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Key points

e Air temperatures at the margins of the Antarctic continent dropped by 0 to 4°C across the Eocene
Oligocene Transition.

e Southern high latitude sea surface temperatures cooled by 0 to 3°C.

o Best fit to the proxy surface air temperatures from CO2-only runs suggest a 30% decrease in

pCO; across the Eocene-Oligocene Transition.
Abstract

The Eocene-Oligocene Transition (EOT) marks the shift from greenhouse to icehouse conditions at 34
Ma, when a permanent ice sheet developed on Antarctica. Climate modeling studies have recently
assessed the drivers of the transition globally. Here we revisit those experiments for a detailed study of
the southern high latitudes in comparison to the growing number of mean annual sea surface temperature
(SST) and mean air temperature (MAT) proxy reconstructions, allowing us to assess proxy-model
temperature agreement and refine estimates for the magnitude of the pCO; forcing of the EOT. We
compile and update published proxy temperature records on and around Antarctica for the late Eocene
(38-34 Ma) and early Oligocene (34-30 Ma). Compiled SST proxies cool by up to 3°C and MAT by up to
4° between the timeslices. Proxy data were compared to previous climate model simulations representing
pre- and post-EOT, typically forced with a halving of pCO,. We scaled the model outputs to identify the

magnitude of pCO; change needed to drive a commensurate change in temperature to best fit the
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temperature proxies. The multi-model ensemble needs a 30 or 33% decrease in pCO;, to best fit MAT or
SST proxies respectively, a difference of just 3%. These proxy-model intercomparisons identify pCO; as
the primary forcing of EOT cooling, with a magnitude (-200 or -243 ppmv) approaching that of the pCO,
proxies (-150 ppmv). However individual model estimates span -66 to -375 ppmv, thus proxy-model

uncertainties are dominated by model divergence.
Plain Language Summary

Antarctica was once a continent with little to no ice on it. Around 34 million years ago Antarctica
developed its first permanent ice sheet as temperatures cooled. To evaluate how much cooling occurred
on and around Antarctica, we compiled evidence from the molecules left behind by ancient organisms,
that carry information about temperature, as reported previously in the literature. We then compared the
ancient evidence to climate model experiments which allows us to test cause and effect. Cooling is
thought to be caused by a drop in carbon dioxide concentrations in the atmosphere, and we tested how
much carbon dioxide levels would need to drop to explain the cooling found. Our estimates are similar to

independent evidence from marine organisms for carbon dioxide concentrations.
Keywords: EOT, DeepMIP, IODP, BAYSPLINE, BAYSPAR, BAYMBT
1. Introduction

The Eocene-Oligocene Transition (EOT) spans 34.4 to 33.7 Ma (Coxall & Pearson, 2007; Hutchinson et
al., 2021; Katz et al., 2008) and marks the growth of permanent ice sheets on Antarctica (McKay et al.,
2022). This transition includes a two-step increase in benthic foraminiferal 520 by 1.2%. (Westerhold et
al., 2020). The first step increase in 5'®Opentic is harder to identify and does not appear in all records
relative to the second step, referred to as the Earliest Oligocene Isotope Step (Hutchinson et al., 2021),
which is an increases in §'®Openmic 0f 0.7%o0 or more denoting the expansion of the Antarctic ice sheet.
Estimates for the size of the ice sheet based on the benthic §'80 signal suggest an ice sheet 60-130% of

the modern East Antarctic Ice Sheet (Bohaty et al., 2012b; Lear et al., 2008). This transition is marked by
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a decrease in pCO- (Rae et al., 2021), temperature (Coxall & Pearson, 2007; Hutchinson et al., 2021; Lear
et al., 2008; Liu et al., 2009), and sea level (Houben et al., 2012; Miller et al., 2020). An early hypothesis
for the growth of permanent ice sheets on Antarctica was that gateway openings at the Drake Passage and
Tasman Gateway led to thermal isolation of Antarctica (Kennett, 1977). Several ocean-only or
intermediate complexity climate models suggest that the opening or deepening of the Southern Ocean
gateways could have a local cooling effect close to the Antarctic coast (Sauermilch et al., 2021; Sijp et al.,
2009). However, the accumulating proxy records and coupled climate modelling experiments have
indicated that the gateway hypothesis does not fully explain the global cooling experienced at the EOT
(e.g., Hutchinson et al., 2021; Lauretano et al., 2021). Ocean circulation proxy reconstructions indicate
that the timing does not match the proposed mechanism. Deep water currents through the Tasman
Gateway were first established around 30 Ma (Scher et al., 2015), i.e., after the EOT. For the Drake

Passage, full opening may have occurred even later, in the Miocene (Dalziel et al., 2013).

A growing consensus is that a decrease in pCO; across the EOT is the primary driver for the EOT and
temperature decrease globally (DeConto & Pollard, 2003; Goldner et al., 2014; Hutchinson et al., 2021;
Lauretano et al., 2021; Pagani et al., 2011). Previous model proxy comparisons indicating a decrease in
pCO; by 40% can explain the global temperature shift (Hutchinson et al., 2021). Recent pCO;
compilations (Rae et al., 2021) constrain a decrease in pCO- from 980 to 830 ppmv, a 16% decrease,
based on the boron isotope proxy (Anagnostou et al., 2016, 2020; Henehan et al., 2020; Pearson et al.,
2009) and from 660 to 520 ppmv from alkenones, a 27% decrease, across the EOT (Pagani et al., 2005,
2011). Both proxies converge on the magnitude of the decrease being just 140-150 ppmv between the late
Eocene and the early Oligocene, and when averaging across both proxies there is roughly a 25% decrease
across the EOT (Rae et al., 2021). Although carbon dioxide has been established as the leading cause,
additional feedbacks are invoked from both the ice-albedo feedback and gateway-induced changes to
deep-water formation (Goldner et al., 2014). Several coupled climate model studies have found a shift

from South Atlantic to South Pacific deep-water formation across the EOT due to Southern Ocean
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gateway opening (Kennedy et al., 2015; Toumoulin et al., 2020). Furthermore, deep water circulation
proxies suggest that there was an expansion of North Atlantic Deep Water formation around the EOT
(Coxall et al., 2018), supported by paleogeographic and modelling evidence of the Arctic becoming
isolated from the North Atlantic (Hutchinson et al., 2019; Vahlenkamp et al., 2018). These studies
suggest that ocean gateway and ice sheet changes could be involved in driving the observed changes at

the EOT, although declining pCO; is the only mechanism proven to cause global cooling.

Climate models allow the drivers of change to be tested. Inter-model differences in boundary conditions
(e.g., continental configuration) and parameterization schemes can lead to different outcomes. Multi-
model comparisons can test the robustness of hypotheses for the transition to these differences in model
formulation. One surprising feature of climate model experiments, is the finding of a smaller decrease in
surface air temperatures at higher latitudes in comparison to mid-latitudes across the EOT (Kennedy-
Asser et al., 2020). Model experiments also indicate Southern Ocean sea surface temperatures (SSTs)
cooled more than the land at the same latitude. SST proxies indicate a global average cooling of 2.5°C
across the EOT and regional differences in cooling ranging from 0 to 8°C (Hutchinson et al., 2021).
Compiled global land surface mean air temperature (MAT) proxy records suggest a global mean cooling
of 2.3°C with latitudinal and regional differences in cooling from 0 to 8°C (Hutchinson et al., 2021).
However, proxy records are concentrated in northern mid-latitudes with limited records from the Southern
Hemisphere and few from Antarctica. The sparse coverage of proxy records in the Southern Hemisphere

and from Antarctica has hampered past efforts to evaluate model outputs.

