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Proxy data suggest that the early Eocene (~56-47.8 million years ago) was
characterized by amuch weaker equator-to-pole temperature gradient than

today. However, general circulation models consistently underestimate
high-latitude temperatures indicated by proxy records, suggesting that
they may miss important processes. Previous studies hypothesized that
wintertime polar stratospheric clouds may have played animportant
rolein Arctic warming through greenhouse forcing, but these studies did
not consider the effects of atmospheric chemistry or the early Eocene
topography. Here we examine these factors using a high-top atmospheric
model with interactive chemistry. The lower orographyinthe low-to
mid-latitude Northern Hemisphere early Eocene weakens the stratospheric
circulation which, in combination with sufficiently high methane
concentrations, leads to asubstantial increase in polar stratospheric
cloudsinthe Arctic winter. Furthermore, anincrease in early Eocene polar
stratospheric clouds due to a16- to 64-fold higher than pre-industrial
methane concentration results in aradiative forcing larger than the

direct greenhouse effect from the methane itself. This polar stratospheric
cloud-induced radiative forcing could cause up to 7.4 K of Arctic surface
warming. These results point to the potential for nonlinear interactions
between individual forcings.

Intheearly Eocene, the Arctic wasice free withwarmer average surface
temperatures and aweaker seasonality than today' . Warm-temperate
and temperate forests were abundant in the Northern Hemisphere
high latitudes>®. While the concentration of carbon dioxide (CO,) was
much higher (1,500 parts per million by volume) than today’, there
are no proxies to constrain methane (CH,) concentrations. Natural
CH, inthe atmosphere has both biogenic and geological sources. The
dominant sink is due to the reaction of CH, with hydroxyl radicals in
the atmosphere, with an additional small terrestrial biogenic sink.
These sources and sinks are dependent on background climate and

atmospheric composition. Previous modelling studies®’ suggest that
atmospheric CH, concentrations might have beenup tofive times higher
in the early Eocene compared to the pre-industrial period, but these
studies did notinclude the chemical processes necessary to accurately
simulate CH, sinks. An estimate of CH, emissions from the early Eocene
wetlands was given by Wilton et al.'° with a predictive algorithm using
variables from the HadCM3BL-M2.2 model" and two different vegeta-
tion models. While they found afour-fivefold increasein terrestrial CH,
emissions compared to the modern day, it is plausible that CH, surface
fluxes were further elevated in the early Eocene due to large areas of
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Fig.1| Arctic stratospheric temperature, water vapour concentration, relative humidity and cloud fraction. a-d, December-February mean temperature
(a), water vapour concentration (b), relative humidity (c) and polar stratospheric cloud fraction (d) in the Arctic (area weighted mean between 70° N and 90° N) for

different experiments (Extended Data Table1).

forest*, an enhanced hydrological cycle’ and expansive shallow shelf
seas>”, in particular in the southern Tethys and Arctic oceans. Earlier
studies also suggested a nonlinear increase in the lifetime of CH, due
to weaker sinks when concentrations of CH, are increased from mod-
ernvalues'". Hence CH, concentrations are highly uncertain in deep
time. We therefore test awide range of CH, concentrations in this study
to explore the parameter space and evaluate possible consequences
of concentrations within the higher end of the spectrum.

The continental arrangement and topography during the early
Eocene were also considerably different from today (Extended Data
Fig.1). The Greenland ice sheet was absent'® and many mountain chains
were lower than today; for example, Greenland, which extends more
than2 kmabove sealevel today, was only uplifted around 10-5 million
years ago (Ma) (ref.17). Similarly, the North American mountain ranges
reached only -2 km (ref.18) and the Tibetan Plateau was less than1km
abovesealevel*” inthe early Eocene compared with present day eleva-
tions of more than 3.5 km and 4.5 km, respectively. These differences
in orography would affect the large-scale atmospheric circulation in
the Northern Hemisphere by deflecting the atmospheric flow, thereby
generating stationary Rossby waves®’. Upward propagation and break-
ing of these waves canlead to changesin the large-scale stratospheric
circulation, also known as the Brewer-Dobson circulation (BDC)*. The
BDCinfluences the Arctic stratospheric temperature and the transport
of water vapour, CH, and other trace gases into the stratosphere®. It
therefore indirectly influences polar stratospheric clouds (PSCs) as
they formwhen stratospheric temperature drops below a critical point
inwinter (-192-195K) (ref. 23).

