts et al(2009 estimate makes this simulation equivalent to a43C simulation. Bedrock
scale same as in Fid, total ice volumes shown on Figures are irf xen3

forcing, and 1.& PIC for the constant astronomical forcing with the inter-model disagreement (see supplementary infor-
experimentlangebroek et a/2009. mation for a comparison of extrapolated climatologies with
In these transient Cexperiments, we scale betweer 6 GCM control climatologies). Because simulations are only
and 05x PIC over 1.5Myr using the climate data from available at one atmospheric @€@oncentration for the other
HadCM3L, CCSM3_H, CESM1.0 and GENESIS. We inter- GCMs, we cannot estimate the g@hresholds for these
polate between the simulations at 4nd 2<x PIC and then  models. However, based on the results of the offline simu-
extrapolate for CQvalues outside this range (for 6x4and lations, for the % simulation using ECHAMS5 an interme-
2-0.5x PIC). Note that by extrapolating we are introduc- diate ice sheet has formed25 m Eocene SLE), suggesting
ing error, however this error is relatively small compared the threshold for a large ice sheet40 m Eocene SLE) is
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30— paam— clearly evident, with a small increase in ice volumes below
- CCSM3_H 1x PIC. A large ice sheet{40m Eocene SLE) forms at
25 o Cotsmrs | 2.8x PIC in the experiment using GENESIS and 2.BIC
e L Echae for CESM1.0. Recall that none of these experiments include
1 v FAvous | albedo feedbacks nor feedbacks on precipitation, which may
=2 . —PD2005 | affect the glacial C@thresholds.
wf “““““““““““““““““““““““““““““““““““““““““““““““ The pattern of ice growth varies between GCMs. The
151 omsEL CCSM3_H experiment has three distinct steps in ice growth;
3 CESML1.0 has multiple smaller steps, whereas for GENESIS
L T N T o U A there is one major threshold. The studybsConto and Pol-
1] \b\\ 2omSLE lard (2003, using an earlier version of the GENESIS GCM
and an asynchronous coupling method, showed the growth of
51 \\ ice in a series of steps as ice first formed as isolated ice caps
\fww — in the mountain regions. It therefore appears unusual that our
ol ‘ Wﬁwwm experiment, using a later version of GENESIS, does not show
4 5x 6

X this pattern. However, more recent simulations based on a
modified method of that used IBeConto and Pollar(2003

Fig. 4. Transient CQ ISM experiments using climate output from and the same version of GENESIS we use here, also lack the
HadCM3L, CCSM3_H, CESM1.0 and GENESIS simulations. Cli- stepped pattern to ice growth (Pollard, personal communica-
mate is calculated by linearly interpolating and extrapolating be-tion, 2012). Also note the greater ice volume of our GENE-
tween the simulations at4 PIC and 2 PIC over 1.5Myr, start-  g|S simulations compared with thatBbllard and DeConto

ing with unglaciated conditions at6PIC (simulations run right to (2009 at equivalent atmospheric G@oncentrations, this is
left). Offline simulations are shown as solid markers, with additional likely due to the lack of basal sliding in the simulations pre-

simulations from FAMOUS, ECHAMS5, GISS_ER and CCSM3_W.

The climate for the transient experiments is calculated by interpo-Sented here.

lating and extrapolating from the2and 4x PIC GCM simulations. For the_GENESIS_S'mUIa“on I'ncludlng a rePrese”ta?'O” of
For GENESIS, simulations are shown with (solid green) and with- @Stronomical variability the glacial threshold is at a slightly
out (green and yellow line) astronomical forcing. Horizontal dotted higher atmospheric C£concentration, the threshold for the
lines are the thresholds for an intermediate (defined here as 25 rgrowth of a large ice sheet being 3.2PIC compared with
Eocene SLE) and a large ice sheet (40 m Eocene SLE). Also show®.8x PIC for the constant astronomical configuration sim-
is the simulation ofPollard and DeContg¢2005 for a reduction  ulation. This is consistent with the results BeConto and

in atmospheric C@and without astronomical forcing. The vertical Pollard(2003 andLangebroek et a(2009.
bars are the pre- and post-EOT atmospheric @éxy estimates
of Pagani et al(20117).

3x X
atmospheric CO2 (PIC)

3.3 Sensitivity to lapse rate and topography

below 2 PIC. For GISS ER and CCSM3 W, the threshold We next present sensitivity tests in order to determine
for glaciation is below 8x PIC and 4 PIC, respectively. ~ NOW changing certain poorly constrained parameters affects
In addition to the simulations using a constant astronom-the glacial CQ thresholds. Firstly, we highlight the im-
ical configuration, we perform an experiment including as- pact of changing the lapse rate (we use a c_lefaul_t value of
tronomical variability, based on the solutionslafskar etal. /K km™). The lapse rate has two effects, firstly it allows
(2004. For this experiment we use the climate output from for the cooling of the ice sheet surface as it rises \{ertlcally
GENESIS and scale between the simulations with differentrough the atmosphere. Secondly, the lapse rate is used to

astronomical configurations using scale from the coarse GCM surface topography onto the
finer topography used within the ISM. Values for the lapse
Cm+ =2 (Cy — C) if T > Iy rate parameter can vary spatially and temporally, largely due
Ci= Ce+ %Ién(cm —Co) fI<Im’ (@) to changes in the moisture content of the atmosphere. In a
Im=1le N GCM study,Krinner and Genthorf1999 found values for

wherel is the insolation at 70S averaged over the 6 months the lapse rate as low as10 K km~! for the dry continental
with peak insolation, and., I, and Iy, are the insolation interior above continental-sized ice sheets, such as the EAIS.
values at 70S from the GCM simulations and., Cr, and For the moister coastal regions, values as high a& km~1
Cy are the respective climate outpu@Gasson2013. were found, these values are comparable to empirical results
The transient C@experiments are shown in Fig. An in- (Magand et al.2004. As our ISM domain covers the en-
termediate ice sheet (25m Eocene SLE) forms ak 33C tire Antarctic continent, the default lapse rate chosen is an
in the experiment using CCSM3_H, X9PIC in the exper- approximation between these two environments. To test the
iment using GENESIS andx2 PIC when using CESM1.0. sensitivity of changing the lapse rate parameter, we repeat
Again the lack of ice in the experiment using HadCM3L is the transient C@experiments with the climate output from

www.clim-past.net/10/451/2014/ Clim. Past, 10, 45466, 2014



458 E. Gasson et al.: Modelled C@threshold for Antarctic glaciation

w
o
w
o

HadCM3L CCSM3, CESM1.0 GENESIS

: ! -
: ! E ‘
: i
: !
; A ‘
: ) 2000
: 1800
H ! ' 1600
.............. ) 1400
: \ 1200
y ECHAM5 GISS_ER FAMOUS 1000
Y ‘W 800
R N 600
- R e, P 400
o
1x 2x 3x 4 5x 6x 5x 6x