We now have more temperature records to assess the magnitude of the land and sea temperature shift
across the EOT surrounding the Southern Ocean. For example, there are now brGDGT-based temperature
estimates on both sides of the Southern Ocean from Prydz Bay (Tibbett et al., 2021a) and South Australia
(Lauretano et al., 2021). We add these new records to compiled proxies and multi-model experiments for
the EOT (compiled by Hutchinson et al., 2021). Hutchinson et al., (2021) compiled proxy data globally,

whereas we take a more in-depth look at the southern high latitudes (>45°S) including Antarctica. For this
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proxy-model comparison, we update the proxy compilation using the latest calibrations and we update
proxies onto a comparable timescale. In contrast to the recent high latitude study by Lauretano et al.,
(2021) that compared to a single climate model, we compare to the full suite of model experiments as in
Hutchinson et al., (2021). While the individual model experiments generally used a halving of carbon
dioxide to force a large EOT response, we scale the model experiments to identify the pCO; forcing
required to better reproduce the temperature anomaly across the transition observed in the proxy data in
the high southern latitudes. The focused multi-proxy, multi-model high latitude comparison allows us to
identify sub-regional differences in the proxies and in the climate model experiments to reach new
understanding of the forcing and response during the Eocene-Oligocene Transition on and around

Antarctica.

2. Methods

2.1. Proxy data

Proxy temperature records were collected south of 45°S (Figure 1a) based on paleolatitudes for the late
Eocene (38 to 34 Ma) and early Oligocene (34 to 30 Ma) collating records from land and sea for MAT
and SST (Figure 1b,c). Paleocoordinates were reconstructed using the modern day drilling coordinates
and (Muller et al., 2018) to reconstruct paleolatitude and paleolongitudes at 34 Ma. Proxy methods for
the temperature reconstructions are noted and where appropriate the data were recalibrated to the latest
methods for compatibility within the compilation (as described in the following sections on MAT and
SST). Age models were updated to the GTS2012 age model (Gradstein et al., 2012) for comparability in
the 4 Ma windows bracketing the EOT transition. Each of these updates (location, proxy calibration and

age model can be found in the proxy synthesis (Tibbett et al., 2022a).

2.1.1. MAT

For the southern continents, reconstructions of mean annual air temperatures (MAT, Table 1) come from

palynological analysis (Francis et al., 2008; Hunt & Poole, 2003; Macphail & Truswell, 2004; Poole et
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al., 2005; Truswell & Macphail, 2009), which identifies pollen grains to plant genus or species level and
constrains the climate based on known temperature and precipitation ranges of the extant species or
nearest living relative (NLR) (Amoo et al., 2022; Thompson et al., 2022), as a probability density
function (and central estimate) of likely climatic range (Harbert & Nixon, 2015; Hollis et al., 2019;
Willard et al., 2019). The temperature compilation for the continents also includes mineral weathering via
the S-index climofunction (Passchier et al., 2013, 2017) which is based on the molar ratio of Na,O and

K0 to Al,O released during weathering (Sheldon et al., 2002).

We also compiled records using the soil bacterial biomarkers, the branched Glycerol Dialkyl Glycerol
Tetraethers (brGDGTSs). The original MBT/CBT (Cyclization of Branched Tetraethers) index (Douglas et
al., 2014) includes temperature responsive methylation, but also the cyclization of brGDGTSs, which
varies with pH complicating that paleothermometer (Weijers et al., 2007). A newer method determines
the MBT sme index based only on the methylation of brGDGTSs, which responds to temperature
(Hopmans et al., 2016), an approach available after improvement in the separation of the 5- and 6-methyl
brGDGTs (De Jonge et al., 2014; Hopmans et al., 2016). The MBT sme index has been calibrated to
temperature (both mean annual and months above freezing) with the Bayesian regression model of the
Methylation of Branched Tetraethers index (BayMBT) (Dearing Crampton-Flood et al., 2020). For both
the Eocene and the Oligocene cases the MAF and MAT estimates are indistinguishable. BayMBT
calibrated data are reported with the calibration to mean annual air temperature for the purposes of
consistency with other mean annual air temperature (MAT) proxies and the reporting conventions for
proxy-model comparison. However we will return to the seasonal question and the latest calibrations to
months above freezing (MAF), based on the understanding that soil microbial communities are unlikely
to be active below freezing (Deng et al., 2016; Weijers et al., 2007, 2011), at the end of the discussion.
All BayMBT records, from marine drill cores, were screened for additional indices (e.g., BIT and
#Ringswwa) that can denote confounding factors similar to tests in Tibbett et al., (2022b), as no aquatic

overprinting was identified for the records, none were excluded. The WW?7 record is from a peat deposit



149  and therefore is not at risk for aquatic overprinting. The MBT/CBT record cannot be recalibrated using
150 BayMBT due to the lack of separation of the 5 and 6 methyl isomers but is retained. We have one

151  instance of a peat-based temperature estimate (Lauretano et al., 2021) reported using the MBT peat

152  calibration (Naafs et al., 2017) that was recalibrated using BayMBT (Dearing Crampton-Flood et al.,

153  2020), with no significant change in estimated MAT.

154  Table 1. Mean annual air temperature proxy compilation for late Eocene (38-34 Ma) and early Oligocene
155  (34-30 Ma).
156  * Douglas et al., (2014) also reported MBT'/CBT, excluded as unrealistically warm. **Pollen-based

Late Eocene MAT  Early Oligocene MAT ~ O-E

Location Lat Long Proxy Mean (°C) 1o (°C) Mean(°C) 1o (°C) A(°C) Reference
739, 742,1166 -67.3 75.1 BayMBT 11.0 2.0 6.8 2.6 -4.2 Tibbett et al., 2021b
739, 742,1166 -67.3 75.1 S-index 10.4 1.0 8.1 0.5 -2.3 Passchier et al., 2017
C.IROS'l CRP -77.7 1635 S-index 8.7 1.2 7.8 1.3 -0.9 Passchier et al., 2013
Sites 2/3
U1356 -63.3 136.0 S-index 8.9 1.2 Passchier et al., 2013
Lauretano et al., 2021
WW7 -38.2 147.1 BayMBT 23.3 1.6 20.2 1.2 -3.1 recalibrated using
BayMBT
Seymour Island  -64.4 -56.8 MBT/CBT* 12.2 2.3 Douglas et al., 2014
King George .
Island, Dragon ~ -62.1 -58.9  Pollen** 12.0 Hunt & Poole, 2003;
. Poole et al., 2005
Glacier
King George
Island, Fossil -62.1 -58.9 Pollen** 13.3 Poole et al., 2005
Hill
McMurdo -77.6 166.4 Pollen** 13.0 Francis et al., 2008
King George
Island, South -62.0 -58.4 Pollen** 13.4 Francis et al., 2008
Sheltand Island
Macphail &
1166 673 751  Pollen** 12.0 Truswell, 2004;
Truswell &
Macphail, 2009
CRP-3 -77.0 163.7 Pollen** 6.5 Francis et al., 2008
SHALDRIL -63.8 -54.7 BayMBT 6.9 0.5 Tibbett et al., 2022¢
696 618 -429  Pollen 119 1.8 11.2 1.0 0.7 ;gg;“pson etal,
1172 -43.9 158.3 Pollen 11.7 1.7 11.9 1.7 +0.2  Amoo et al., 2022

157  temperature estimates are reported here as MAT. Standard deviations represent timeseries variability.
158  Latitude and longitude are reported for present positions and are reported to 0.1° resolution.