While the impact of present day orography?*, land-sea contrast®
and sea surface temperatures (SSTs)* on the Northern Hemisphere
winter stratospheric circulation has been widely studied, only one

study has explored the stratosphere in the early Eocene®. For quad-
rupled CO, and higher than pre-industrial CH, and nitrous oxide, that
modelling study suggested anincrease in ozone concentration due to
planetary waves in the early Eocene. It focused on the radiative effect
of ozoneintheearly Eocenebut did notinvestigate Arctic PSC changes
or therole of topography.

PSCs trap the outgoing longwave radiation (OLR), thereby pro-
viding a greenhouse effect. They are not commonly observed in the
present day Arctic due to a warm and highly variable polar vortex.
However, a change in stratospheric temperature and composition in
theearly Eocene might have induced favourable conditions for Arctic
PSC formation by cooling and/or moistening the Arctic stratosphere?.
Here we examine this possibility using a stratosphere-resolving, fully
interactive chemistry-climate atmosphere model with specified ocean
temperatures. We assess the climate impact of CH, and PSC changes
via the resulting changes in the top-of-atmosphere energy fluxes in
our fixed-SST framework, indirectly inferring the Arctic warming that
would result using an earlier study®.

Formation of polar stratospheric clouds

Our baseline ‘Eocene’ simulation is conducted with the early Eocene
greenhouse gas (GHG) concentrations and surface boundary condi-
tions’, including the prescribed SSTs from a coupled simulation of the
early Eocene”. A set of sensitivity experiments is then conducted by
successively doubling the CH, concentration and changing the mag-
nitude of polar amplification of SSTs (Extended Data Fig. 2). Another
set of experiments, where topography is changed to its pre-industrial
configuration while SSTs and GHG concentrations are held at Focene
values, is used to isolate the impact of topography (Eocene_topoPI).
Extended Data Table 1describes the experiments.
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Fig.2|Radiative effects of polar stratospheric clouds, tropospheric clouds
and methane in the Arctic. Difference in December-February mean outgoing
longwave radiation for the early Eocene elevated methane experiments with
respect to the 1 x methane early Eocene experiment (Extended Data Table 1).
Radiative effects are obtained with a two-way partial radiative perturbation
method using the parallel offline radiative transfer (PORT) model of the
Community Earth System Model. ‘Polar stratospheric cloud’,‘Methane (CH,)’ and
‘Tropospheric Cloud’ show the individual radiative effects of polar stratospheric
clouds, methane and tropospheric clouds. ‘All Process’ shows the difference in
outgoinglongwave radiation when all the physical processes are included in
PORT. The error bars show standard error based on n = 5 winters.

In the Eocene simulation, Arctic stratospheric temperatures are
15-30 K lower, which increases the likelihood of PSC formation com-
paredtothe pre-industrial control simulation (P/) (Fig.1a). Comparison
ofthe Focene, Pland Eocene_topoPl experiments shows that most of the
stratospheric cooling simulated for the early Eocene comes from the
changeintopographyrather than SSTs (Fig.1a); the cooling induced by
the lower early Eocene orography is localized to the Arctic (Extended
Data Fig. 3b). While there is minimal cooling associated with large
increasesin CH, concentration, thereisareductionintemperature of
~5Kinthestratospherein Eocene topoPl 64Mrelative to Focene_topoP!
(Fig. 1a), implying that the stratosphere is less sensitive to CH, in the
early Eocene than in the pre-industrial atmosphere. By comparing
PIwith Eocene_Pltopo, we see that elevated CO, and SST alone cause a
zonally uniformcoolinginthe stratosphere (Extended Data Fig.3d). An
increase in polar amplified surface warming with early Eocene topog-
raphy results in an increase in the Arctic stratospheric temperature
compared with Focene (Extended Data Fig. 4).