X X 2x 3x 4x
atmospheric CO2 (PIC) atmospheric CO2 (PIC) ‘ ‘

Fig. 5. Transient CQ experiments with varying values for the lapse
rate parameteKa) Using climate output from CCSM3_H simula-
tions. (b) Using climate output from GENESIS simulations. The
horizontal dashed lines are the ice volumes for an intermediate anffi9- 6- Bedrock elevation maps, shown is the surface topography

large ice sheet. Note the high sensitivity to the lapse rate parametefom the different GCM simulations for East Antarctica; compare
of the CCSM3 H simulations. with the ISM surface topography in Fid. Note the significantly

lower elevation of the CCSM3, CESM1.0, ECHAMS5 and GISS_ER
simulations.
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CCSM3_H and GENESIS, using lapse rates-&;, —7 and
—8Kkm™1 (see Fig.5); the default value used in the pre- ary conditions as the CCSM3_H experiment used hidte (
vious experiments was-7 Kkm~1, chosen for consistency ber and Caballer@017). Similarly, Heinemann et a{2009
with DeConto and Pollar{?003. noted ice-free conditions over the Southern Hemisphere high
As can be seen from Fig5, the simulations using latitudes in their ECHAMS simulation (the same simulation
CCSM3_H are highly sensitive to the value chosen for theused here).
lapse rate parameter. With the threshold for the growth of For the GCM simulations using GENESIS, the GCM to-
an intermediate ice sheet varying betweenxl2hd 5.9 pography is much closer to the ISM topography, therefore
PIC for lapse rates between6 and—8 Kkm~1. With the  the ISM simulations are less sensitive to the lapse rate pa-
lower value for the lapse rate, the threshold for the growth oframeter. The Antarctic topography in the simulations using
a large ice sheet is crossed at2.RIC. The simulations us- CCSM3, CESM1.0, ECHAMS5 and GISS_ER are all signif-
ing GENESIS are less sensitive to the value for the lapse ratécantly less mountainous than the ISM topography and are
with the threshold for the growth of an intermediate ice sheettherefore all likely to be sensitive to the value chosen for the
varying between 2.% and 3.3« PIC for the three values for lapse rate parameter. The Gamburtsev mountain range in the
the lapse rate. Similar simulations were also performed uscentre of the East Antarctic continent is much lower in ele-
ing HadCM3L, however these had little impact on the low vation for these GCM simulations. Although there is uncer-
ice volumes seen in the previous HadCM3L transient CO tainty as to the past uplift history of the Antarctic, the Gam-
experiments and are therefore not shown here. burtsev Mountains are thought to have formed earlier than the
The reason for the strong sensitivity of the CCSM3_H ex- Eocene Cox et al, 2010. This difference in GCM topogra-
periment to the lapse rate parameter is due to the Antarcphy over the Antarctic may also affect precipitation patterns,
tic topography within the GCM. For the simulations using in addition to surface temperatures. Therefore the disagree-
CCSM3_H, the Antarctic topography within the GCM (from ment between the ISM simulations in Figmay be due to
the Sewall et al.(2000 palaeo-topography) is significantly differences in the GCM boundary conditions, in addition to
lower than the ISM topography. This is evident in the mapsdifferences between the GCMs. The differences are therefore
shown in Fig 6. The discrepancy between the GCM and ISM a combination of inter-model disagreement and experimental
topography for the CCSM3_H simulations exceeds 1kmdesign.
in certain regions. The Antarctic GCM topography within ~ We present further sensitivity tests using four different
CCSM3_H (and also ECHAM5, CCSM_W, CESM1.0 and Antarctic ISM topographies. The ISM topographies we use
GISS_ER) resembles the present-day Antarctic bedrock toare TOPO1, the default topography used in the previous
pography without isostatic adjustment. Because of this, there@xperiments; TOPO2, the proprietary topography used by
is a large lapse rate correction to the surface temperaturdsunt et al. (2010; and TOPO3 and TOPO4, the minimum
as they are scaled from the GCM topography to the ISM to-and maximum reconstructed topographiesidfson et al.
pography. This results in the high sensitivity to the value for (2012, respectively (see Fidl). Note that all of these to-
the lapse rate parameter. This could also explain the GCMpographies are more mountainous than the GCM topogra-
results ofHuber and Nof2006), which did not find snow ac-  phy used in the CCSM3, CESM1.0, ECHAMS5 and GISS_ER
cumulation over the Antarctic in an experiment with an ear- simulations.
lier version of CCSM_H. They used the same GCM bound-
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Table 2. Climate variables passed to the ISM from GCM simula-
tions, shown as averages over the East Antarctic continent, with av-
erages at elevations above 1500 m in parenth&ggis the annuall
mean air temperaturéy T is the annual air temperature half range
(difference between the warm month and the annual mean temper-
ature) andP is total annual precipitation. For2PIC (upper rows)

and 4x PIC (lower rows) simulations

ice volume (105 kma)

Ta(°’C)  ATa(°C) P (myr?)

5x 6x

1x 2X 3x 4x 5x 6x 1x 2x 3x  4x
e e e mesenene e, 19 HadCM3L —12.4(-19.4) 25.7(28.2) 0.38(0.31)
Fig. 7. Transient CQ experiments with varying ISM bedrock to- CCSM3_H  —3.4(-12.0) 13.4(16.0) 0.61(0.60)
pography.(a) Using climate output from CCSM3_H simulations. CESM1.0 -3.1(-11.6) 13.0(15.3) 0.53(0.52)
(b) Using climate output from GENESIS simulations. The ISM ~ GENESIS -84 (-16.1) 14.2(14.7)  0.46(0.39)
bedrock topographies are shown in Fig. FAMOUS 11.0(3.6) 16.0(17.4) 1.10(0.98)
ECHAMS ~11(-9.3) 12.2(13.9) 0.74(0.64)
HadCM3L  —7.0(~13.8) 25.0(27.3) 0.51(0.38)
The glacial CQ threshold is sensitive to the choice of ~ CCSM3_H -0.7(-9.2) 12.6(15.1) 0.69(0.68)
Antarctic bedrock topography (Fig). When using thawil- CESM1.0 1.7¢6.4) 125(145) 0.62(0.62)

son et al.(2012 topographies (TOPO3 and TOPO4), the GENESIS —-31(-10.7) 12.8(13.0) 0.56(0.49)
onset of glaciation is at a slightly higher atmospheric,CO SICSSSM:ERW 1 g'(e’(ig'?) g'g ggi)) 8'23 Eg';g))
concentration than the default topography (TOPO1). This - e ' ' ' '

is especially evident for the experiments using CCSM3_H.