159 2.1.2. SST

160  Southern high latitude SST records (Table 2) are from the archaeal membrane lipid TEXgs index

161  (Douglas et al., 2014; Hartman et al., 2018; Lauretano et al., 2021; Tibbett et al., 2021a) which is based
162  on the relationship between SST and the degree of cyclization of isoprenoidal GDGTs (isoGDGTSs)

163  produced by Crenarchaeota (Schouten et al., 2002). Additional SST records include the haptophyte algal
164  biomarker U¥3; index (Houben et al., 2019; Liu et al., 2009; Pagani et al., 2011; Plancq et al., 2014)

165  produced by Reticulofenestrids in the Eocene and Oligocene (Henderiks & Pagani, 2008). The UX'37 index
166  SST relationship is based on the proportion of di- and tri-unsaturated Cs7 alkenones (Prahl & Wakeham,
167  1987; Sikes et al., 1997; Sikes & Volkman, 1993). Carbonate clumped isotopes A4z values measured on
168  shallow coastal bivalves were also included as SST proxies (Douglas et al., 2014; Petersen & Schrag,

169  2015) since “clumped” O-13C is responsive to temperature (Ghosh et al., 2006). For Douglas et al., 2014
170  the TEXgs SSTs were reevaluated using BAYSPAR (Bayesian, Spatially-Varying Regression calibration
171 for TEXss) (Tierney & Tingley, 2014) with a prior of 13°C and a standard deviation of 15°C. Other

172 TEXse records from the Southern Ocean were either originally calibrated with BAYSPAR (Hartman et
173 al., 2018; Lauretano et al., 2021; Tibbett et al., 2021a), or were recently reevaluated using BAYSPAR
174  (Lauretano et al., 2021) with priors ranging from 12 to 21°C and a standard deviation of 20°C. The U5
175  records were reinterpreted using the latest BAYSPLINE (B-spline fit with a Bayesian regression)

176  calibration (Tierney & Tingley, 2018).

177  Table 2. Sea surface temperature proxy compilation for the late Eocene (38-34 Ma) and early Oligocene
178  (34-30 Ma)

I. Eocene SST  e. Oligocene SST O-E

Mean 1o Mean A

i L Lon Prox 0 Referen
Site at ong OXy C) CC)  (C) 16 (°C) (°C) eference
73&;22, 673 751 BAYSPAR 126 17 104 11 22 Tibbettetal., 2021b
689 -64.5 -3.1 As7 13.3 5.0 12.0 0.9 -1.3 Petersen & Schrag, 2015
*
511 510 -470 BAYSPAR 15.7 21 131 1.0 g  Houbenetal, 2019
Lauretano et al., 2021
511 510 -47.0 BAYSPLINE  17.6 21 108 25 6.8 Houben et al., 2019% **

8



Liu et al., 2009; Plancq

511 -51.0 -47.0 BAYSPLINE 18.2 25 10.7% 0.8 -7.5 et al., 2014, from
Elsworth et al., 2017 **
Pagani et al., 2011,*
277 -52.2  166.2 BAYSPAR 26.6 1.1 24.0 0.4 -2.6 Lauretano et al., 2021
277 -52.2 166.2 BAYSPLINE 254 1.8 23.1 2.0 -2.3 Pagani et al., 2011 **
Houben et al., 2019 *
1172 -43.9 158.3 BAYSPAR 20.5 1.1 20.5 0.9 0 from Lauretano et al.,
2021
U1356 -63.3 136.0 BAYSPAR 18.7 2.0 Hartman et al., 2018
S%f;n%“r 644 -568 BAYSPAR 135 2.1 Douglas et al., 2014 *
S?gg‘n‘:j“r 644 568 As 12.9 07 Douglas et al., 2014
179  *TEXass recalibrated from original publication with BAYSPAR. ** UX'5; recalibrated with BAYSPLINE.
180  Standard deviations represent timeseries variability. Latitude and longitude are reported for present
181  positions and are reported to 0.1° resolution. * DSDP Site 511 SST reconstruction (Houben et al., 2019)
182  updated with ages from Lauretano et al., (2021). *Site 511 has two BAYSPLINE entries, both with
183  anomalous Oligocene cooling, that are excluded from the proxy-model comparison.
184 2.1.3.Proxy Uncertainty
185  Proxy uncertainty varies by proxy and is defined in the original calibration studies for each proxy,
186  although the uncertainty is necessarily less well known in application to the past. For the GDGT-based
187  proxies, SST and MAT values estimated by BAYSPAR and BayMBT respectively, carry one standard
188  deviation calibration uncertainty ca. 4°C. The standard error reported for the linear regression of
189  MBT/CBT to temperature is 5.5°C (Weijers et al., 2011). The U¥3; BAYSPLINE calibration carries a
190  standard deviation of ca. 4°C (Tierney & Tingley, 2018). For clumped isotopes uncertainties come from
191  instrument error, sample heterogeneity and accuracy summarized as 2.5°C in the Seymour Island study
192  (Douglas et al., 2014). Pollen temperatures generated from nearest living relative analysis are reported to
193 have a standard deviation of 2 to 3°C (Amoo et al., 2022; Thompson et al., 2022). For S-index the
194  reported calibration standard deviation is 3.6°C (Sheldon et al., 2002). The approaches used to quantify
195  uncertainty do vary between calibration approaches, with the error propagation captured rigorously in the
196  bayesian calibrations and may be underreported in other cases. Beyond calibration uncertainty, the
197  uncertainty around the central estimate for each timeslice is dependent upon the number of data points
198  and the variability and length of the window chosen. For the intervals chosen here we report the standard
199  deviation for each timeseries representing the variability around the means for each timeslice (Table 1
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and 2). The selection of a longer time window can lead to more time averaging and thus dampening of

the magnitude of the transition, as will be explored in the results.

At sites with multi-proxy reconstructions, we can assess the direction and magnitude of proxy-proxy
discrepancy at each site and for each timeslice, and we can test sensitivity to the exclusion of single
reconstructions and proxy types in addition to the comparison of MAT versus SST proxies which are also
independent assemblages of data. As an example for land proxies, archived in marine sediments at Prydz
Bay the difference between the S-index and BayMBT is up to 4°C. The S-index is cooler due to inferred
higher elevation sourcing of the rock-erosion proxy (S-index) versus the lower elevation (warmer)
sourcing of soil microbial biomarkers (Tibbett et al., 2021a). For the SST proxies, at Site 277 both
BAYSPAR and BAYSPLINE agree within error with cooling of 2.2 and 2.6°C respectively across the
EOT (Lauretano et al., 2021; Pagani et al., 2011). These two proxies agree despite different producers:
haptophyte algae which produce alkenones (for the U¥ 37 index and BAYSPLINE) are primary producers
and are found in the photic zone (Popp et al., 2006; Volkman et al., 1980), whereas Thaumarchaeota
(producers of isoGDGTSs used for TEXgs and BAYSPAR) were more abundant in the subsurface of the
Southern Ocean (Kalanetra et al., 2009), raising the possibility that proxy-proxy discrepancies may in part
arise from different depth habitats when there is a vertical gradient in ocean temperatures. Offsets may
also relate to lateral advection of alkenones, and one place where this has previously been anomalous has
been is on the Brazilian margin (Tierney and Tingley, 2018). In the same margin, at DSDP Site 511
alkenones record an anomalous cooling of ~8°C (Houben et al., 2019) interpreted with BAYSPLINE,
whereas at the same site the TEXgs proxy interpreted with BAYSPAR records ~3°C cooling (Lauretano et
al., 2021) consistent with other high southern latitude EOT reconstructions. We exclude the anomalous
cooling inferred from alkenones (BAYSPLINE) at Site 511 (Table 2) from proxy-model comparison, but

we do perform a sensitivity test to show the worst case scenario proxy-proxy disagreement.