In addition to temperature, PSC formation also depends on the
stratospheric water vapour concentration’. Two important mech-
anisms affecting the amount of water vapour entering the Arctic
stratosphere are (1) CH, oxidation and (2) water vapour transiting the
tropical tropopause, which is regulated largely by the tropical cold
point temperature® but can be affected by cumulus clouds and aero-
sol concentrations in the tropics®. Consistent with the first mecha-
nism, our simulations show increases in water vapour concentration
inthe Arcticstratosphere as CH, increases, irrespective of topography
(Fig.1b).Inlight of the second mechanism, we examined the tropical
cold pointtemperaturein the early Eocene and pre-industrial simula-
tions (Extended Data Fig. 5a). In our experiments, the tropical cold
point warms in response to warmer surface oceans and GHG con-
centrations, regardless of topography. Therefore, the water vapour
that crosses the tropical tropopause is similar between Focene and
Eocene topoPI (Extended DataFig. 5b). Despite this, thereis less water
vapour in the Arctic stratosphere in Eocene (Fig. 1b). This can be
explained by the Clausius-Clapeyron relation, that is, a reduction
in the early Eocene stratospheric temperature reduces the water
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Fig.3|Eliassen-Palm and residual mean stream functionat 70 hPa.
a-c, December-February mean meridional (a) and vertical components (b)
of Eliassen-Palm flux and residual mean stream function (c) for different
experiments (Extended Data Table 1) for all zonal wavenumbers.

vapour concentration required to reach saturation and form clouds,
dehydrating the polar stratosphere.

Our experiments highlight three main processes that may have
beenimportant for the formation of early Eocene PSCs: (1) areduction
in the Arctic stratospheric temperature associated with dynamical
processes caused by the early Eocene topography, (2) radiative cool-
ing due to anincrease in GHGs and (3) possible CH,-driven increases
in water vapour concentration. Either areduction in temperature or
anincrease in water vapour increases the relative humidity, thereby
promoting PSC formation (Fig. 1c,d). While PSC fraction increases with
relative humidity for both topographic configurations, for a given
relative humidity increase, there is a smaller increase in PSC with the
early Eocene compared with pre-industrial topography (Fig. 1c,d).
The changes in the Arctic stratospheric temperature, water vapour
and PSC fraction with different topography suggest differences in
large-scale stratospheric dynamics between the early Eocene and
pre-industrial simulations. Additionally we test the sensitivity to the
early Eocene SST field by considering alternative cases of stronger
polar amplification or globally uniform SST warming and find that
Arctic PSCs increase compared to P/in each case but with varying
amplitudes (Extended DataFig. 4).

Impact of polar stratospheric clouds

Increasesin PSCsand CH,bothreduce the OLR, thereby causing green-
house warming. To separate the radiative effects of PSCs, tropospheric
cloudsand CH, (Fig.2), we used atwo-way partial radiative perturbation
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Fig. 4| Wave propagation and wave-mean flow interaction. a-h, December-

February mean Eliassen-Palm flux vectors*® (in m*) and zonal wind (inm s™, blue
contours) for zonal wavenumbers k = 1 (left column) and k =2 (right column) for
the early Eocene (a,b,g,h) and pre-industrial (c-f) topography, with1x (a-d) and

64 x (e-h) methane concentrations, the early Eocene sea surface temperature

and 6 x pre-industrial carbon dioxide concentrations. Areas with negative values
of refractive index are shaded.

calculation with the parallel offline radiative transfer model (Methods).
Under early Eocene conditions, increasing the CH, concentrationby a
factor of eight reduces the winter (December-February; DJF) OLR by
~2.5W m2 due to comparable contributions from PSCs and a direct
radiative effect of CH, (Fig. 2). With additional increases in CH,, the

radiative effect of PSCs grows faster than that of the CH, direct forcing,
becoming approximately twice as much at 32 x or 64 x pre-industrial
CH, (Fig. 2).Inour highest 64 x CH, early Eocene experiment, increased
PSCs alone result in an OLR reduction of 7.85 W m™ compared to the
early Eocene 1 x CH, simulation. However, the same 64 x increase in
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CH, with pre-industrial topography produces only a2.92 W m2OLR
reduction, suggesting that PSCs are unlikely to play animportant role
in Arcticamplification in the future.