;th:Zednui/lfug ig%gtlznhc;gt?g glaesaat;[ijor?sg\f/ t&iﬂg;?'?ﬁ ethe annual mean air temperatures, HadCM3L is cooler than

regions where ice first nucleates. The difference in moun-CCSM?’—H and ECHAMS for the 2 PIC simulations. These

h Y . . relatively cool annual mean air temperatures are especiall
tain elevation is likely a result of the different isostasy mod- y P P y

els used for our default topography and that usetiigon pronounced for Fhe South.ern Hemisphere high latitudes.
et al.(2012. Similar to the previous experiments, a large ice The three variables which are passed to the ISM from the

sheet does not form in the CCSM3_H experiments (the Iaps?c);CM (following lapse rate correction) are summarized in Ta-
rate is—7 K km~1). For the GENESIS experiments, the max- le 2 as averages over the East Antarctic continent and also

imum size of the ice sheet varies due to differences in the tof".S averages Qver the moupta|nous region3300 m), the re-
ions where ice tends to first nucleate. As can be seen from

tal Antarctic surface area between the different topographie .
For the maximum reconstruction offilson et al. (2012 ‘#ablez, HadCM3L has the lowest annual mean air tempera-

(TOPO4), an ice sheet of T 10° km? (78 m Eocene SLE) t_ure of all of GCM S|mulat|0ns_0ver t_he East Antarctl_c con-
L . tinent for the Z and 4x PIC simulations. FAMOUS is by
has formed at 8 PIC. This increased ice volume compared

to the default topography experiment is largely due to thezﬁgtgil‘?’;[n;ftgt?ﬁ lernlﬁ!zt?;s gf rI]C’ which explains
growth of a continental-based WAIS. . Ice growth IS simufation. . .
To investigate the impact of these three climate variables

on the ice sheet model results, we use the PDD mass balance
scheme to calculate the potential snowméy) 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 pre-
cipitation is less than the potential snowmelt than there is
no year-to-year snow accumulation and an ice sheet cannot

umes. AlthougH_unt et al.(2012 noted certain differences grow. The potential snowmelt is calculated from the PDD
between the GCM simulations within EoMIP, their analysis sum and the PDD factor for snoRéeh 1991
did not identify a disagreement which could explain our ISM ds = asDp, 3
results. The variables which are passed Fo the ISM from thewhereas is the PDD factor for snow (3 mntd°C~1) and
GCM output data are the annual mean air temperatligh ( p, is the PDD sum. We use the mass balance scheme to
annual air temperature half rangaTs), which is the dif- calculateD,, using
ference between the warmest month and the annual mean,
and the total precipitationR). Much of the analysis bizunt 1 4 00 —(Ta—T)?
et al. (2012 focused on the annual means from the GCMs. Dy, = //Ta exp<%) dr dr. 4)

00

3.4 Diagnosing differences between simulations

It is not immediately clear why there is such variation in ice
volumes caused by the different climate forcing, in particular
why the ISM simulations using the HadCM3L early Eocene
simulations ofLunt et al.(2010 and the FAMOUS simula-
tions ofSagoo et al(2013 should generate such low ice vol-

/5 2
Interestingly, their analysis suggested that when looking at orv 2 or

www.clim-past.net/10/451/2014/ Clim. Past, 10, 45466, 2014



460 E. Gasson et al.: Modelled C@threshold for Antarctic glaciation

ulations and nucleates on Victoria Land and Wilkes Land,
instead of Queen Maud Land and the Gamburtsev Moun-
tains. This would suggest that even with precipitation arbi-
trarily doubled, the region around Queen Maud Land and the
Gamburtsev Mountains remains precipitation-limited for the
HadCM3L simulation.

o5 The total annual precipitation and potential snowmelt val-
] e I ues we have shown in Fi® are averages over the moun-
tainous regions. As these values vary spatially, ice can grow

e TR ‘ ‘ ‘ is also a significant factor. Based on the Clausius—Claperon
© & Cesmro (05 relation, the low precipitation is itself likely to be a result of
SH X Eonaslosh the low annual mean air temperatures. In an idealized sim-
¥ FAMOUS (0.98) . . . ..
H @ Hadowal 038) ulation where we arbitrarily double the HadCM3L precipi-
"¢ cemone tation, a large ice sheet (118x 10° km®) forms for the X
I 4 Soous w ase PIC simulation. This ice sheet differs from the other sim-
v:—10*

=30 T T T T

s 0 o) ® 2 %0 for simulations where the mean annual precipitation is lower
than the potential snowmelt. For example, the potential
Fig. 8. Contours show potential snowmeits( myr—1) for differ- snowmelt for the &« PIC CCSM3_H simulation is above the

ent values for the annual mean air temperatitg @nd annual air - mean annual precipitation for the mountainous regions yet
temperature half rangeA(/a). If the total annual precipitation ex-  siijll produced a large ice sheet. Additionally, this data is for
ceeds this amount then snow will accumulate. Also shown are th‘?ce-free conditions at the first time step, and therefore does

values forl'a and AT, from the GCM simulations, averaged over ¢ | de height-mass balance feedback or ice flow from
the mountainous regions-(1500 m) and lapse rate corrected. Error . LT -
regions of initial ice nucleation.

bars forT 3 are 1 standard deviation 8%, above 1500 m. The mean
precipitation over mountainous regions is included in parentheses )
in the legend (myrY). 2x PIC simulations shown in blue andk4 ~ 3-5 GCM seasonality

PIC simulations shown in red.
Given the importance of seasonality to our ice sheet model

] ) ) o results, in particular for HadCM3L, we next discuss the
The inner integral in practice is evaluated between 0 andyifferent seasonalities of the GCMs. As previously noted,
50°C, or is the standard deviation of temperature fluctua-the astronomical configurations are not identical between
tions with a value of SC used,A is the period of the year  gcm simulations but are similar; the HadCM3L, FAMOUS,
andTy is the daily surface air temperature calculated using ccsm3 H and CESM1.0 simulations all have a modern as-

_ 2t tronomical configuration. Maps of annual temperature range
T,=Ta+ ATaCOS<T> (5) (from the warmest month minus the coldest month) are

shown in Fig.9, and we show global maps of seasonality
We numerically compute the potential snowmelt (contours inin order to show any potential inter-hemispheric biases.
Fig. 8) according to Eqs.3)—(5) for a range of values fof 5 Itis interesting to note that the GENESIS simulations have
andAT,. Also shown in Fig8 are the values fof  and ATy a relatively high annual temperature range over the Northern
from the GCM simulations, as averages over the AntarcticHemisphere, but not the Southern Hemisphere. This pattern
mountain regions. is unique to GENESIS amongst the 2PIC simulations, al-