2.2. Models

10
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We re-use the ensemble of model experiments gathered onto a uniform grid used in the HadCM3BL
model by Hutchinson et al., (2021). The initial grid resolution can be found in the original papers (Table
3) for each model simulation (Baatsen et al., 2020; Goldner et al., 2014; Hutchinson et al., 2018, 2019;
Ladant, et al., 2014a; Ladant et al., 2014b; Sijp et al., 2016; Zhang et al., 2014; Zhang et al., 2012) The
compiled experiments include two broad groupings 4x CO; (Eocene-like high pCO;) and 2x CO.
(Oligocene-like low CO,) each run without ice sheets to isolate only the effects of changing pCO, (Table
3). Additional model runs were included for a subset of models to compare other EOT drivers which
included the paleogeography changes across the EOT (CESM_H, GFDL CM2.1, HadCM3BL, FOAM,
UViC, NorESM-L), and the inclusion of an ice sheet (CESM_H, FOAM, HadCM3BL) (Table 3). In
addition, an ensemble mean for each comparison was obtained by averaging across the model
simulations. The pCO; (2x vs 4x), paleogeography (pre-EOT vs post-EOT), and ice (no ice vs ice sheet)
compared parameters can be found in Table 3. More detailed information on the boundary conditions for
each simulation used can be found in the supplement (Text S1). In addition, all models used in each
comparison were averaged to generate an ensemble mean for each analysis performed. A correction was
applied to the NorESM-L model simulation that originally used a pCO, drop from 980 to 560 ppmv. This
was scaled by Hutchinson et al., (2021) to match the 4x/2x simulations (50% reduction in pCO; across the
EOT) in the other models and maintained here. The summary of the model parameters can be found in
Table 3 and detailed model run information for each of the models in the ensemble can be found in
Hutchinson et al., (2021; and references therein). Here, we scale the model outputs to the proxy
temperature differences to identify the pCO, decrease across the EOT. As in the approach of Hutchinson
et al., (2021), the 2x-4x pCO- (Oligocene-Eocene) model results were scaled by a constant, ranging from
0 to 2, with 1 representing a 50% decrease (2x-4x pCOy), from the initial models, to determine the forcing
required to achieve the best fit between the proxies and the model for each simulation. Although
commonly referred to as surface air temperature (SAT) in the model literature, we refer to land surface

mean air temperatures as MAT, to be consistent with the proxy literature.

11



249  Table 3. Model simulation parameters compared for each set of paired model runs
pCO; (ppmv) model ice model simulations . .
Model simulations (volume km?) paleogeography model simulations Reference
Eocene Olig. Eocene Olig. Eocene Olig.
CESM B 1120 560 no ice 38 Ma (no paleoggogra'phy ChamgesBaatsen etal., 2020
- between timeslices)
CESM_H 1120 560  noice  20.3x1os Drakeand Drakeand 0 4her et al., 2014
Tasman closed  Tasman open
. WA belowsea WA above sea Ladant et al., 20143;
6 1 ’
FOAM 1120 60 noice  25.0x10% 1o g level Ladant., et al., 2014b
GEDL CM2.1 800 400 no ice Arctic gateway  Arctic gateway Hutchinson et al., 2018,
open closed 2019
HadCM3BL 1120 560  noice  17.0x10c "iabonian o Chattian o0 eal 2015
' reconstruction  reconstruction N
NOrESM-L 11_2_0_ 560 no ice 35 Ma _ 33 Ma _ Zhang et al., 2012, 2014
(980 initial) reconstruction  reconstruction
uvicC 1600 1600 no ice Drake closed Drake Open Sijpetal., 2016
250  Three sets of model simulations were compared pCO- high vs low (4x vs 2x), no ice vs ice simulations,
251  and paleogeographic simulations pre-EOT and post-EOT. The simulations outside of the pairings do not
252  have the same conditions (Text S1). For models with more than one parameter all other factors held
253  constant. NorESM-L was scaled to 1120 ppmv. For the ice/no ice runs pCO; is held constant at 560
254  ppmv. For the paleogeography runs the pCO, for both pre- and post-EOT is 1120 ppmv for CESM_H,
255 560 ppmv for FOAM, HadCM3BL and NorESM-L, 800 ppmv for GFDL CM2.1, and 1600 ppmv for
256  UVIC. Drake = Drake Passage, Tasman = Tasman Gateway, WA = West Antarctica, Olig = Oligocene.
257
258  Where land temperature proxies (e.g., soil bacterial biomarkers or soil weathering indicators) were
259  recovered from marine sedimentary archives, we inferred sourcing from the adjacent continent. Source
260  regions were defined on the adjacent land mass, averaging the modelled surface temperatures within an
261  area reflective of Antarctic drainage basins. The source region was adjusted for the Prydz Bay BayMBT
262 record as the organic material is likely sourced from the lowland soils (Tibbett et al., 2021a) with
263  sourcing based on topography reconstruction at 34 Ma (Paxman et al., 2019). The Oligocene source
264  region was adjusted for land proxy records from Pyrdz Bay and from the Ross Sea as ice growth means
265  they were likely limited to coastal sourcing (Van Breedam et al., 2022), while records from Wilkes Land
266  were not limited to the coast as the East Antarctic Ice Sheet was determined to be further inland (Paxman
267 et al., 2018).
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For SST proxies we assume they capture temperatures in the overlying water column at the marine core
site and thus compare to the nearest grid point within the model. In cases where marine archives appeared
to plot “on land” due to modelled coastline imprecision, we obtained model comparison points from the
nearest ocean grid cell for comparison to the marine core derived SST proxies. The proxy-model
intercomparison differences are expressed as root mean square error (RMSE) (equation 1) with n as the
number of proxies. This was assessed for each model scenario (Eocene and Oligocene) and the difference

between the two.

RMSE = \/Z[=1(m0del—pr0xy)2 .

n
2.2.1 Sensitivity to proxy spatial coverage and model heterogeneity

To evaluate how the availability of additional proxy data might potentially improve comparisons with
climate models, we performed a model sensitivity test, to an increasing number of constraints, while also
illuminating the existing model limitations through model-model comparisons. First, we assigned one
“perfect” model simulation as having the “true” temperature and using the same proxy sampling site
locations as used in our initial proxy-model comparison we compared to each of the other models to
evaluate the error. We then modeled the effect of adding all possible marine grid cells from 45°S to the
Antarctic coastline for SST (n=710) and all possible land grid cells (n=960) from 60°S to 90°S for MAT
comparisons. This type of approach helps to constrain uncertainties that derive from inter-model

differences, which are hidden by the model ensemble approach.

3. Results

3.1. Temperature change in the proxies
The compiled temperature proxies’ distributions (Figure 1a), and timeseries are presented for MAT
(Figure 1b) and SST (Figure 1c). Although the EOT cooling is hidden by the spread of temperatures
across latitudes (Figure 1b,c) after parsing the data by region and calculating the cooling anomalies

relative to the Eocene, the EOT cooling pattern emerges more clearly (Figure 1d, €) as a significant shift
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in regional climate, that is linked to the global features of forcing and ice volume and deep ocean
temperature represented by 5*Oyentic (Figure 1f). While the details of each timeseries have been explored
in the original publications, here we summarize the data for individual proxy and sites, for MAT (Table
1) and SST proxies (Table 2) for the 4 Ma windows bracketing the EOT. We use the mean values for the
late Eocene (38-34 Ma) and early Oligocene (34-30 Ma) for the proxy-model comparisons, and, thus we
are able to make use of records that only constrain one or either time period as well as those that span the
transition.

