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Oxygen isotopes from ocean sediments ('20) used to reconstruct past continental ice
volumes additionally records deep water temperatures (DWT). Traditionally, these are
assumed to be coupled (ice volume changes cause DWT changes). However, 80 records
during peak mid-Miocene warmth (~16-15 Ma) document large rapid fluctuations (~1-1.5
%o) difficult to explain as huge Antarctic ice sheet (AlS) volume changes. Here, using
climate modelling and data comparisons, we show DWTs are coupled to AIS spatial extent,
not volume, because Antarctic albedo changes modify the hydrological cycle, affecting
Antarctic deep-water production regions. We suggest the mid-Miocene AIS had retreated

significantly from previous Oligocene maxima. The residual ice sheet varied spatially more
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rapidly on orbital timescales than previously thought, enabling large DWT swings (up to
4°C). When mid-Miocene warmth terminated (~13 Ma) and a continent-scale AlS had
stabilized, further ice volume changes were predominantly in height rather than extent,
with little impact on DWT. Our findings imply a shift in ocean sensitivity to ice sheet
changes occurs when AIS retreat exposes previously ice-covered land; associated feedbacks
could reduce the Earth system’s ability to maintain a large AlS. This demonstrates ice sheet

changes should be characterized not only by ice volume, but also spatial extent.

Knowledge of Earth’s glacial history and evolution through past warm periods is crucial for
understanding cryosphere dynamics and future ice sheet stability. However, the magnitude and
timing of ice sheet variations remains uncertain, even for the largest Cenozoic shiftst. Glacial
history is commonly reconstructed from the oxygen isotope composition of fossil calcareous
benthic foraminifera shells (§*80c), a proxy for seawater temperature and ice volume?. A rapid
coeval increase in global 580 records is indicative of major ice growth events. Over the last 40
million years, rapid expansion of the Antarctic ice sheet (AlS) during the middle Miocene
Climatic Transition (MMCT; ~14-13.8 Ma)® stands out as one of the three periods of major ice

growth in the 580 record®.

The MMCT is particularly fascinating because of the hypothesized transition from a less stable
small wet-based AIS* where meltwater encourages basal sliding and fast moving ice, to a more
stable large dry-based AIS where the base is frozen to the bedrock®. The major ice growth event
is well marked in palaeorecords by a ~1%. increase in 5'8Q; (Fig. 1), and thereafter 'O values
have remained at, or above, these levels to the present day* because a climatic threshold was
crossed®. From §80Qc, inferred MMCT ice growth is equivalent to the size of the entire present

day AIS, or larger™*1, but ice sheet isotopic composition changes accounts for some of the
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amplitude®®. Sequence stratigraphic estimates of sea level (independent from §80c) indicate
~20-60 m changes***’. Previous studies conclude this magnitude of ice growth implies the pre-
MMCT AIS volumes must have been very small*31°, There is little evidence for notable
contemporary Northern Hemisphere glaciation?® and although Antarctic topography has changed
with time because of tectonics, isostatic adjustments and glacial erosion, topographic changes
likely account for ~8 m sea level equivalent (S.L.E.) greater magnitude of ice growth for the

same forcing®3, leaving an additional 12-52 m necessary to explain observations.

In stark contrast to the MMCT glaciation, the preceding Miocene Climatic Optimum (MCO;
~16.8-14.8 Ma) contains the lowest 'O values of the last 25 million years and fossil evidence
for significant tundra and woody Antarctic vegetation®>?2; thereby the globally warmest
period/least amount of continental ice. Evidence points to a much reduced size of the dynamic
wet-based AIS in the MCO, compared with its early Oligocene counterpart!*” and large
amplitude §'80; fluctuations combined with sea level estimates imply a highly dynamic

cryosphere (Fig. 1, Extended Data Fig. 1).
Differing ice growth-deep water temperature relationships

Some key observations from the mid Miocene Antarctic cryosphere still require explanation.
There is a long-held assumption that continental ice volume is inherently coupled to deep water
temperatures (DWT) because expanding ice sheets are assumed to cool high latitude regions of
deep convection*?3, We would therefore expect both the MCO and MMCT to be associated
with DWT changes, yet the 'O record, combined with independent temperature reconstructions
(Fig. 1), reveals some challenging observations. During the MCO, both 5'0. and DWT were

highly variable (70% of 580 variability attributed to changes in DWT?%). During the MMCT,
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5180, was highly variable but DWT variations reduced in amplitude. During the MMCT
glaciation, 5'80. was highly variable but DWT variations were small (70% of the §'80c
variability attributed to changes in ice volume®*%). After the MMCT, §'0. and DWT were

variable, but less variable than during the MCO.