Unlike PSCs, the column tropospheric cloud fractioninthe Arctic
remains similar despite the increasesin CH, in the early Eocene simu-
lations (Extended Data Fig. 6). Consequently, the OLR change due to
tropospheric clouds is much smaller than that of PSCsin the high-CH,
early Eocene experiments (Fig. 2).

As our experiments use prescribed SSTs, any additional surface
warming related to enhanced radiative forcing would be largely con-
strained by the fixed boundary forcing. However, we can attempt to
estimate the additional warming that would result from our simulated
changeintheArctic OLR using arelationship between the extratropical
heating anomaly and surface temperature change provided by Kang
and Xie”. They imposed hemispherically symmetric polar heating
anomalies in an aquaplanet mixed-layer ocean model coupled to an
atmospheric model. Inresponse to asteady heating of 18.47 W m2pole-
ward of +60°, they reported a near-surface air warming of 17.29 K over
the Arcticand -5 Kin the tropics. Assuming the response scales linearly
with forcing, and not taking into consideration any potential changes in
oceanand atmospheric heat transports, we estimate that PSC radiative
forcing would cause awintertime Arctic surface temperature warming
of1.2K,3.3K,4.9 Kand 7.4 Kwhen CH, isincreased by 8 x,16 x,32 x and
64 %, respectively,inour early Eocene simulations, with much smaller
changes in tropical temperatures. Applying this reasoning to annual
mean PSC forcing (which is smaller than DJF mean) would resultin a
reduction of the annual mean equator-to-pole SST gradient ranging
between 0.2 and 1.6 K and a global mean SST increase of 0.15-1.6 K
acrossthe 8 xto 64 x CH, experiments. If these perturbations areadded
to the coupled model SST means and gradients for the early Eocene
simulated by Deep-Time Model Intercomparison Project models®, the
cluster of models comes closer tointersecting the observational band
0f25-32 Kmeanand 14-22 K gradient (Extended Data Fig. 7). While this
represents a very crude estimate of the impact of PSCs, which will be
model dependent, itindicates that the PSCs at high CH, levels have the
potential toimprove overall model-proxy agreement.

Early Eocene topography drives polar
stratospheric cloud formation

Insights into wave propagation and wave-mean flow interaction can
be obtained from the Eliassen—-Palm (EP) fluxes®* (Fig. 3). In the early
Eocene, thereisanincrease inthe equatorward EP fluxand areduction
inthe upward EP flux poleward of -20° N compared to the pre-industrial
simulations (Fig. 3a,b). Reduced upward and enhanced equatorward
EP flux results in an overall equatorward deviation of EP flux, which
would otherwise propagate upwards into the upper stratosphere. The
reduced flux reaching the polar regions leads to areduction in the
residual mean stream function poleward of 40° N (Fig. 3c) and reduced
subsidence, thatis, aweakening of the BDC (Extended Data Fig. 8) and
its associated dynamical heatingin the early Eocene compared to the
pre-industrial simulations.

Toinvestigate what drives these large differencesin planetary wave
propagation, we isolated the contributions of zonal wavenumbers1and
2 (k=1and k=2)to the EP flux (Fig. 4). Waves with smaller wavenumber
(longer wavelength) have a higher index of refraction and can propa-
gate more easily into the stratosphere®°, Additionally, planetary waves
propagate away from regions of low refractive index towards high
refractiveindex®?°. In general with the pre-industrial topography, k=1
waves are dominant, resulting in a strong BDC. These long waves are
mostly absent with lower early Eocene orography, however, leaving the
EP flux at the base of the stratosphere to be dominated by k =2 waves
(Fig. 4), which mostly remain confined to the equatorward side of the
polar vortex (Fig. 3a). The region of negative refractive index at high
latitudes extends further southward in the early Eocene simulations
withits k=2 waves compared to the simulations with the pre-industrial

topography (Fig.4). Consequently, inthe lower stratosphere poleward
of -60° N, planetary waves are refracted towards the tropics by the
negativerefractiveindexintheearly Eocene (Fig. 4). By comparing the
Eocene, Eocene_64M and Eocene topoPlsimulations, we cansee thatthe
shiftinzonal wavenumber is due to the change in topography (Fig. 4).
The lower topography therefore ultimately changes the upward and
poleward propagation of waves (Fig. 4) and reduces the BDC strength
inthe early Eocene.