3.1.1. Time-averaging of variable timeseries
Averaging may attenuate the magnitude of EOT cooling, for example where a rebound in temperature
occurs post-EOT (Bohaty et al., 2012a; Tibbett et al., 2021b) perhaps linked to a rebound in pCO,
(Pearson et al., 2009, Anagnostou et al., 2020). At Prydz Bay, cooling at the EOT was reported to be 5°C
and 4°C for MAT and SST respectively (Tibbett et al., 2021a), but by averaging across the bracketing 4
Ma windows (38-34 and 34-30 Ma), the early Oligocene to late Eocene cooling is 4.2°C and 2.2°C for
SST and MAT respectively —i.e., averaging dampens the calculated cooling by 30-45%. To assess
sensitivity of the pCO; scaling to the selected window length we compared the effects of averaging 4, 2
and 1 Ma pre and post-EOT. The MAT RMSE for 4 Ma averages ranged from 1.38 to 2.34°C with a
pCO; decrease of 11 to 30%. Using a 2 Ma window the RMSE ranged from 1.38 to 2.44°C with a pCO;
decrease of 6 to 29% and for 1 Ma the RMSE ranged from 1.58 to 2.55°C with a pCO- decrease of 17 to
40%. The SST RMSE for 4 Ma averages ranged from 0.90 to 1.45°C with a pCO; decrease of 21 to 46%.
Using a 2 Ma window the RMSE ranged from 0.52 to 0.80°C with a pCO; decrease of 18 to 44% and for
1 Ma the RMSE ranged from 1.28 to 2.19°C with a pCO; decrease of 32 to 70% (Supplemental Table
S6 and S7). As we saw no significant improvement for both MAT and SST with other windows, we

maintain the 4 Ma windows to best capture proxy availability.

3.2. Temperature change in the model simulations

3.2.1. pCO; model simulations
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To compare the model simulations for the Antarctic the MAT was limited to >60°S and for SST >45°S.
The Antarctic temperature change between the Oligocene and Eocene model simulations reflects a 50%
decrease in pCO,. For the MAT model simulations the CESM_B (O-E) temperature difference ranges
from -6.4 to -2.3°C with a mean of -4.0°C, for CESM_H it ranges from -6.3 to -1.9°C with a mean of -
3.9°C, GFDL CM2.1 ranges from -9.8 to -3.9°C with a mean of -6.6°C, HadCM3BL ranges from -15.0 to
+4.5°C with a mean of -2.4°C, FOAM ranges from -6.5 to -2.7°C with a mean of -4.3°C, NorESM-L
ranges from -6.7 to 0.0°C with a mean of -3.3°C, and the ensemble mean of the 6 models (excluding
UviC as there were no simulations for a change in pCO>) ranges from -7.3 to -2.1°C with a mean of -
4.1°C. The models exhibit an average decrease of -4.1°C for MAT from the Eocene to the Oligocene for
the 50% decrease in pCO, simulated for the Antarctic. For SST the CESM_B Antarctic temperature
change between the Oligocene and Eocene timeslice ranges from -4.4 to -1.8°C with a mean of -3.1°C,
for CESM_H it ranges from -4.8 to -1.9°C with a mean of -3.3°C, GFDL CM2.1 ranges from -9.6 to -
3.8°C with a mean of -5.2°C, HadCM3BL ranges from -4.3 to +4.4°C with a mean of -1.2°C, FOAM
ranges from -7.5 to -1.9°C with a mean of -3.7°C, NorESM-L ranges from -3.7 to +0.4°C with a mean of
-1.6°C, and the ensemble mean of the 6 models, excluding UviC, ranging from -9.5 to -0.5°C with a
mean of -3.2°C. For the SST 50% decrease in pCO. model simulations, the average decrease in
temperature for the Antarctic from the Eocene to Oligocene is -3.0°C.

3.2.2. Ice sheet model simulations
Following the same geographic constraints as above we report the model temperature difference between
the no ice (Eocene) and ice sheet (Oligocene). For CESM_H the temperature ranges from -41.1 to +1.1°C
with a mean of -12.0°C, HadCM3BL ranges from -37.2 to +6.6°C with a mean of -11.2°C, FOAM ranges
from -37.4 to +3.2°C with a mean of -14.7°C, and the ensemble mean ranges from -37.6 to +0.5°C with a
mean of -13.3°C. For SST, CESM_H ranges from -8.8 to +1.6°C with a mean of -1.2°C, HadCM3BL
ranges from -2.4 to +3.3°C with a mean of -0.3°C, FOAM ranges from -6.0 to +2.7°C with a mean of

+0.1°C, and the ensemble mean ranges from -8.8 to +1.5°C with a mean of -0.8°C. The average change in
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temperature across the 3 model simulations, excluding the ensemble mean, is -12.6°C and -0.5°C for
MAT and SST respectively.
3.2.3.Paleogeography model simulations

The model simulation temperature difference between the pre-EOT and post-EOT paleogeographies vary
by model. For MAT CESM_H ranges from -1.9 to +3.7°C with a mean of +0.1°C, GFDL_CMZ2.1 ranges
from +0.6 to +2.2°C with a mean of +1.4°C, HadCM3BL ranges from -9.6 to +19.1°C with a mean of
+1.9°C, FOAM ranges from -5.0 to +2.2°C with a mean of -0.3°C, UviC ranges from -2.0 to +1.3°C with
a mean of -0.8°C, NorESM-L ranges from -2.4 to +1.4°C with a mean of -0.1°C, and the ensemble mean
it ranges from -2.6 to +3.4°C with a mean of +0.4°C. For SST CESM_H ranges from -2.0 to +1.5°C with
a mean of -0.3°C, GFDL_CMZ2.1 ranges from -0.6 to +3.0°C with a mean of 1.2°C, HadCM3BL ranges
from -2.3 to +4.5°C with a mean of +1.5°C, FOAM ranges from -4.4 to +1.8°C with a mean of -1.2°C,
UviC ranges from -4.2 to +7.0°C with a mean of -0.5°C, NorESM-L ranges from -3.2 to 1.9°C with a
mean of -0.4°C, and the ensemble mean ranges from -3.5 to +2.6°C with a mean of +0.1°C. The average
change across the EOT, excluding the ensemble mean, comparing the paleogeography runs is +0.1 for
SST°C and +0.4°C for MAT.

3.3. Proxy-model temperature comparison

3.3.1. Temperature comparison within “pCO, runs” without an ice sheet

For the pCO- runs, the RMSE for the MAT ranges from 4.6 to 7.9°C for the Eocene, 5.0 to 7.3°C for the
Oligocene, and 2.3 to 3.6°C for the difference comparison (Figure 2 and Figure S1). The RMSE for the
SST ranges from 4.6 to 8.7°C for the Eocene, 5.2 to 9.4°C for the Oligocene, and 1.2 to 3.5°C for the
temperature comparison (Figure 3 and Figure S3). The best fit for the Eocene data is CESM_B for both
MAT and SSTs (4.6°C); however, for MAT CESM_H and GFDL CM2.1 also had an RMSE of 4.6°C as
well as GFDL CM2.1 for SST. All three models for MAT had the same RMSE for the Oligocene timslice
which was the lowest RMSE (5.7°C) and CESM_B had the lowest for SSTs (5.2°C). The lowest RMSE

for the 2x-4x pCO, comparison comes from FOAM of 2.4°C for MAT and for SSTs the lowest RMSE
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was 1.2°C from HadCM3BL. Although they have the best fit to the data this would imply a higher pCO;
decrease given the difference between the Eocene and Oligocene runs is a halving of pCO.. The ensemble

mean RMSE, for a halving of pCOg, is 2.3°C and 1.6°C for MATSs and SSTs respectively.

3.3.2.Temperature comparison with the “ice sheet” runs

For the ice sheet comparison only 3 models were used (CESM_H, HadCM3BL, and FOAM) as well as
the ensemble mean. The RMSE for MAT ranged from 7.9 to 10.4°C for the Eocene, 10.5 to 15.4°C for
the Oligocene, and 2.7 to 8.1°C for the ice-no ice comparison (Figure 4 and Figure S4). The RMSE for
SST ranged from 8.6 to 10.3°C for the Eocene, 7.5 to 8.8°C for the Oligocene, and 1.6 to 2.5°C for the
ice-no ice comparison (Figure 4 and Figure S5). The lowest RMSE for both MAT and SST for the
difference comparison is HaddCM3BL. FOAM has the highest RMSE across all three time slices for SST.
The Eocene MAT no ice runs have a higher RMSE (average of ~9°C when excluding the ensemble mean)
compared to the MAT Eocene pCO- run RMSE (average of ~6°C excluding the ensemble mean) which
are run at a higher pCO2 (800-1120 ppmv versus 560 ppmv for Eocene ice runs) indicating that a high
pCO; is needed to better reflect Eocene temperatures. For the Oligocene there are substantial proxy-
model discrepancies (high RMSE) for MAT. Proxies confidently identify MAT above freezing, whereas
the climate models forced with a large difference between the ice and no ice runs yields, as high as -40°C

(Section 3.3.2), too large a cooling compared to proxies.