Interpreting 580 is complicated because both temperature and the ambient seawater isotopic
composition (880sy) are recorded. 5'80sy itself is dependent on global continental ice volume,
the isotopic composition of this ice, and localized salinity effects®. Paired independent
reconstructions can isolate the temperature signal and analysis of spatially distributed 58O
records can reduce the salinity component. However, for the MMCT glaciation there remains the
observation of a large ice increase but little DWT cooling, raising the question: if there is a strong
coupling between ice volume and DWT as assumed**23, why did DWT vary so much less during
the MMCT when ice sheet growth was most rapid? Here we present new climate model results
assessing the impact of ice sheet size on DWT across the MCO and MMCT. Our results confirm
the findings of a previous modelling study that DWT is insensitive to ice sheet growth at the
MMCT?". While the previous study explains the MMCT ice volume-DWT decoupling in terms of
strong feedbacks in the coupled atmosphere-ocean-sea ice system?’, our study provides further
mechanistic understanding of the differing degrees of middle Miocene ice volume-DWT coupling
by proposing a key role for the hydrological cycle. We here advance our understanding of the
paradigm by highlighting the important role, not only of ice sheet volume, but also of spatial ice

sheet coverage in determining the DWT response to glaciation, during the MMCT and the MCO.

We use a fully coupled atmosphere-ocean-vegetation general circulation model, HadCM3LB-
M2.1a?8 configured with middle Miocene palaeogeography (see Methods and Fig. 2). For our

initial assessment using preindustrial CO. concentrations, we find that AIS expansion from
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ICErree to ICEparT22m and from ICEpart22m to ICEFuLL55m reduces DWT by ~0.5°C for each
step, thus here ice growth and DWT are coupled (Fig. 3a). However, AIS expansion from
ICEFuLL55m to ICEFuLL90m does not cause further deep ocean cooling (in contrast a slight
temperature increase is seen), thus here ice growth and DWT are decoupled (ice volume changes

do not affect DWT).

We propose that coupling between ice sheet volume and DWT only occurs until the ice sheet
reaches the coast because the ice-albedo feedback mechanism and vegetation-climate interactions
invoke additional feedback processes identified here for the first time. To demonstrate it is ice
sheet spatial extent (rather than height/volume) that is coupled to DWT, we carry out a non-
realistic sensitivity study imposing AlS configurations spanning extreme endmembers from ice-
free to ice-covered but keep ice volume constant. We assume the ice sheet is of ““skin-thickness”
(no effective change in elevation as compared to the ice-free state, nominally 1 m S.L.E when
fully ice-covered; “ICEruLL1M”), and vary the ice extent longitudinally, latitudinally and
topographically. We use preindustrial CO> concentrations throughout and conduct an additional
high COz sensitivity test (~850 ppm; Fig. 4). Combining our results, we find a strong relationship

between ice-free extent and DWT, with no evidence of non-linearity (Fig. 3b).

The mechanism linking ice cover to deep water temperatures

Our modelling results suggest summertime “ice-free” Antarctica (ICErreg, Fig 3, column 1)
would be warm and wet, because the land-sea thermal contrast drives monsoon winds, which
transport moisture into the Antarctic continental interior from the Southern Ocean (Fig. 5a-c).
This moisture falls over the relatively warm continent as rain, not snow, during the summer

months (Fig. 5b), and over much of the continent during the winter months for the two highest
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CO2 scenarios. Summertime Antarctic temperatures and precipitation are similar to proxy
reconstructions for a vegetated Antarctica*?1?22%-31_ A comprehensive model-data comparison
(Supplementary Note) indicates peak CO2 would need to be > 850 ppm for a complete overlap
with proxy reconstructions, in agreement with recent MCO reconstructions®2. ICEgree also results
in the warmest freshest deep ocean of all the simulations (Fig. 5d-e). Surface runoff from the
active hydrologic cycle, being less saline and thus less dense than the seawater it drains into,
forms a polar halocline at the surface. This halocline reduces ventilation of the deep ocean (Fig.
5d), weakening overturning. In our simulations, deep water is in all cases primarily produced in
the Southern Ocean, thus DWTs are determined by southern sinking regions. Antarctic Bottom
Water (AABW) production never ceases completely in the model for any scenario

(Supplementary Discussion B).