In contrast, comparison of Focene_topoPI and Pl suggests that
surface warming increases the equatorward EP flux (Fig. 3a), strength-
eningtheBDC southward of -50° N (Fig. 3¢). This indicates that surface
warming mainly affects the equatorward branch ofthe BDC, while the
low early Eocene orography weakens the poleward branch of the BDC.
Theassociated weakening of the BDC reduces air descentinthe Arctic,
leading to an adiabatic cooling in the Arctic stratosphere and more
PSCsdueto lower temperatures.

In summary, we find that both a reduction in stratospheric tem-
perature from the BDC weakening and an increase in water vapour
concentration, due to higher CH, concentration, lead toalargeincrease
in Arctic PSCsinthe early Eocene. For al6 x or greater increasein CH,
concentration, the radiative impact of PSCs is approximately double
that of the direct radiative effect of CH,, producing a total longwave
radiative forcinglarger than -5 W m~2 over the Arctic in wintertime. We
estimate thatinanearly Eocene climate anincreasein CH, concentra-
tion from 8 x to 64 x would lead to a surface warming of 1.2 K to 7.4 K.
While the early Eocene CH, concentrations are highly uncertain, our
study suggests that if CH, levels were much higher thantoday, an associ-
atedincreasein PSCradiative forcing (and to alesser extent, the direct
effect of CH,) could haveresulted insubstantial Arctic surface warming.

General circulation models that underestimate polar amplifica-
tioninthe early Eocene are not designed to adequately represent the
stratospheric processes explored here®. Our simulations suggest
that these processes, and in particular the ability to form PSCs, may
be important for realistic Arctic warming. Both the lower orography
that existed in the early Eocene and higher CH, concentrations that
cannotberuled out for that period, are favourable for PSC formation.
Indeed, PSC formation is more sensitive to CH, changes with early
Eocene topography and vice versa due to the reinforcing effects of
lower temperatures and higher moisture in the lower stratosphere.
Our study suggests that realistic simulation of stratospheric clouds
might be an important missing process in climate models to explain
past polar amplification. By extension we speculate that increases in
topographic elevation since the early Eocene®” might, via associated
changes in stratospheric circulation and polar stratospheric clouds,
be an additional factor in the observed slow cooling trend since that
time, complementing the CO, reduction. However, confirming this
would require further research. Given the higher modern orography,
our results suggest that warming in the coming few centuries might
notlead toas much polar amplification as suggested by the deep-time
geological record.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41561-023-01298-w.
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Methods

The Community Earth System Model (CESM) version 1.2.2*° Whole
Atmosphere Community Climate Model version 4 (WACCM4)*°
includes a fully interactive chemistry module based on the Model for
Ozone and Related Chemical Tracers, version 3*'. WACCM4 extends
from the surface to 5.1 x 107 hPa (-140 km) with 66 vertical levels and
hasahorizontal resolution of1.9°latitude by 2.5° longitude. Orographic
gravity waves are parameterized based on surface roughness, while the
parameterization of non-orographic gravity waves depend on frontal
systems, the occurrence of deep convection and surface stress result-
ing from unresolved topography*®*2, We used climatological SSTs as
specifiedinthe Extended Data Table1.Solar parameters (for example,
solarirradiance, wavelength) are based on an average climatology over
the years 1834-1867, and the solar constant is set to 1,360 W m fol-
lowing the DeepMIP protocol*. The 11-year solar cycle is not included.
WACCM4 uses all of the physical parameterizations of the Community
Atmospheric Model version 4 of CESM*. In our simulations, WACCM4 is
coupled with the Community Land Model version 4.0 without dynamic
vegetation or an active carbon-nitrogen cycle. Our simulations are
integrated for a period of 60 years.