3.3.3. Temperature comparison within the “Paleogeography” runs

Paleogeography was changed across all models except CESM_B, and to isolate the effects of
paleogeography, pCO, was held constant between the Eocene and Oligocene runs. CESM_H, GDFL
CM2.1, and UVIC reflect changes in ocean gateways (Table 3). CESM_H contrasts Tasman and Drake
passage closed pre-EOT and open post-EOT. GDFL CM2.1 simulations have the Arctic Gateway open
pre-EOT and closed post-EOT, and UViC has the Drake Passage closed pre-EOT and open post-EOT.

FOAM has West Antarctica above sea level in the Eocene and mostly below sea level in the Oligocene
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representation. HadCM3BL model slight changes in continental positions from the Late Eocene to early
Oligocene with a small shift in latitude and longitude as well as the coastline (Figure S6 and S7; as well
as Figure S3 in Hutchinson et al., 2021). NorESM-L also models paleogeography changes; however,
these changes are found at latitudes ranging from 0 to 30°N with no change in the Antarctic continental
position or coastline between the Eocene and Oligocene timeslices (Figure S6 and S7, as well as Figure
S3in Hutchinson et al., 2021). The RMSE for MAT ranged from 4.6 to 10.8°C for the Eocene, 2.9 to
8.8°C for the Oligocene, and 3.5 to 6.5°C for the difference (post-EOT-pre-EOT) comparison (Figure 4
and Figure S6). The RMSE for SST ranged from 4.6 to 10.3°C for the Eocene, 4.3 to 11.8°C for the
Oligocene, and 1.9 to 4.1°C for the difference comparison (Figure 4 and Figure S7). The difference
ensemble mean for MAT is 4.6°C and for SST is 2.3°C. The MAT for the GFDL CM2.1 run has the
lowest RMSE of 4.6°C for the Eocene and CESM_H has the lowest RMSE of 2.9°C for the Oligocene.
For the Eocene and Oligocene SST runs GFDL CM2.1 had the lowest RMSE of 4.6°C for the Eocene and
UViC had the lowest RMSE of 4.3°C for the Oligocene. For the difference between the paleogeography
for each model run the lowest RMSE was 3.5°C from UViC for MAT and 1.8°C from FOAM for SST
(Figure S6 and S7). The best fit to the Eocene data is from the model with the lowest pCO, of 800 ppmv
compared to the other models with pCO; of 1120 ppmv and 1600 ppmv for UViC. Most of the models
suggest a warming in MAT with regional differences (Figure S6). This in contrast to the proxy data
which suggest temperature changes of 0 to -4°C. The model with the best fit for post/pre paleogeography
is FOAM which has the most cooling regionally. To note additional regional differences UViC indicates
more warming in the Pacific and Ross Sea sectors of the Southern Ocean while CESM_H suggest
warming in the Atlantic and Indian Ocean sector with a cooling in the Pacific and Ross Sea sectors. This
difference could be attributed to the prescribed modeled gateway opening in the Southern Ocean with
CESM_H modeling the opening of Drake Passage and the Tasman Gateway and UViC modeling the
opening of only Drake Passage. The overall warming trend suggests that paleogeography is not the
primary driver of hemispheric cooling as previously noted (Hutchinson et al., 2021; Kennedy-Asser et al.,
2020) but could impact regional differences in combination with pCOs.. It is plausible that

18



417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

paleogeography changes could have indirectly triggered pCO; changes. Two such mechanisms include a
shift in the dominant basin of deep-water formation changing the ocean’s ability to store carbon (Fyke et
al., 2015; Speelman et al., 2009), or through land-based CO, weathering feedbacks triggered by the onset

of the Atlantic meridional overturning circulation (Elsworth et al., 2017).

3.4. CO;scaling

Here we compare the updated Antarctic proxy record (rather than the global proxy data) with scaled pCO;
to both surface air temperature and sea surface temperature. For the pCO- decrease calculations the
assumed post-EOT pCO: is set at 560 ppmyv, since this matches most of the models. RMSE was
calculated between the difference between the 2x-4x pCO; runs and the Oligocene-Eocene proxies for
both MAT and SST. By varying the scaling factor, we found the lowest RMSE and the best estimated
decrease in pCO; for each model for MAT and SST proxies separately (Figure 5, Table S1). Averaging
across all models (excluding the model ensemble mean), the average pCO- decrease is 170 ppmv for
MAT and 234 ppmv for SST. This is equivalent to a 23 or 35% pCO- decrease when averaging all models
excluding the model ensemble mean. The ensemble mean indicates a decrease of pCO; of 30.3 and 33.1%
across the Eocene-Oligocene Transition for MAT and SST respectively, equivalent to ~200 and ~234
ppmv. The difference of 3% is a measure of the proxy derived uncertainty, between two independent

ensembles of proxies, used to perform the scaling experiments.

There are however large differences between individual models. The largest decrease in pCO: is required
in the HadCM3BL (362 ppmv) and NorESM-L (375 ppmv) climate models when fitting to the proxy SST
data. When fitting to the smaller MAT difference, commensurately smaller changes are needed, with the
largest changes needed in CESM_H (221 ppmv) and FOAM (232 ppmv) when matching the shift in
MAT. The lowest RMSE for MAT is 1.35°C and for SST it is 1.92°C for the GFDLCM 2.1 and
CESM_H model experiments respectively. Although the RMSE range is small, ranging from 1.4 to 2.3°C
for MAT and 2.0 to 2.3°C for SST. SSTs have the highest range in pCO; percent decrease (29.3 to 60.5%)
in comparison to the MATSs (10.5 to 30.3%) (Table S1). This implies larger model discrepancy in ocean
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conditions than on land. Overall, a much larger proportion of uncertainty derives from model rather than

proxy uncertainty.

4, Discussion

4.1. Biases in proxy temperature records

Land temperature proxies carry uncertainties in absolute temperatures. For the S-index the absolute
temperatures can be cool-biased (Sheldon & Tabor, 2009), and although attempts were made to account
for recycling (Passchier et al., 2013, 2017), temperatures were cold-biased compared to soil biomarkers
(Tibbett et al., 2021a), in predictable ways based on differing source regions. In this study we alter the
source regions in the models to better represent the varying source regions (Figure S2). The nearest living
relative (NLR) approach assumes that the climate tolerances of past species are similar to their modern
relatives (Hollis et al., 2019) and uncertainty depends on the quality of modern data and identification of
fossil taxa (Utescher et al., 2014). As usual, the best way to corroborate such uncertainties is through
cross checks with independent data such as that available from leaf traits (Pound & Salzmann, 2017) and
temperature reconstructions included here (Lauretano et al., 2021; Tibbett et al., 2021a) that support the

nearest living relative results (Amoo et al., 2022; Thompson et al., 2022).