In ICEFuLLIm, ICEFuLL55m and ICEruLL90m (Fig 3, columns 3-5), cold surface temperatures
near the ice sheet and the large increase in albedo causes localized radiative cooling of the air
column and a reduction in vapour holding capacity. The land-sea thermal contrast reduces (Fig.
5a) and the summer monsoon system ceases to operate. Katabatic winds form as the cold dense
air flows away from the elevated areas towards the coast (Fig. 5¢). The interaction between the
winds and sea-ice is complex and dependent upon background CO- (Fig. 5b; Supplementary
Discussion A). Reduced precipitation (Fig. 5b) and subsequent runoff reduces ocean stratification
(Fig. 5d), permitting the cold surface waters to sink more freely from the continental shelf into

the abyss (Fig. 5e). Increased AABW production invigorates ocean ventilation.

Empirical studies show a clear relationship between ice sheet volume and spatial extent®,
implying ice sheet thickness is limited by spatial extent. Therefore, in order to grow vertically, an

ice sheet must also grow spatially (Supplementary Discussion C). After the ice sheet reaches the
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ocean, additional growth is necessarily predominantly vertical. Although a thickening ice sheet is
accompanied by further cooling and drying of the air, this does not significantly affect runoff
because precipitation has already been reduced to a low level and is falling as snow, not rain.
Consequently, the surface ocean salinity does not change much and hence neither does deep
water production, ocean ventilation or, crucially, DWT. This explains the ice volume-DWT
decoupling between ICEryLL1m, ICEFuLL55m and ICEruLL90m. The global mean DWTSs begin to
rise slowly as ice volume (height) increases (in the absence of CO> changes) because the higher
topography reduces the amount of summertime low clouds around the Antarctic coastline by 10-
15% (not shown), allowing more solar radiation to reach the surface and reducing sea ice, which

locally causes greater absorption of solar radiation into the ocean.

Our model has a fairly linear response to both a gradually increasing and decreasing ice sheet
extent. However, we note in a dynamic ice sheet model, ice-melt in the decreasing ice sheet
scenario would result in additional surface runoff that would likely impact AABW production, at

least temporarily, as demonstrated in a studies of the modern AIS®.
Sensitivity to atmospheric CO2 and orbit

Our model does not have an interactive AlS, so the response of the ice sheet to CO- forcing is not
included and our study is limited to a single model with mid-range CO; sensitivity®®. However,
our results show that atmospheric CO2 has a much smaller impact on the hydrological regime
than ice sheet configuration (Supplementary Discussion A). CO, impacts sea-ice extent and sea
surface temperatures which in turn affect the deeper layers via vertical mixing, in a process that is

complex and non-linear (Supplementary Discussion A).
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For the MCO, the most recent CO> record suggests an average range of concentrations between
630 and 470 ppm32. Using the relationship between CO, and DWT calculated from our
simulations, we infer a consequent ~0.8 °C mean temperature change in the 2-3 km deep layer in
the Southern Hemisphere (Fig. 6), which is about 80% of the ~1.0 °C impact from increasing ice-
extent (Fig. 3, ICEFuLL1m - ICErree) in the same layer. This provides a picture of the average
DWT changes. The site-specific temperature changes (of 2-4 °C, Fig. 1), will depend also on
local dynamics. At Site 761, our simulations estimate a contribution of 0.5 °C from CO.
variations compared to a 0.9-1.9 °C contribution from ice extent changes, and at Site 1171, the
contribution from COz is between 0.5-0.6 °C compared to 1.0-1.5 °C from ice extent
(Supplementary Discussion D and E). Our results show that CO> changes alone cannot explain
the observed DWT range at the MCO and moreover, for both the mean layer and the specific
sites, our model suggests that ice-extent had a larger impact on DWT than CO.. For the MMCT
glaciation, the most recent CO reconstructions show at most a 170 ppm reduction from ~570 to
400 ppm??, for which we infer from our ice-covered model simulations a temperature drop of
0.5-0.8 °C at the two sites (Supplementary Discussion E). This is consistent with the
reconstructions (Fig. 1) if we assume Antarctica was ice-covered prior to the MMCT glaciation
(i.e. little DWT change occurred as a result of increasing ice sheet extent). In the absence of ice
sheet changes, we find a minimal effect of orbital configuration on DWT (Supplementary