Totest robustness, we conducted Focene and Focene_64M experi-
ments with the Community Aerosol and Radiation Model for Atmos-
pheres (CARMA) microphysical model coupled to WACCM4. The
CARMA model is specifically developed to simulate PSCs***¢. Com-
parison of DJF mean clouds, water vapour concentration and atmos-
pherictemperature between the WACCM4 simulations withand without
CARMA showed very small differenceinthe Arctic stratosphere. Because
WACCM4 coupled to CARMA is computationally expensive, we used
WACCM4 without CARMA for the experiments reported.

Comparison of the free-running WACCM4 Pl simulation with the
European Centre for Medium-Range Weather Forecasts version 5 shows
awarm bias of -5 K poleward of 60°N between 100 and 10 hPa*, which
possibly causes an underestimation of PSCs. This bias is reduced in
the specified dynamics version of WACCM4 with CARMA, which ulti-
mately leads to better estimation of PSCs for today***°. We use the
free-running version of WACCM in this study as we do not have the ref-
erence fields of temperature, zonal and meridional winds and surface
pressure in the early Eocene. The Quasi-Biennial Oscillation package
isnotactivated in this study.

Idealized sensitivity experiments

To understand the sensitivity of PSCs to SST forcing, we conducted
three additionalidealized polar amplified SST experiments (Extended
DataFig.2). The SSTsin these experiments are based on the Cloud Feed-
back Model Intercomparison Project (CFMIP) protocols (https://www.
cfmip.org/experiments/informal-experiments; AMIP Polar Amplifica-
tion) with the Eocene topography and 6 x pre-industrial CO, concen-
tration. The SST anomaly added to the monthly varying pre-industrial
control SST in Pol20 EoTopois:

dSST =10 x (1 — cos(mr x latitude/70°))

In the second experiment we added a globally uniform 4 °C SST
to Pol20 _EoTopo (similar to the +4 K experiment of the Coupled Model
Intercomparison Project phase 5/CFMIP2) to understand the role of SST
warming while maintaining the same SST gradient as in Pol20_EoTopo
(Pol20_EoTopo_4K).The third experiment (Pol20_EoTopo_64M) isbased
on Pol20 _EoTopobutintegrated with 64 x CH, concentration to under-
stand the impact of a CH, increase in the presence of a reduced SST
gradient. Extended DataFig. 4 compares the results of these idealized
sensitivity experiments with the Focene and P/ experiments.

Calculation of the radiative effects
To isolate the radiative effects of PSCs, tropospheric clouds and CH,,
we use the Parallel Offline Radiative Transfer (PORT) model of CESM.

PORT calculates the top-of-the-atmosphere radiative fluxes offline
using the same radiation code as WACCM4. Therefore, by individually
changingthe PSCs, tropospheric clouds or CH, concentrationin PORT,
we can isolate their radiative effect**%,

To assess the radiative effect of clouds and CH, in high-CH, early
Eocene experiments, we replaced the variable under investigation
in the early Eocene 1 x CH, experiment with that of the early Eocene
high-CH, experiments and ran PORT offline (RE_VAR forward). There-
fore, a difference in OLR between RE_VAR forward and the Eocene
1x CH, experiment will only include the radiative effect of the variable
under investigation. This is known as the forward partial radiative
perturbation (PRP) or one-sided PRP. Earlier studies show that use of
the one-sided PRP technique might result in errors as radiative flux
changes depend onbackground state*”*°. Therefore, we also conduct
areverse PRP in which we use the high-CH, early Eocene climates as
a baseline and replace the PSCs, tropospheric clouds and CH, one
by one, with the variable values from the Focene 1 x CH, experiment
(RE_VAR reverse). Then, following the same procedure asinthe forward
PRP, we calculate the difference in the OLR between RE_VAR reverse
and therespective high-CH, early Eocene experiment. Finally, we pre-
sent the average OLR change obtained from the forward and reverse
PRPtechniques. We run the offline radiation code for the last five years
of WACCM4 simulation.