In almost all cases SST proxy-proxy agreement is good except at DSDP Site 511, on the Falkland Plateau,
in the Atlantic Ocean, where the alkenone show an anomalous cooling and were excluded. Elsewhere, the
proxies broadly agree thus there is likely no consistent proxy bias in terms of depth of production,
seasonality or evolutionary changes not accounted for by calibration. Lateral advection of the alkenones is
a likely explanation for offsets, and we note has previously led to the exclusion of data in this region from
the modern datasets for the global calibration (Tierney & Tingley, 2018). Beyond the physical reasons for
the offsets in the two proxies at Site 511, that are necessarily inadequately constrained for the ancient
ocean, we can evaluate the numerical implications of the proxy uncertainty. As a worst-case scenario of
proxy disagreement, we test inclusion of the anomalous Site 511 alkenone data. The anomalously large
cooling (~8°C) leads to a large proxy-model RMSE 2.07°C and leads to the largest calculated pCO;
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decrease across the EOT (44.1%), larger than proxy estimates. Our exclusion of this outlier reduces the
pCO;scaling to a 33.1% decrease in pCOy, in line with proxy estimates (Rae et al., 2021) and the RMSE
reduces to 1.01°C, making this the preferred choice. However, we note the low number of sites available

(n=6) limits the robustness of this CO, scaling exercise overall.

We performed the same proxy-model temperature comparison, sequentially eliminating individual
records. For SST (n=5), there was no significant improvement in RMSE other than for the removal of Site
511 BAYSPLINE (Supplemental Table S8). The analysis was also performed by eliminating proxy
types which for SST were BAYSPAR, BAYSPLINE, and clumped isotopes (Supplemental Table S10).
For MAT (n=5) there was no significant improvement to the RMSE by removing individual site
(Supplemental Table S9). For MAT the proxy sets that were removed to evaluate the impact on the
results were BayMBT, S-index, and pollen analysis (both NLR and pollen assemblage), with no notable
effect (Supplemental Table S11). However, we acknowledge the small number of proxies (n=6) for

comparison.

To evaluate how the availability of additional marine core site SST and MAT reconstructions might
improve comparisons with climate models, we performed a “perfect-model” sensitivity test, to an
increasing number of constraints from the synthetic data first from the model grid cells corresponding to
the proxy site locations and then from all available grid cells. Using only the “proxy sites” to compare
between modelled SST values, the individual models converged on a 50% decrease in pCO. (Figure
S12). For MAT, there is a larger discrepancy amongst models regarding the pCO. change, likely due to
land boundary condition differences especially topography. We then modeled the effect of adding all
possible marine grid cells from 45°S to the Antarctic coastline for SST (n=710) and all possible land grid
cells (n=960) from 60°S to 90°S for MAT comparisons. For most of the models the RMSE increased
slightly between the initial model comparison with the prescribed proxy sites and the use of all the model
grid cells. The ensemble mean increased from 1.37 to 1.42°C for MAT and 1.09 to 1.18°C for SST (Fig

S5). Based on the minimal change in the RMSE from a low number of sites (n=6 MAT, n=7 SST) to the
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maximum number of grid cells (h=960 MAT, n=710 SST) it does not appear that the number of proxies is
the limiting factor in proxy-model comparison. Instead, the uncertainty in our proxy-model comparisons
is primarily driven by discrepancies between the model simulations in terms of the climate sensitivity to
the halving of CO,. Additionally, for MAT where the specified source region changes between the
Eocene and Oligocene timeslice model differences in spatial pattern of prescribed model boundary
conditions becomes a source of model spread. This analysis was therefore repeated assuming a constant
surface area for the Eocene and Oligocene timeslices and the model mean then better reflect a 50%
decrease using this perfect model approach. This improvement highlights a tradeoff between better
representing the source regions and an additional source of model uncertainty due to the differences in

topography.
4.2. lce sheet extent and ocean circulation

Ice sheet model runs suggest SST cooling in all models with regional differences, although the RMSE is
higher than in the other proxy-model comparisons (Figure S5). Previous modeling studies found the
growth of the Antarctic ice sheet had a larger effect on SSTs than changing paleogeography (Goldner et
al., 2014). The model studies show how growing ice sheets served as a positive feedback on ocean
circulation changes and pCO- drawdown and cooling. Proxy data show the initiation of Atlantic
meridional overturning circulation during the late Eocene/EOT (Coxall et al., 2018). The models used in
this study have regional differences in warming and cooling around the Antarctic continent in response to
the ice sheet and different feedbacks within the models, and their different boundary conditions. For
example, FOAM shows warming in the Southern Ocean while CESM_H shows cooling primarily with

some warming in the Indian and Pacific Ocean sectors (Figure S5).

The defining feature of the Eocene Oligocene Transition is the glaciation of Antarctica. The model runs
used to represent the Oligocene in this comparison have prescribed ice sheet sizes ranging from 17x10°,
20x10°, and 25 x106 km? for HadCM3BL, CESM_H, and FOAM respectively (Goldner et al., 2014;
Kennedy et al., 2015; Ladant et al., 2014a; Ladant et al., 2014b). These ice volumes correspond to
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~65%, 75% and 95% of the modern Antarctic ice sheet respectively, which fall within estimates from
benthic 5180 that place the EAIS at 60-130% of the modern EAIS, with uncertainty due to the large range
of estimates for §'80ic. for the Oligocene (Bohaty et al., 2012b; Lear et al., 2008). It should be noted that
the range presented in the climate model are on the lower end of the ice volume estimates as the higher
surface topography may have led to a larger ice sheet growth at the EOT with an estimated ice volume of
33.4x10° to 35.9x10° km?® (Wilson et al., 2013). Despite the relatively small Oligocene ice sheets in the
model, climate model comparisons (ice-no ice) yield too large a cooling with a decrease of -40°C in the
middle of the continent (-47 to +7°C temperature change elsewhere). Likely the ice sheet contrast

imposed is too great (Figure S4), and the problem may lie with the representation of the late Eocene.

The late Eocene included ephemeral glaciations notably the Priabonian Oxygen Isotope Maximum
(PrOM) around ~37.5 Ma reaching the coastline, but not persisting (Scher et al., 2014), with glacial
initiation in the Gamburtsev Mountains during the latest Eocene (Rose et al., 2013) and glacial erosion
before the EOT (Carter et al., 2017; Galeotti et al., 2016). Geochemical evidence from the Kerguelen
Plateau at 33.9-33.6 Ma (Scher et al., 2011), and sedimentary records from the western Ross Sea suggest
the EOT glacial expansion reached the coast at 32.8 Ma (Galeotti et al., 2016). Modeling ice sheet
growth found ephemeral glaciation when pCO; reached a threshold of 750-900 ppm (Van Breedam et al.,
2022), these pCO-, levels were reached during the late Eocene as far as back as 40 Ma based on pCO;
reconstructions (Figure 1f) (Rae et al., 2021). Therefore, the lack of ice present in the late Eocene model
runs does not match the available evidence for ephemeral ice in Antarctica and may contribute to the

proxy-model temperature discrepancies for the individual timeslices.

After the EOT, the use of a full ice sheet for model outputs for the Oligocene is not consistent with pollen
evidence for refugial vegetation on the Antarctic Peninsula (Anderson et al., 2011). Proxies record MAT
above freezing in the Oligocene and the very presence of plants and soils bacteria indicates that an ice
sheet did not cover the entire continent. The mismatch between reconstructed ice and the modelled ice/no

ice scenario explains the large proxy-model RMSE for the EOT MATSs (Figure 4). We would also like to
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note that the ice sheet extent affects catchment sourcing. In this study, we defined source areas with basic
polygons on the continent to represent the catchment area from which terrestrial proxies (e.g., soil
biomarkers and rock weathering proxies) are exported to marginal marine settings. With the presence of a
large ice sheet, soil and plant derived temperature proxies would be limited to unglaciated areas.
However, detailed spatial ice sheet reconstructions are unavailable. Thus, for the purposes of this
comparison, the source areas were chosen based on drainage basin, proxy type, and estimated ice sheet

extent for the model runs.
4.3. Declining pCO:

Based on the proxy-model comparison it is clear that the lowest RMSE for the Eocene occurs at higher
pCO; (>560 ppmv) which is in line with previous estimates of pCO; suggesting a late Eocene pCO; of
830 to 980ppmv from boron and alkenone isotopes (Rae et al., 2021). Previous global proxy model
comparison suggest a 40% decrease in pCO across the EOT (Hutchinson et al., 2021), attributed to the
lack of dynamic ice sheets and under sensitivity to CO- forcing (Hutchinson et al., 2021). The absolute
pCO; levels are uncertain in the past, due to factors such as boron isotope seawater uncertainties;
however, the boron isotope is better at assessing relative change (Raitzsch & Hoénisch, 2013). The boron
and alkenone isotopes are well studied for the EOT and have a high amount of data relative to other pCO;
proxies. Current estimates of EOT pCO- changes from alkenone §**C and boron isotopes suggest a
decrease of 140 to 150 ppmv, or roughly 25% (Rae et al., 2021). The best fits between the proxies and
model runs for the change in temperature, both MAT and SST, and across all the models (Table S1 and
Figure 5) suggest a 19-30% decrease in pCO,for MAT and 21-46% decrease for SST after exclusion of
Site 511 BAYSPLINE. The percent decrease is higher than previous pCO; proxy estimates of 16%
decrease from boron isotopes (Anagnostou et al., 2016, 2020; Henehan et al., 2020; Pearson et al., 2009)
but similar to the estimated 27% decreases from alkenones (Pagani et al., 2005, 2011). The total amount
(200-243 ppmv) from the proxy-model comparison is within plausible range of proxy uncertainties.

Given that the prescribed post-EOT level was 560 ppmv for the calculations the total amount may vary;
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however, the percent change is more comparable to pCO, records. The pCO; range falls within estimate
from pCO; proxies. The discrepancy between the scaling and pCO- proxies could be due to additional
forcing from ice-albedo feedbacks associated with the presence of an ice sheet, sea ice (both likely)

and/or changes in paleogeography.

4.4. Paleogeography with declining pCO-
While the proxy evidence for SST change fits the expected pCO, forcing across the Antarctic region,
paleogeography could additionally affect regional patterns of cooling. To evaluate the effects of ocean
gateways we used the three models with large paleogeographic changes (UViC, CESM_H and FOAM) to
derive a temperature anomaly, denoted Teeoc. Note, that Teeog is calculate from individual models only,
not an ensemble of the three models. For each model (UViC, CESM_H and FOAM), we combined this
anomaly with the temperature anomaly due to pCO; forcing (Figure S11a) from the whole ensemble,
denoted Tcoz, and used adjustable scaling factors o to find a temperature anomaly AT to best fit to the
proxy data:
AT = a(Tcoz + Teroc) (2
By scaling o, we derive a decrease in pCO; needed to best fit the proxy data (Figure S11b, c, d, Table
S4). We excluded alkenone data from Site 511 which was anomalously cold as previously noted. The
UViC model pre-EOT run has both the Drake Passage and Tasman Gateway closed while in the post-
EOT run both the Drake Passage and Tasman Gateway are open. The CESM_H run model has the
Tasman Gateway open post-EOT while the FOAM run models changes the surface area of West
Antarctica. With the addition of the UViC model the model ensemble mean pCO- decrease needed is
19.9% with an RMSE of 1.66°C. With the inclusion of CESM_H, the decrease in pCO- is 30.3% with an
RMSE of 1.0°C. With the inclusion of FOAM, the decrease in pCO: is 23.2% with an RMSE of 0.95°C.
The inclusion of the paleogeographic runs increases the ARMSE from 0.0 to ~0.7°C, which is not
significant. However, there is a clear change in the rescaled experiments in the amount of pCO; needed to

drive the transition. The lower pCO, decrease, needed for the EOT with these model simulations, is
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592  consistent with the theory that the gateways opening around Antarctica were part of the explanation for

593  the changes in regional SSTs.

594 4.5. Implications for future work

595 4.5.1. Additional southern hemisphere proxy records

596  The proxy-model temperature comparison identifies the need for an increase in proxy data spatial

597  coverage for the following reasons: to further constrain the uncertainties on the magnitude of the EOT
598  change, to assess proxy-proxy discrepancies, and to identify how paleogeography drives SST

599  heterogeneity in the Southern Ocean. In the EOT proxy-model comparison we acknowledge a limited
600  number of SST and MAT proxy sites n=6) in the high southern latitudes with most of the records

601  clustered within a few regions. These limited spatial coverage affects the uncertainty and proxy-model
602  comparisons could be more robustly tested with additional sites with proxy reconstructions. On the

603  continent, the availability of additional archives is limited to sites with accessible, outcropping sediments
604  of suitable age, and the modern ice cover is the main impediment. Geological field prospecting for

605  available sediments is the way to see what is possible in terms of adding more MAT estimates and a

606  model-based approach would not be very fruitful to guide land sampling given accessibility limitations,
607  although might help with prioritizing marine margin sites for terrestrial reconstruction. In the open

608  oceans, sediment is in theory deposited everywhere, though water depth and other conditions do limit the
609  availability of SST proxies in some instances (whether through production or preservation). However,
610  there remains great potential to add spatial coverage to proxy SST data and evaluate whether additional
611  proxy records would decrease the proxy-model RMSE. Climate model experiments can help to target
612  marine sampling efforts including guides to the optimal number and locations to drill. Here we

613  demonstrated how an increasing number of sites can reduce the uncertainty of proxy-model SST

614  comparison RMSE, in Section 4.1. Beyond the high latitude focus of this study, there is also a dearth of

615  proxy data across the southern hemisphere (especially 20-50°S) and Hutchinson et al., (2021), called for
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more southern hemisphere coverage to enable reconstructions and model comparisons of continental
climate and changes in ocean temperature and circulation.

4.5.2. Reducing model discrepancy

While sparse proxy data contrasts with the global coverage of climate modelled data, and visibly limits
proxy-model temperature comparisons, the lack of improvement when performing synthetic comparisons
using additional grid cells for the model inter-comparison reveals that model-model disagreement is the
major limiting factor in proxy-model comparisons. While additional proxy records would increase the
density of evidence for past climates, and these additional proxy data may improve the robustness of
proxy-proxy comparisons, this is not the main driver of the uncertainty (RMSE) in proxy-model
comparisons at present. Our analysis identifies the primary source of uncertainty is within the model
ensemble. The priority for future work is to address discrepancies in the temperature estimates among the
model ensemble as well as the uncertainty surrounding estimation of the pCO, decrease needed to force

the climate transition of the EOT.

5  Conclusions

The synthesis of recent paleocenvironmental proxy evidence from the high southern latitudes and detailed
comparison to regional patterns in climate model experiments allows a new perspective on Antarctic-
proximal changes across the EOT. We find spatially heterogeneous cooling of 0 to 3°C (SSTs) and 0 to
4°C (MAT) on land. However, no data are available for the late Eocene and early Oligocene from the
Bellingshausen and Amundsen Seas, or adjacent landmasses. Climate model experiments with prescribed
ice sheets lead to localized cooling exceeding that recorded by Oligocene proxies. Our comparison
supports higher pCO; estimates (>800 ppmv) for the late Eocene to match late Eocene temperature
proxies. We compared proxy records to model outputs that assessed a decline in pCO;, changes in
paleogeography, and the addition of a near or above modern size ice sheet. We use these various model
experiments to estimate the decline in pCO; across the transition that provides the best fit to proxy
records from the Antarctic across the Eocene-Oligocene Transition. The decline in MAT and SST from
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the new proxy compilation was used to scale the multi-model ensemble suggesting a 30 to 33% decrease
in pCO; similar to recent pCO, compilations (Rae et al., 2021). This is encouraging as it suggests that the
proxy and climate model data on temperature, pCO; and sensitivity may be converging on the magnitude
of the pCO; forcing of the EOT. However, we caution that inter-model divergence remains the largest

source of uncertainty in proxy-model comparisons.
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