Discussion F).
From thin and vulnerable to thick and established

We introduce the hydrological cycle as a crucial mechanism mediating the link between the
DWT and the ice spatial extent (rather than absolute volume), thus explaining the different

degrees of coupling between ice sheet changes and DWT during the MMCT and MCO.
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Our new results lead us to propose that DWT varied by up to 4°C during the MCO because the
spatial extent of ice and vegetation rapidly altered. Taken together with existing §'8Q,
temperature, vegetation and CO> reconstructions, this implies the AIS had retreated significantly
during the MCO, when average CO> concentrations were likely 470-630 ppm, reaching 780-1100
ppm at times*2. Previous work clearly demonstrates the dynamic behaviour of a small AIS when
driven by CO2 changes combined with orbital forcing’. How far exactly the ice sheet retreated
during these warmest intervals, however, is unknown. Ice sheet modelling suggests a retreat
exposing 60-70% of the Antarctic land surface is consistent with the paleorecord*®. Other work
concludes a retreat even greater than this*®3", perhaps even ice-free!!. The evidence for
vegetation, including trees, growing on the continent throughout the MC0O?%2?° implies both warm
and wet conditions, and it is suggested the moisture supply derived from the Southern Ocean®.
To achieve this, our results indicate a greater reduction of ice is needed than the ICEparT22m
scenario ice sheet extent, because the Wilkes Land winds are directed landward in ICErreg, but
seaward for ICEparT22m (Figure 3c). We suggest these monsoon moisture-carrying winds
induced by spatial ice retreat could provide an explanation for major ice advance onto the
continental shelf in the Ross Sea®+* during the MCO occurring at the same time as open water

and woody vegetation in the Wilkes Land?? (Supplementary Discussion G).

We further infer DWT varied so much less during the MMCT when the AIS volume was growing
rapidly because it had already extended to cover most of the continent prior to the major ice
growth event, in agreement with previous findings?’. Thus, the ice sheet subsequently increased
mainly in thickness, not area, and so DWTs were largely unaffected because, without the
additional ice-albedo feedback, changes to the hydrological cycle were much smaller. Post-

MMCT (label 1 in Fig. 1), both 5'80; and DWT are variable, but less so than during the MCO.
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The exact degree of coupling, and its mechanism, needs to be explored in a model set-up that
includes marine-based ice sheets and ice shelves, not included in this study. However, the
physical limits on seawater temperatures (-1.8°C) will set the lower boundary on possible

temperature changes as climate cools.

Interpretation of our results leads us to support a highly dynamic MCO AIS, and state, alongside
CO., it was changes in ice sheet area and proximity to the coast, not volume, that were of key
importance for global DWTs. This fundamentally changes the way we should characterize ice
sheet changes and how we must view the long-term §*80; records spanning greenhouse-icehouse
transitions. In the absence of independent temperature proxies, it must not be assumed that DWTs

scale with ice volume changes.

Whilst we do not propose the MCO Antarctica was ever completely ice-free, our results
demonstrate any spatial retreat of the AIS can increase precipitation causing associated warming
of the deep ocean - changes perhaps having the ability to both accelerate ice melt of ice shelves
and glaciers through hydrofracturing from increased precipitation falling into cravasses*®*! and to
accelerate ice melt of marine-based subglacial basins®***!. Although the temperature changes
resulting from changing ice sheet extent are similar to those resulting from CO; changes, our
study does not include feedbacks to the carbon cycle or to the ice sheet itself and therefore the
significance of our results could be greater than indicated here. Our non-realistic sensitivity
studies using only a skin-thickness of ice demonstrate the importance of both surface albedo and
roughness for a hydrologic control on DWT evolution. It is therefore possible that our
mechanism could operate in areas even without complete ice-loss if these two factors change
significantly. For example: in regions of debris-covered glaciers, rock glaciers, vegetation-

covered rock glaciers and “glacier mice”, which all increase in the context of retreating ice