As can be seen from Fi@, the high annual mean air tem- though the GISS_ER34 PIC simulation also shows a sim-
peratures of the FAMOUS simulation generate a very highilar pattern. GENESIS is the GCM used BeConto et al.
potential snowmelt, explaining the lack of ice in this simula- (2008 in their study investigating the thresholds for North-
tion. For HadCM3L, despite the low annual mean air temper-ern Hemisphere glaciation. Their study suggested that the
atures over the mountainous regions of Antarctica, the potenthreshold for Northern Hemisphere glaciatiori280 ppmv,
tial snowmelt is still relatively high at2 PIC. Thisisdueto providing evidence against the early Northern Hemisphere
the large annual air temperature half range in the HadCM3Lglaciation hypothesis. This hypothesis was based on evi-
simulations. The potential snowmelt in the HadCM3k 2 dence from ice-rafted debris in the Eocene and Oligocene
PIC simulation is comparable to the CCSM3_k £IC (Tripati et al, 2005 Eldrett et al, 2007, and discrepancies
simulation. This CCSM3_H # PIC simulation generated a between benthié'80 and Mg/ Ca records across the EOT
large ice sheet, whereas the HadCM3L simulation did not.(Lear, 2000, although this second issue has now largely been
The total annual precipitation for the CCSM3_kk #IC resolved DeConto et a].2008 Liu et al, 2009 Wilson and
simulation is approximately double that of the HadCM3L Luyendyk 2009. Given the strong seasonality seen in the
2x PIC simulation over the East Antarctic. This would sug- GENESIS simulations in the Northern Hemisphere, it would
gest that the low precipitation in the HadCM3L simulations perhaps be interesting to repeat the experimemeatonto
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(a) HadCM3L CCSM3_H 60°C in certain regions. The HadCM3L4PIC simulation
has a slightly lower seasonality than the PIC simulation,

but the seasonality is still greater than for any of the other
GCMs at 4x 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 astronom-
ical forcing, including a simulation favourable to Southern
Hemisphere glaciationL(nt 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 Fid.0. The seasonality of the
ERA-40 data set is also shown. Although the modern control
HadCM3L simulation has a relatively high seasonality com-
pared with the other GCMs, especially over northern Asia,
it is comparable to the ERA-40 data set. Over Antarctica,
(b) HadCM3L CCSM3_H which has a large ice sheet in these control simulations, all

G of the GCMs have a similar seasonality, although HadCM3L
is slightly higher than the other models and FAMOUS has a
high seasonality over West Antarctica. This suggests that the
strong HadCM3L seasonality is mainly caused by the change
to early Eocene boundary conditions, although it is interest-
ing that a similar change does not affect the other GCMs.

It is not yet clear why HadCM3L has such a strong sea-
sonality at high latitudes under Eocene boundary conditions;
other attempts at understanding why HadCM3L generates
such a strong seasonality have included additional HadCM3L
simulations using a dynamic vegetation model (TRIFFID) as
opposed to the homogenous shrubland used. oyt et al.
(2010 (Loptson, personal communication, 2012); the study
of Thorn and DeContq2006 showed high sensitivity of
the Antarctic climate to the polar vegetation cover. In ad-
dition, GENESIS simulations have been completed using
- the proprietary palaeo-geography used.lmt et al.(2010
:""“a' femperature range °CGO (Pollard, personal communication, 2012). These additional
— Do— GENESIS simulations were also performed with a variety
. _ of vegetation types. The HadCM3L simulations with a dy-
Fig. 9. Annual surface air temperature range over land from Eocene . ; .
GCM simulations afa) 2x PIC and(b) 4x PIC. namic vegetation model 'had an equally sFro'ng seasonality,

whereas the GENESIS simulations were similar to the stan-
dard Eocene/Oligocene simulations. Further diagnostic work
is needed to understand why HadCM3L has a strong sea-
et al.(2008 using another GCM; especially considering that sonality under early Eocene boundary conditions, this could
the regions of low seasonality in the Northern Hemisphere,include experiments on the East Antarctic ice sheet (similar
the west of North America and northeast Asia are also theto the experiments ooldner et al.2013 and changes to
regions where ice first nucleates in their ISM simulations ocean gateways.
(DeConto et a].2008.

The strong seasonality in the HadCM3L simulations is not3.6 Ice in the Eocene?
just a result of very warm summers, but also cool winters.