Asweareinterestedintheradiativeimpactassociated with strato-
spheric changes, we allow the dynamical heating of the stratosphere
to respond to surface warming or greenhouse gas emissions in the
PORT offline radiation calculations. We also calculated the radiative
effects of PSCs and CH, in the Eocene 64M experiment with the fixed
dynamical heating approach, inwhich the stratospheric temperatures
areadjusted toradiative equilibrium. We find that the fixed dynamical
heating approach results in a small additional OLR reduction due to
PSCs and CH, of 0.47 W m~2and 0.3 W m?, respectively, from that of
the PORT calculations with stratospheric dynamical heating.

Data availability
Model outputs can be downloaded from https://doi.org/10.6084/
mo9.figshare.23690946.

Code availability

Dynamical analysis was performed with the help of the aostools package
available at https://github.com/mjucker/aostools. The WACCM4 model
code is available at the National Center for Atmospheric Research
software development repository (https://svn-ccsm-models.cgd.ucar.
edu/cesml/exp_tags/pcesm_cesml 2 2 _tags/dt-cesm1.0_cesml 22 1/).
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Extended Data Fig.1| Orography maps. Orography of pre-industrial (a) and early Eocene (b).
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minus average SST poleward of +60°) as a function of global mean SST for the
Deep-Time Model Intercomparison Project simulations. Different markers

of the same symbol and colour show simulations with the same model and
different carbon dioxide concentrations. The light and dark grey boxes show

meridional SST gradient and global mean SST reconstructed from proxy data
(10% to 90% and 33% to 66% confidence intervals, respectively). The lines
extending downwards from filled dots to the crosses highlight the estimated
reductioninannual mean SST gradient and increase in annual and global mean
SST caused by polar stratospheric cloud induced warming. Figure reproduced
fromFig.1bin Luntetal.’.
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Extended Data Fig. 8 | Residual mean vertical velocity and transformed
Eulerian-mean circulation. a-d, December-February mean changes in residual
mean vertical velocity (in Pas™, shading) and transformed Eulerian-mean
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statistically significant (p <0.05). Details about the experiments can be found in
the Extended Data Table 1.
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Extended Data Table 1| List of experiments

Experiment Sea surface Continental | Carbon Methane | Goal
temperature arrangement | dioxide (CHas)
(SST) and sea | and (CO»)
ice orography

Eocene Monthly- Same as 6 X pre- PI Use as a reference for high
varying Herold et al.* | industrial CHj4 early Eocene
climatological (PI) simulations.
SSTs from the Assess the Brewer-Dobson
coupled Eocene circulation (BDC) strength
experiment of and Arctic polar
Zhu et al.? stratospheric clouds (PSCs)

compared to PI

Eocene SM Same as Eocene | Same as 6 x PI 8 x PI Assess the impact of CHy

Eocene 16M Eocene 16 x PI | increase on PSCs.

Eocene 32M 32 x P | Provide a comparative

Eocenei64M 64 x PI | analysis of radiative effects

- of PSCs and CHy4
PI Monthly- PI PI PI Use as a reference for the
varying experiments with PI
climatological topography
PI SST and sea
ice from Hurrell
etal.’

Eocene topoPI Same as Focene | P1 6 x PI PI Difference from Focene
shows the impact of
topography change.
Difference from P/ shows
the combined impacts of
SST and CO; change

Eocene topoPl 64M | Same as Eocene | P1 6 x PI 64 x PI | Role of CHsincrease on
PSCs for PI topography

Pol20 FEolopo Idealized polar | Same as 6 x PI PI Comparison with Focene

amplified SST | Eocene shows the impact of stronger
as described in polar amplification on PSCs
Methods
Pol20 EoTopo 4K | Pol20 EoTopo | Same as 6 x PI PI Comparison with
plus 4K Eocene Pol20 EoTopo clarifies the
role of SST warming
Pol20 EolTopo 64M | Same as Same as 6 x PI 64 x PI | Comparison with
Pol20 EoTopo | Eocene Pol20 EoTopo clarifies the

impact of CHs4 increase
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