10
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glaciers*>, in regions of accumulating dark particles (dust and soot)*® and in regions of glacier

algae, which bloom in supraglacial meltwater*’.
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Fig. 1. Mid-Miocene benthic (Cibicidoides spp.) oxygen isotope, deep water temperatures
(DWT) and sea level changes. a 5'80; splice*®, b Site 1171 DWT?, Southern Ocean
(Antarctica-proximal), ¢ Site 761 DWT?, Indian Ocean (Antarctica-distal but in AABW path).
Data locations shown on right of panels. DWTs are Mg/Ca reconstructions (uncertainty +4°C;
relative values are considered more robust than absolutes). Other available DWT records are too

low resolution/short. Data are plotted on their respective age models (full details: Supplementary
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393

Table S11). d Sea level'l* (Eustatic estimates'* x1.48 ¢.f.*%). Shading: Miocene Climatic

Optimum (MCO, yellow), middle Miocene Climatic Transition (MMCT, blue+grey), major ice
growth event (MMCT, blue). Vertical lines are indicative of the typical maximum §¥0/DWT
amplitudes during the MCO (4), MMCT prior to the major ice growth event (3), MMCT major
ice growth event (2) and post- MMCT (1). Since the data cover different times and resolutions,

these lines are not coincident in time between panels a-c.

Fig. 2. Orography and ice sheet configurations. a Orography for the different ice volume

scenarios simulated (sea level equivalent, S.L.E.). b Ice cover fraction for the different scenarios
simulated. The latitudinal, longitudinal, topographical and DeConto and Pollard 2003 ice sheet
extents all use the 1m S.L.E. orography from a. The percentage of ice cover is shown under each

thumbnail. Refer also to Methods for more information.

Fig. 3. Annual mean Southern Hemisphere deep water temperatures estimates averaged
between 2 and 3 km, simulated with different sized Antarctic ice sheets. a Changing ice sheet
volume: ice-free (ICErree), the 22 m sea level equivalent (S.L.E.) regional scale ice sheet
configuration (ICEparT22m), the 55 m S.L.E. continental ice sheet configuration (ICEFuLL55m),
and the 90 m S.L.E. continental scale ice sheet configuration (ICEFuLL90m), b Changing ice sheet
extent: different scenarios between 0% and 100% ice covered (refer to Fig. 2 for details). COz is
280 ppm in all cases unless specified and a modern orbit assumed; refer to Methods for more

information.
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Fig. 4. Middle Miocene atmospheric CO:2 reconstructions. Data provided in Supplementary
Table S5 plotted on respective age models. Shading: Miocene Climatic Optimum (MCO,
yellow), middle Miocene Climatic Transition (MMCT, blue+grey), major ice growth event
(MMCT, blue). Note: the Boron isotope-based CO- reconstructions from Sosdian et al., 20183
plotted are from the L02 scenario and shows two error ranges: the 66% (thicker blue lines) and
95% (thinner blue lines) confidence intervals. This dataset supercedes the data from some other
publications as documented in Supplementary Table S5 (the reconstructions from the original

publications are not plotted).

Fig. 5. Simulated atmospheric and oceanographic conditions with different sized Antarctic
ice sheets. a, Summer (DJF) air temperature, b, Summer precipitation (land only shown) and sea
ice fraction, ¢, Summer windspeed and prevailing directions, d, Annual mean Southern
Hemisphere meridional mean ocean salinity, e, Annual mean Southern Hemisphere meridional
mean ocean temperature. Scenario ICErree has no ice sheet, ICEparT22m is a regional scale 22m
S.L.E. ice sheet, and ICEFuLL1m, ICEFuLL55m and ICEruLL90m are 1m S.L.E., 55m and 90m
S.L.E. continental size ice sheets respectively. Refer to Methods and Fig. 2 for more details of the

boundary conditions used. COz is 280 ppm in all cases.