As can be seen from Fi@, for the early Eocene 2 PIC Based on previous modelling studi€eConto and Pollard
simulations using HadCM3L there is a very large annual2003 Langebroek et 812009, and proxy records of atmo-
temperature range over Antarctica. For HadCM3L, the an-spheric CQ concentrationsHagani et aJ.2005 2011 Pear-
nual range in surface air temperature over Antarctica exceedson et al. 2009 Beerling and Royer2011)), it is plausible
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Fig. 11. Proxy estimates of atmospheric gCOreproduced from
Beerling and Roye(2011), with Antarctic glacial thresholds from
GCM-ISM inter-comparison. The dotted lines are the thresholds 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
thePollard and DeCont(2005 simulation with astronomical forc-
ing and L2009 is the.angebroek et al2009 simulation with as-
annual temperature range °C tronomical forcing. Note that this plot excludes simulations from
0 2 40 50 HadCM3L, FAMOUS, GISS_ER and CCSM3_W, which did not
form an intermediate-sized ice sheet (see text).
Fig. 10. Annual surface air temperature range from modern/pre-
industrial control GCM simulations and ERA-40 re-analysis data
set. here. At 4x PIC small ice caps< 25m Eocene SLE) have
formed in the experiments using the climate output from
CCSM3 and GENESIS. At PIC, an intermediate ice sheet
that Antarctica could have been partially glaciated at times(> 25m Eocene SLE) has formed in the experiments using
during the Eocene. This would support the argument of CCSM3_H, CESM1.0, ECHAM5 and GENESIS. The com-
Miller et al. (2008 that Antarctica experienced ephemeral pilation of atmospheric C®proxies ofBeerling and Royer
glaciation earlier than the EOT, based on evidence from(2011 suggests that atmospheric €@as likely between
the sea level records dfominz et al.(2008 which show  4x and 2< PIC throughout much of the mid- to late Eocene
significant fluctuations in the Eocene. The offline simula- (see Fig.11), although there is significant uncertainty for
tions undertaken in this paper suggest that the modelled COmuch of the early Eocendéerling and Royer2011). With
threshold for Antarctic glaciation is highly climate-model- the exception of the experiments using HadCM3L and FA-
dependent. The composite of proxy atmospherig @0@ords  MOUS, none of the experiments support totally ice-free con-
from Beerling and Royef201)) is reproduced in Figl1 for ditions during the mid- to late Eocene based on current at-
data from 40-0 Ma for comparison with our model results; mospheric CQ reconstructions.
this includes data from a number of different proxy methods Although our modelling, combined with the proxy records
(note that the uncertainty for each of these proxies varies). of atmospheric Cg suggests that isolated ice caps could
The ISM simulations using the climate from HadCM3L have existed, we urge caution in assuming that this is correct.
(Lunt et al, 2010 and FAMOUS Gagoo et aJ.2013 do This caution is warranted given the significant inter-model
not support the early Antarctic glaciation hypothesis, how-disagreement. It seems plausible that a mountainous conti-
ever, due to the strong seasonality and low precipitationnent located over the pole would support ice caps. However,
over Antarctica using HadCM3L, there is also no signif- there are a number of additional factors which we have not
icant glaciation at atmospheric GQ@oncentrations lower yet fully addressed.
than PIC. Given that Antarctica is glaciated today, this re- The opening of ocean gateways, in particular the Drake
sult seems unlikely and is also anomalous when compare®assage, was proposed as a mechanism for the onset of
with previous modelling studiesHiybrechts 1993 De- Antarctic glaciation Kennett 1977). The modelling stud-
Conto and Pollard2003 Langebroek et al.2009 and the ies of DeConto and Pollar2003 andHuber et al.(2004),
other GCMs used in the inter-model comparison presenteaoupled with the synchronous decrease in atmospheric CO
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at the EOT Pagani et a).2011), suggest decreasing atmo- ECHAMS (Heinemann et al.2009. It is interesting there-
spheric CQ rather than the opening of ocean gateways asfore that our ISM simulations using the climate from this
the primary mechanism for continental Antarctic glaciation. ECHAMS5 simulation produced a large (B0x 10° km?) ice
However,DeConto and Pollar(2003 suggest that the open- sheet. This is perhaps dependent on the large lapse rate tem-
ing of ocean gateways could have lowered the;@@cial perature correction required from the relatively low Antarctic
threshold. This is because prior to the opening of the Drakdopography used in the ECHAMS5 simulation to the ISM to-
Passage and the development of the Antarctic Circumpolapography we use and the lack of elevation correction for pre-
Current (ACC) there was greater oceanic meridional heatipitation, which could lead to artificially high precipitation
transport towards the Southern Hemisphere high latitudestates. The FAMOUS simulation included here was part of
All of the early Eocene GCM simulations we have used havea parameter ensemble of simulations. The ensemble member
an open but shallow Drake Passage, resulting in partial deincluded here had the best agreement with the proxy data and
velopment of the ACC. The CCSM3 and CESM1.0 experi- showed a reduced meridional temperature gradient, although
ments have a closed Tasman Gatewdyl{er and Caballero  high latitude sea surface temperatures were still lower than
2011, Sewall et al. 2000. It is plausible that if the experi- suggested by some proxy recor@afoo et a).2013.
ments were repeated with a closed Drake Passage then theOur simulations also have relevance to other areas of de-
glacial CQ threshold would be lower, potentially below that bate regarding the onset of Antarctic glaciation. There is a
suggested by the proxy records for the Eocene. In an idelarge ¢~ 1.5 %o; Coxall et al, 2005 increase in the benthic
alized experiment where the oceanic meridional heat transs80 record at the EOT, caused by deep-sea coolitig (
port was increased by 20 % to represent a closed Drake Pagt al, 2009 Lear et al, 2010 Pusz et a].2011) and/or the
sageDeConto and Pollar003 noted a slight lowering of  growth of a continental-sized Antarctic ice shega¢hos
the glacial CQ threshold to 2.% PIC, compared with 2.8 et al, 2002, Houben et al.2012. Recent independent esti-
PIC for an open Drake Passage experiment. The GCM simmates suggest that part of this shift was due tb.5-5°C of
ulations used here have a partially opened Drake Passagdeep-sea coolind-{u et al,, 2009 Lear et al, 2010. Based
so it is possible that the increase in the glacial,Gfresh-  on the modelling work ofangebroek et al2010 who sug-
old would be less than for theeConto and Pollard2003 gested that the mean isotopic composition of Antarctic ice
open/closed experiment, if additional GCM simulations with varies for a small ice sheet-B0 %o), compared with a large
a closed Drake Passage were undertaken. ice sheet {40 %o.), this would imply that the remainder was
Proxy sea surface temperature records suggest that dudue to the growth of an ice sheet with a volume~of2—
ing past warm periods, such as the early Eocene, therd4 x 10°km?3. Based on our simulations, the lower ice vol-
was a reduced meridional temperature gradient. During th&ime estimate could easily be accommodated on Antarctica,
early Eocene, the high latitudes may have been significantlyeven if the continent was partially glaciated before the event.
warmer than present-daBifl et al., 2009 201Q Hollis et al, Our largest ice volume estimate is.3% 10° km?® using the
2009 Liu et al, 2009 and the low latitudes only slightly GENESIS simulation at 2 PIC and the upper estimate of
warmer than present-dayéxton et al.2006 Lear et al, Wilson et al.(2012 for the bedrock topography. Therefore if
2008 Keating-Bitonti et al. 2011). Climate models, includ- the EOT§180 shift was caused by the growth of an ice sheet
ing those used here, have had limited success in reproducingf 44 x 10° km? (i.e. deep-sea cooling was £6), it would
this reduced meridional temperature gradiddlferts eta).  require ice-free conditions prior to the event and potentially
2009 Winguth et al, 2010. For HadCM3L and CCSM3, the the additional growth of Northern Hemisphere ice sheets.
best model-data agreement requires high atmospheric CO
concentrations, in the range 6f9-18x PIC (Lunt et al,
2012. These atmospheric GQroncentrations appear high 4 Conclusions
when compared with the proxy estimates. Howev&rper
and Caballerq2011) suggest that this increased radiative The inter-model comparison performed in this paper high-
forcing is not necessarily just due to atmosphericoClut lights that the modelled Antarctic GQhreshold is highly
could include feedbacks from other greenhouse gases, clouahodel- and model-configuration-dependent. The threshold
feedbacks or other unknown factors. This increased radiafor the growth of an intermediate ice sheet (25m Eocene
tive forcing could be sufficient to prevent snow accumula- SLE) varies betweens2 and 3.3« PIC (~560-920 ppmv)
tion, for example our CCSM3_H simulation at2@PIC is  when using the climate output from GENESIS, CCSM3_H,
ice-free. Alternatively, the C@sensitivity could be higher CESM1.0 and ECHAMS5 Eocene simulations, but is not
than that suggested by the GCMs, which is particularly lowcrossed when using the climate output from HadCM3L.
for CCSM3 and GENESISHuber and Caballet®011). In- A large part of this disagreement is due to differences
deed, simulations using ECHAMS require only moderate at-in the GCM boundary conditions, in particular the topog-
mospheric C@ concentrations (2 PIC) to show reasonable raphy over the Antarctic. Some of the pre-existing Eocene
agreement with the sea surface temperature data, a resUBCM simulations we have used here have relatively low
that is at least in part due to the higher £8ensitivity of  topography over the Antarctic. The higher-resolution ISM

www.clim-past.net/10/451/2014/ Clim. Past, 10, 45466, 2014



464 E. Gasson et al.: Modelled C@threshold for Antarctic glaciation

topographies we use are significantly more mountainous, reReferences

quiring a large lapse rate correction. Because the lapse rate

is a poorly constrained parameter and likely to vary spatially,Abe'OLfChi’ A. and Blatter, H.: On the initiation of ice sheets, Ann.
the lapse rate correction is a large potential source of error. Glaciol., 203-207, 1993. ) )
In sensitivity tests, changing the lapse rate betweérand Barker, P., Diekmann, B., and Escutia, C.: Onset of Cenozoic

—8Kkm™1 led to glacial threshold varying between %.2 ggggt'c glaciation, Deep Sea Res. Part I, 54, 2293-2307,

and 5.5 PI_C (~~ 340-1650 ppmv) for CCS.M3—H.' FUtu'_Fe Barker, P. F., Filippelli, G. M., Florindo, F., Martin, E. E., and Scher,
work could involve a repeat of the GCM simulations with 1 b : Onsetand role of the Antarctic Circumpolar Current, Deep

identical boundary conditio.ns, Which are closer to the ISM Sea Res. Part II, 54, 2388-2398, 2007b.

topography. We have not investigated ISM dependance irBeerling, D. J. and Royer, D. L.: Convergent Cenozoio®@tory,

this paper and have used one surface mass balance schemeNat. Geosci., 4, 418-420, 2011.