Fig. 6. Annual mean Southern Hemisphere simulated with different sized Antarctic ice
sheets and CO:2 concentration. Deep water temperatures are averaged between 2 and 3 km
water depth. Ice sheet configurations as in Fig. 5. Refer to Methods and Fig. 2 for more details of

the boundary conditions used.
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Methods

The model used in these experiments is fully coupled atmosphere-ocean GCM HadCM3LB-
M2.128 with the interactive vegetation model TRIFFID®L, This is the low resolution ocean version
of HadCM3®2 and both the atmosphere and the ocean components have a resolution of 2.5°
latitude by 3.75° longitude. The model is run without the need for flux adjustments in the modern
configuration by the now-standard practice of removing Iceland from the land-sea mask®3. Eddies
in the model are parameterized using a spatially constant coefficient of 1000 m? s* according to
the Gent-Williams scheme®*. Vertical diffusion is parameterized using the Richardson number-
dependent formulation and a background diffusivity of 1x10°> m?s™ at the surface which increases
linearly at a rate of 2.8x10® m?s*m* with depth®. A linear mixing profile with depth has been
shown to be able to capture that vertical mixing is strongest over topography®®. Of all the
PMIPL1.5 and PMIP2 models, only the HadCM3-based models, which had such a linear scheme,
managed to correctly simulate the Last Glacial Maximum inverse relationship between the
volume and production rate of AABW®C. As such, we have confidence key processes determining
the transfer of surface climate signals to depth are represented well in the ocean component of

our model.

The background palaeogeography®’ is representative of middle Miocene conditions. Notable
features as compared to modern are that the Panama Gateway and the Indonesian Seaway are
open, Australia is located 4° farther south, and the Barents Sea and the Bering Strait are closed.
Note that in all experiments, the Eastern Tethys Seaway is also closed. Land topography also
differs from modern in that the Tibetan Plateau and the Andes are more than 2000 m lower than
at present, and the Rockies Mountains are about 2000 m higher. Greenland is also more than

2000m lower than modern, and is ice free.
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To investigate middle Miocene climate we used a suite of CO. and Antarctic ice cover sensitivity
studies. Four Antarctic ice cover configurations were each simulated at 5 CO> concentrations:
180, 280, 400, 560 and ~850 ppm (in accordance with the uncertainty and temporal variability in
COz reconstructions for the middle Miocene; Fig. 4), giving a total of 20 simulations. The 4 ice
sheet configurations are defined as follows. Firstly, an ice-free Antarctica using an Antarctic
bedrock configuration appropriate for the Late Oligocene®, referred to as “ICErree”. Ice free
Antarctica is initialised in the TRIFFID model as covered in in the plant functional type ‘shrubs’.
Although unrealistic for the mid Miocene, as the extreme end member scenario, this scenario
helps to place our findings into context. Secondly, a skin-thickness ice-covered Antarctica (< 1m
sea level equivalent) where the topography is kept the same as in the ice-free case in 1, referred to
as “ICEruLLIm”. Thirdly, a modern-like ice-covered Antarctica (~55 m sea level equivalent)
using the palaeogeographic configuration for the middle Miocene®, referred to as “ICEruLL55m”.
Finally, a larger-than-modern ice-covered Antarctica (~90 m sea level equivalent), referred to as

“ICEruLLI0M”.

Configurations 2-4 have the same areal extent and differ in ice sheet height only. In accordance
with the proposed 90m drop in sea level over the MMCT?®, boundary conditions for an ice sheet
of this proportion were developed by assuming one-third of the ice is associated with isostatic
depression and then applying a uniform increase in elevation across the continent to obtain a 90
m sea level equivalent. Additionally simulated at 280 ppm (using the topography of the
ICEFuLL55m scenario) is the spatial extent of the regional scale ice sheet simulated by a model
that includes ice-shelf hydrofracture and ice cliff collapse of 22 m S.L.E., %3, referred to as
“ICEparT22m”. See Fig. 2 for more details of the Antarctic boundary conditions. Outside of

Antarctica, the paleogeography remains constant at the middle Miocene reconstruction. Apart
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from the prescribed CO> changes, all other greenhouse gases, solar and orbital parameters remain

at modern settings.