It is possible that the C&threshold could also vary if a dif- Bice, K. and Marotzke, J.: Numerical evidence against reversed
ferent ISM or surface mass balance scheme were used. The thermohaline circulation in the warm Paleocene/Eocene ocean,
offline forcing method we have adopted does not take into_J- Geophys. Res., 106, 11529-11542, 2001.

account feedbacks on the climate system from the growth ofill: P- K., Schouten, S., Sluijs, A., Reichart, G.-J., Zachos, J. C.,
an ice sheet, which could affect the glacial £@reshold. and Brinkhuis, H Early Palaeogene temperature evolution of the
However, our results with GENESIS are comparable to the southwest pacific Ocean, Nature, 461, 776-779, 2009,

. . Bijl, P. K., Houben, A. J. P,, Schouten, S., Bohaty, S. M., Sluijs, A.,
earlier results obeConto and Pollar2003 using an asyn- Reichart, G.-J., Sinninghe Damsté, J. S., and Brinkhuis, H.: Tran-

chronous coupling method. ' . sient Middle Eocene atmospheric CO2 and temperature varia-
The simulations using the HadCM3L simulationsLaomt tions, Science, 330, 819-21, 2010.

et al.(2010 have relatively low precipitation and a very high Bougamont, M., Bamber, J. L., and Greuell, W.: A surface mass
seasonality, which results in little snow accumulation, even at balance model for the Greenland ice sheet, J. Geophys. Res., 110,
low atmospheric C@concentrations. This result is anoma-  F04018, doil0.1029/2005JF000348005.

lous when compared to the results of the other GCM simu-Connolley, W. M. and Bracegirdle, T. J.: An Antarctic assessment
lations. When using a FAMOUS simulation which had been  ©f IPCC AR4 coupled models, Geophys. Res. Lett., 34, L22505,
tuned to early Eocene proxy data, no ice formed:at”IC do“lo'1029/2007GL03164&0_07' _

(550ppm). The 1SM simultons using the cimate output 7% . Themeon, N Feners. P . veming &, and
from CCSMS3, C.:ESMl'O’ GENESIS and E.CHAMS’ suggest§ the Gamburtsev Mountains in interior East Antarctica, Geophys.
that grounded ice could have e>.<|sted earlier than _the EOT, if Res. Lett., 37, L22307, ddi0.1029/2010GL04510@010.

current estimates of atmospheric £&e correct. This could  coxall, H. K., Wilson, P. A., Palike, H., Lear, C. H., and Back-
support evidence from sea level recortilier et al., 2005 man, J.: Rapid stepwise onset of Antarctic glaciation and deeper
Kominz et al, 2008. If the Antarctic was ice-free in the calcite compensation in the Pacific Ocean, Nature, 433, 53-57,
Eocene it may suggest that some other mechanism prevented 2005.

glaciation. For example, it is possible that stronger net ra-DeConto, R. M. and Pollard, D.: Rapid Cenozoic glaciation of
diative forcing (not necessarily due to atmospheric,C@- Antarctica induced by declining atmospheric £ Mature, 421,
sulted in warmer high latitudes than shown in the GCM sim-  245-249, 2003. ,

ulations used here. Alternatively, the impact of the openingPeConto. R., Poliard, D., and Harwood, D.: Sea ice feedback and
of ocean gateways and changes in ocean circulation could Cenozoic evolution of Antarctic climate and ice sheets, Paleo-

. ceanography, 22, 1-18, 2007.
be greater than suggested by previous studdeonto and . .
DeConto, R. M., Pollard, D., Wilson, P. A., Palike, H., Lear, C. H.,
Pollard 2003 Huber et al.2004).

and Pagani, M.: Thresholds for Cenozoic bipolar glaciation, Na-
ture, 455, 652—656, 2008.
Dolan, A. M., Koenig, S. J., Hill, D. J., Haywood, A. M., and

Sup_plementqry material related_ to this article is DeConto, R. M.: Pliocene Ice Sheet Modelling Intercomparison
available online athttp://www.clim-past.net/10/451/2014/ Project (PLISMIP) — experimental design, Geosci. Model Dev.,
cp-10-451-2014-supplement.pdf 5, 963-974, doi0.5194/gmd-5-963-2012012.

Eldrett, J. S., Harding, I. C., Wilson, P. A., Butler, E., and Roberts,
A. P.: Continental ice in Greenland during the Eocene and
AcknowledgementsThis work was carried out in part using the Ollgocen.e, Nature, 4463 176__179' 2007.
computational facilities of the Advanced Computing ResearchGasson, E.: The past relatlon_shlp between temperature and_sea Igvel
Centre, University of Bristol. E. Gasson was supported by NERC. ~ rom proxy records and ice sheet modelling, PhD thesis, Uni-

This is a contribution to the PALSEA working group. versity of Bri_stol, 2013.
Gasson, E., Siddall, M., Lunt, D. J., Rackham, O. J. L., Lear,

Edited by: G. Chen C._ H., _and Pollard, D.: Exploring uncertainties in the re-
lationship between temperature, ice volume, and sea level
over the past 50 million years, Rev. Geophys., 50, RG1005,
doi:10.1029/2011RG000352012.

Clim. Past, 10, 451466 2014 www.clim-past.net/10/451/2014/


http://www.clim-past.net/10/451/2014/cp-10-451-2014-supplement.pdf
http://www.clim-past.net/10/451/2014/cp-10-451-2014-supplement.pdf
http://dx.doi.org/10.1029/2005JF000348
http://dx.doi.org/10.1029/2007GL031648
http://dx.doi.org/10.1029/2010GL045106
http://dx.doi.org/10.5194/gmd-5-963-2012
http://dx.doi.org/10.1029/2011RG000358

E. Gasson et al.: Modelled CQ threshold for Antarctic glaciation 465

Goldner, A., Huber, M., and Caballero, R.: Does Antarctic glacia- Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A. C. M.,
tion cool the world?, Clim. Past, 9, 173-189, d6:5194/cp-9- and Levrard, B.: A long-term numerical solution for the insola-
173-20132013. tion quantities of the Earth, Astron. Astrophys., 285, 261-285,

Heinemann, M., Jungclaus, J. H., and Marotzke, J.: Warm Pale- 2004.
ocene/Eocene climate as simulated in ECHAMS5/MPI-OM, Clim. Lear, C. H.: Cenozoic Deep-Sea Temperatures and Global Ice Vol-
Past, 5, 785-802, ddi0.5194/cp-5-785-2002009. umes from Mg/Ca in Benthic Foraminiferal Calcite, Science,

Hollis, C. J., Handley, L., Crouch, E. M., Morgans, H. E., Baker, 287, 269-272, 2000.