To investigate the sensitivity of the hydrological cycle to the extent of Antarctic ice-free area, an
additional series of simulations were carried out with a gradually increasing Antarctic ice sheet
area, from no ice to the maximum ice sheet extent for scenario 2 above. These intermediate area
ice sheets expand latitudinally, longitudinally or topographically as demonstrated in Fig. 2. No
change was made to the elevation from the ice-free condition and therefore all of these
simulations represent a skin-thickness of ice cover. Two sets of scenarios were run for each of the
longitudinal ice growth boundary conditions: Firstly, beginning from an ice-free initial condition
(as described above) and secondly, beginning from a 100% ice-covered initial condition and
decreasing towards zero. The rest of the scenarios were initiated from the 100% ice-covered state
and therefore lose ice only. The longitudinal ice growth scenario also included 4 configurations

simulated at ~850 ppm CO2 (20%, 40%, 60% and 80% ice-covered, refer to Fig. 2).

All simulations assume a modern orbit except for 4 sensitivity test cases. A cold orbital
configuration favorable for Antarctic glaciation (low obliquity (22.1°), high eccentricity (0.054),
perihelion during boreal summer, 374 W/m? summer insolation at 70°S) and a warm orbital
configuration favourable for Antarctic deglaciation (high obliquity (24.5°), high eccentricity
(0.054), perihelion during austral summer, 483 W/m? summer insolation at 70°S) were identified.
Cold and warm orbit sensitivity tests were carried out for the “ICErree” and the “ICEryLL55m”

configurations.

All of the middle Miocene simulations continue from a 2100 year integration under late Miocene

boundary conditions® and have been run for a further 2000 years. Supplementary Figures S65-
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S68 show the evolution of deep water temperatures throughout the simulations and give us

confidence that they have stabilised sufficiently for us to draw conclusions.
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Code Availability

The UK Met Office made available the source code of HadCM3 via the Ported Unified Model
release (http://www.metoffice.gov.uk/research/collaboration/um-partnership). Enquiries
regarding the use of HadCM3 should be directed in the first instance to the UM Partnership team,
who can be contacted at um_collaboration@metoffice.gov.uk. The main repository for the Met
Office Unified Model (UM) version corresponding to the model presented here can be viewed at
http://cms.ncas.ac.uk/code_browsers/UM4.5/UMbrowser/index.html. The code detailing the
changes required to update HadCM3 to HadCM3LB-M2.1 are available as a Supplement to

Valdes et al. (2017)%.
Data Availability

The climate model output data is available for analysis and download at
https://www.paleo.bristol.ac.uk/ummodel/scripts/papers/Bradshaw_et_al_2021.html. It is
possible to reproduce the information in Fig. 2, Fig. 3, Fig. 5 and Fig. 6 via this interface as well
as download the data itself and the ancillary information (paleogeography and ice sheet

configuration).

24



MMCT MCO

[ ] 1 |
L 1 w33y L
[ 5 uiszg 5

AVOS M W k N O

Typical

o @ @ 06 @

o
N
w
-
N

J

J
1 1 1 I
= w o)) ~
Site 1171 DWT (°C)
Uncertainty = 4°C

a4
Typical

i ®@ @ 06 i/ @ B

2.25

Typical
amplitude

e @ & 6 O, B

I 1 1
=2} [t =

S
Site 761 DWT (°C)
Uncertainty + 4°C

Sea level estimate (m)

—-40 + Miller et al. (2020) Kominz et al. (2008)
T T T T T T T
13 14 15 16 17
Age (Ma)
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details: Supplementary Table S11). d Sea level'*!* (Eustatic estimates** x1.48 c.f.*°).
Shading: Miocene Climatic Optimum (MCO, yellow), middle Miocene Climatic Transition
(MMCT, blue+grey), major ice growth event (MMCT, blue). Vertical lines are indicative of
the typical maximum &§80./DWT amplitudes during the MCO (4), MMCT prior to the major
ice growth event (3), MMCT major ice growth event (2) and post- MMCT (1). Since the data
cover different times and resolutions, these lines are not coincident in time between panels a-
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S.L.E., 55m and 90m S.L.E. continental size ice sheets respectively. Refer to Methods and

Fig. 2 for more details of the boundary conditions used. CO2 is 280 ppm in all cases.
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Fig. 6. Annual mean Southern Hemisphere simulated with different sized Antarctic ice
sheets and CO:2 concentration. Deep water temperatures are averaged between 2 and 3 km
water depth. Ice sheet configurations as in Fig. 5. Refer to Methods and Fig. 2 for more

details of the boundary conditions used.
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S1.