J. A., Creech, J., Collins, K. S., Gibbs, S. J., Huber, M., SchoutenLear, C. H., Bailey, T. R., Pearson, P. N., Coxall, H. K., and Rosen-
S., Zachos, J. C., and Pancost, R. D.: Tropical sea temperatures thal, Y.: Cooling and ice growth across the Eocene-Oligocene
in the high-latitude South Pacific during the Eocene, Geology, transition, Geology, 36, 251-254, 2008.

37,99-102, 2009. Lear, C. H., Mawbey, E. M., and Rosenthal, Y.: Cenozoic benthic

Houben, A. J., van Mourik, C. A., Montanari, A., Coccioni, R.,and  foraminiferal Mg/Ca and Li/Ca records: Toward unlocking tem-
Brinkhuis, H.: The Eocene-Oligocene transition: Changes in sea peratures and saturation states, Paleoceanography, 25, PA4026,
level, temperature or both?, Palaeogeogr. Palaeocli. Palaeoecol., doi:10.1029/2004PA001012010.

335-336, 75-83, 2012. Liu, Z., Pagani, M., Zinniker, D., Deconto, R., Huber, M.,
Huber, M. and Caballero, R.: The early Eocene equable climate Brinkhuis, H., Shah, S. R., Leckie, R. M., and Pearson, A.:

problem revisited, Clim. Past, 7, 603-633, d6i5194/cp-7- Global cooling during the eocene-oligocene climate transition,

603-20112011. Science (New York, N.Y.), 323, 1187-1190, 2009.

Huber, M. and Nof, D.: The ocean circulation in the southern Lunt, D. J., Foster, G. L., Haywood, A. M., and Stone, E. J.: Late
hemisphere and its climatic impacts in the Eocene, Palaeogeogr. Pliocene Greenland glaciation controlled by a decline in atmo-
Palaeocli. Palaeoecol., 231, 9-28, 2006. spheric CQ levels, Nature, 454, 1102-1105, 2008.

Huber, M., Brinkhuis, H., Stickley, C. E., Ddds, K., Sluijs, Lunt, D. J., Valdes, P. J., Jones, T. D., Ridgwell, A., Haywood,
A., Warnaar, J., Schellenberg, S. A., and Wiliams, G. L..: A. M., Schmidt, D. N., Marsh, R., and Maslin, M.: G&lriven
Eocene circulation of the Southern Ocean: Was Antarctica kept ocean circulation changes as an amplifier of Paleocene-Eocene
warm by subtropical waters?, Paleoceanography, 19, PA4026, thermal maximum hydrate destabilization, Geology, 38, 875—
doi:10.1029/2004PA001012004. 878, 2010.

Hutter, K.: Theoretical glaciology — material science of ice and the Lunt, D. J., Ridgwell, A., Sluijs, A., Zachos, J., Hunter, S., and Hay-
mechanics of glaciers and ice sheets, D. Reidel Publishing Com- wood, A.: A model for orbital pacing of methane hydrate desta-
pany, Dordrecht, 1983. bilization during the Palaeogene, Nat. Geosci., 4, 775-778, 2011.

Huybrechts, P.: Glaciological modelling of the late cenozoic EastLunt, D. J., Dunkley Jones, T., Heinemann, M., Huber, M.,
Antarctic ice sheet: stability or dynamism?, Geografiska Annaler, LeGrande, A., Winguth, A., Loptson, C., Marotzke, J., Roberts,
Series A. Physical Geography, 75, 221-238, 1993. C. D., Tindall, J., Valdes, P., and Winguth, C.: A model-

Huybrechts, P. and de Wolde, J.: The dynamic response of the data comparison for a multi-model ensemble of early Eocene
Greenland and Antarctic ice sheets to multiple-century climatic  atmosphere-ocean simulations: EoMIP, Clim. Past, 8, 1717—
warming, J. Climate, 12, 2169-2188, 1999. 1736, doi10.5194/cp-8-1717-2012012.

Keating-Bitonti, C. R., Ivany, L. C., Affek, H. P., Douglas, P., and Lythe, M. and Vaughan, D.: BEDMAP: A new ice thickness and
Samson, S. D.: Warm, not super-hot, temperatures in the early subglacial topographic model of Antarctica, J. Geophys. Res.,
Eocene subtropics, Geology, 39, 771-774, 2011. 106, 11335-11351, 2001.

Kennett, J. P.: Cenozoic Evolution of Antarctic Glaciation, the Magand, O., Frezzotti, M., Pourchet, M., Stenni, B., Genoni, L., and
Cirum-Antarctic Ocean, and Their Impact on Global Paleo- Fily, M.: Climate variability along latitudinal and longitudinal
ceanography, J. Geophys. Res., 82, 3843—-3860, 1977. transects in East Antarctica, Ann. Glaciol., 39, 351-358, 2004.

Kominz, M. A., Browning, J. V., Miller, K. G., Sugarman, P. J., Miller, K. G., Kominz, M. A., Browning, J. V., Wright, J. D., Moun-
Mizintseva, S., and Scotese, C. R.: Late Cretaceous to Miocene tain, G. S., Katz, M. E., Sugarman, P. J., Cramer, B. S., Christie-
sea-level estimates from the New Jersey and Delaware coastal Blick, N., and Pekar, S. F.: The Phanerozoic record of global sea-
plain coreholes: an error analysis, Basin Res., 20, 211-226, 2008. level change, Science (New York, N.Y.), 310, 1293-1298, 2005.

Krinner, G. and Genthon, C.: Altitude dependence of the ice sheeMiller, K., Wright, J., Katz, M., Browning, J., Cramer, B., Wade,
surface climate, Geophys. Res. Lett., 26, 227-2230, 1999. B., and Mizintseva, S.: A view of Antarctic ice-sheet evolution

Kump, L. R. and Pollard, D.: Amplification of Cretaceous warmth  from sea-level and deep-sea isotope changes during the Late
by biological cloud feedbacks, Science (New York, N.Y.), 320, Cretaceous-Cenozoic, in: Antarctica: A Keystone in a Chang-
p. 195, 2008. ing World — Proceedings of the 10th International Symposium

Langebroek, P. M., Paul, A., and Schulz, M.: Antarctic ice-sheet on Antarctic Earth Sciences, 2008.
response to atmospheric @Gand insolation in the Middle  Morlighem, M., Rignot, E., Seroussi, H., Larour, E., Ben Dhia, H.,
Miocene, Clim. Past, 5, 633-646, dii.5194/cp-5-633-2009 and Aubry, D.: Spatial patterns of basal drag inferred using con-
2009. trol methods from a full-Stokes and simpler models for Pine Is-

Langebroek, P. M., Paul, A., and Schulz, M.: Simulating the sea land Glacier, West Antarctica, Geophys. Res. Lett., 37, L14502,
level imprint on marine oxygen isotope records during the middle  doi:10.1029/2010GL043852010.

Miocene using an ice sheet-climate model, Paleoceanography,
25, PA4203, doit0.1029/2008PA001702010.

www.clim-past.net/10/451/2014/ Clim. Past, 10, 45466, 2014


http://dx.doi.org/10.5194/cp-9-173-2013
http://dx.doi.org/10.5194/cp-9-173-2013
http://dx.doi.org/10.5194/cp-5-785-2009
http://dx.doi.org/10.5194/cp-7-603-2011
http://dx.doi.org/10.5194/cp-7-603-2011
http://dx.doi.org/10.1029/2004PA001014
http://dx.doi.org/10.5194/cp-5-633-2009
http://dx.doi.org/10.1029/2008PA001704
http://dx.doi.org/10.1029/2004PA001014
http://dx.doi.org/10.5194/cp-8-1717-2012
http://dx.doi.org/10.1029/2010GL043853

466 E. Gasson et al.: Modelled C@threshold for Antarctic glaciation

Pagani, M., Zachos, J. C., Freeman, K. H., Tipple, B., and Bohaty,Sexton, P. F., Wilson, P. a., and Pearson, P. N.: Microstructural
S.: Marked decline in atmospheric carbon dioxide concentrations and geochemical perspectives on planktic foraminiferal preser-
during the Paleogene, Science (New York, N.Y.), 309, 600-603, vation: “Glassy” versus “Frosty”, Geochem. Geophys. Geosys.,
2005. 7, Q12P19, doi0.1029/2006GC001292006.

Pagani, M., Huber, M., Liu, Z., Bohaty, S. M., Henderiks, J., Sijp, Shellito, C. and Sloan, L.: Reconstructing a lost Eocene paradise:
W., Krishnan, S., and DeConto, R. M.: The role of carbon diox-  Part I. Simulating the change in global floral distribution at the
ide during the onset of Antarctic glaciation, Science (New York, initial Eocene thermal maximum, Global Planet. Change, 50, 1—
N.Y.), 334, 1261-1264, 2011. 17, 2006.

Pearson, P. N., Foster, G. L., and Wade, B. S.: Atmospheric carSolgaard, A. M. and Langen, P. L.: Multistability of the Greenland
bon dioxide through the Eocene-Oligocene climate transition, ice sheetand the effects of an adaptive mass balance formulation,

Nature, 461, 1110-1113, 2009. Clim. Dynam., 39, 1599-1612, 2012.

Pollard, D.: A retrospective look at coupled ice sheet-climate mod-Stone, E. J., Lunt, D. J., Rutt, I. C., and Hanna, E.: Investigating the
eling, Clim. Change, 100, 173-194, 2010. sensitivity of numerical model simulations of the modern state of
Pollard, D. and DeConto, R.: Hysteresis in Cenozoic Antarctic ice- the Greenland ice-sheet and its future response to climate change,

sheet variations, Global Planet. Change, 45, 9-21, 2005. The Cryosphere, 4, 397-417, did:5194/tc-4-397-201@010.

Pusz, A. E., Thunell, R. C., and Miller, K. G.: Deep water temper- Thompson, S. L. and Pollard, D.: Greenland and Antarctic Mass
ature, carbonate ion, and ice volume changes across the Eocene- Balance for Present and Doubled Atmospherico(fdm the
Oligocene climate transition, Paleoceanography, 26, PA2205, GENESIS Version-2 Global Climate Model, J. Climate, 10, 871—
doi:10.1029/2010PA001952@011. 900, 1997.

Reeh, N.: Parameterization of melt rate and surface temperature omhorn, V. C. and DeConto, R.: Antarctic climate at the
the Greenland ice sheet, Polarforschung, 5913, 113-128, 1991. Eocene/Oligocene boundary — climate model sensitivity to high
Ritz, C., Fabre, A., and Letréguilly, A.: Sensitivity of a Green- latitude vegetation type and comparisons with the palaeobotan-
land ice sheet model to ice flow and ablation parameters: con- ical record, Palaeogeogr. Palaeocli. Palaeoecol., 231, 134-157,

sequences for the evolution through the last climatic cycle, Clim.  2006.
Dynam., 13, 11-24, 1996. Tripati, A., Backman, J., Elderfield, H., and Ferretti, P.. Eocene

Roberts, C. D., LeGrande, A. N., and Tripati, A. K.: Climate sen-  bipolar glaciation associated with global carbon cycle changes,
sitivity to Arctic seaway restriction during the early Paleogene, Nature, 436, 341-346, 2005.

Earth Planet. Sci. Lett., 286, 576585, 2009. Wilson, D. S. and Luyendyk, B. P.: West Antarctic paleotopography

Rutt, I. C., Hagdorn, M., Hulton, N. R. J., and Payne, A. J.: The estimated at the Eocene-Oligocene climate transition, Geophys.
Glimmer community ice sheet model. J. Geophys. Res., 114, Res. Lett., 36, L16302, ddi0.1029/2009GL039292009.

F02004, doil0.1029/2008JF001013009. Wilson, D. S., Jamieson, S. S., Barrett, P. J., Leitchenkov, G.,

Sagoo, N., Valdes, P., Flecker, R., and Gregoire, L.: The Early Gohl, K., and Larter, R. D.: Antarctic topography at the Eocene-
Eocene equable climate problem: can perturbations of climate Oligocene boundary, Palaeogeogr. Palaeoclim. Palaeoecol., 335—
model parameters identify possible solutions?, Philosophical 336, 24-34,2012.
transactions. Series A, Mathematical, physical, and engineeringVinguth, A., Shellito, C., Shields, C., and Winguth, C.: Climate
sciences, 2013. Response at the Paleocene-Eocene Thermal Maximum to Green-

Seddik, H., Greve, R., Zwinger, T., Gillet-Chaulet, F., and Gagliar- house Gas Forcing — A Model Study with CCSM3, J. Climate,
dini, O.: Simulations of the Greenland ice sheet 100 years into 23, 2562-2584, 2010.
the future with the full Stokes model Elmer/ice, J. Glaciol., 58, Zachos, J. C., Shackleton, N. J., Revenaugh, J. S., Pélike, H., and
427-440, 2012. Flower, B. P.: Climate response to orbital forcing across the

Sewall, J. O., Sloan, L. C., Huber, M., and Wing, S.: Climate sen- Oligocene-Miocene boundary, Science (New York, N.Y.), 292,
sitivity to changes in land surface characteristics, Global Planet. 274-278, 2001.

Change, 26, 445-465, 2000.

Clim. Past, 10, 451466 2014 www.clim-past.net/10/451/2014/


http://dx.doi.org/10.1029/2010PA001950
http://dx.doi.org/10.1029/2008JF001015
http://dx.doi.org/10.1029/2006GC001291
http://dx.doi.org/10.5194/tc-4-397-2010
http://dx.doi.org/10.1029/2009GL039297