Supplementary Note

Model-Data Comparison

Methodology

There are many difficulties associated with developing a model-data comparison methodology,

and in the interpretation of results. The model-data comparison methodology adopted follows

previous work for the late Miocene!2. Terrestrial data reconstructions are given in Supplementary

Tables S6-9, sea surface temperature (SST) estimates are given in Supplementary Table S10 and

deep water temperature (DWT) estimates are given in Supplementary Table S11. Due to the

higher temporal resolution of the marine data as compared to the terrestrial data, two slightly

different approaches are used. Core-based terrestrial data, being of higher resolution and better

age constaint, are additionally treated the same as SST data.

For the terrestrial data:

Mean annual temperature and precipitation reconstructions are split into two timeslices of
13-14.5 Ma (icehouse) and 14.5 -16.75 Ma (greenhouse) in order to attempt to identify
any differences between the MMCT and the MCO. Where age uncertainty is large data
will appear in both timeslices and these data are treated separately.

Within each timeslice, the minimum and maximum temperature and precipitation
estimates for each site are retained, and the calibration uncertainty added (where the
calibration uncertainty has not been stated by the original author, an uncertainty of 1°C
has been assumed).

Each individual proxy location has been translated back to an estimated paleolocation as
dictated by the age control. With the exception of the data taken from Goldner et al.,
20143 (which is used as is because the original latitude and longitude values were not
provided), the same paleorotation has been used as the construction of the Middle
Miocene paleogeography* to ensure consistency with the model results. Given the
uncertainties in the dating of most terrestrial data, the middle of the age ranges has been

used.



All grid cells adjacent to the grid cell containing the paleodata are used to derive the
model values. Taking this approach allows for data location uncertainties such as
transportation and paleorotation, and allows for model uncertainties in the placement of
largescale climate features (it is unreasonable to expect a GCM to reconstruct the exact
climate at a single grid cell; greater reliance should be placed on broad-scale patterns).
Where terrestrial reconstructions have been derived from marine core data, the datapoint
location has been manually moved to the nearest land grid cell.

We remove one of the data from the Goldner et al., 20142 synthesis for the Falkland

Islands since this is not resolved as land in our model.

For the marine data:

Uncertainty estimates are added to the seawater temperature estimate at each datapoint at
each site. Although there are many different calibration equations, assumptions about the
past seawater conditions and dissolution depth-corrections, we have used the temperature
estimates from the original sources. An element of the remaining inconsistencies between
the model output and the data could therefore be related to these uncertainties
unaccounted for here. For example, the uncertainty in DWT in the Mg/Ca proxy
reconstructions at Site 1171 arising just from using a different calibration equation are of
the order ~2°C>.

Typically, calibration uncertainties derived from modern Mg/Ca-temperature calibrations
are on the order of +1°C. However, there are other controls on foraminiferal Mg/Ca that
have been dealt with in different ways in the literature. For example, variations in
seawater Mg/Ca will impact both benthic and planktonic foraminiferal Mg/Ca. Epifaunal
species of benthic foraminifera may be sensitive to changes in bottom water carbonate
saturation state®. Planktonic foraminiferal Mg/Ca may be sensitive to change in sea
surface pH and salinity’. It is impossible to correct all previously published records for
such effects, as they have not been published with the required additional data (e.g.,
benthic foraminiferal B/Ca, planktonic foraminiferal 5§'!B). Instead, we therefore increase
the uncertainty on absolute temperature estimates from +1°C to £4°C to include any

potential bias from these sources. This large uncertainty window applies to absolute



temperatures — reconstructed relative changes in downcore temperatures such as those
shown in Fig. 1 have smaller uncertainties.

e Each individual proxy location has been translated back to an estimated paleolocation as
dictated by the age control.

e All grid cells adjacent to the grid cell containing the paleodata are used to derive the
model values (horizontally and vertically).

e The SST reconstructions are compared to the simulated mean annual temperatures of the
surface ocean. In addition, to allow for any seasonal bias in production, the high latitude
sites are also compared to the simulated maximum temperatures of the surface ocean.

e The DWT reconstructions are compared to the simulated mean annual temperature at the
estimated paleodepths of the core sites.

e As the authors do not specify which of the reconstructed DWT relationships to use, both
reconstructions suggested by Lear et al., 20102 (adjusted and unadjusted for assumed
changes in saturation state) and both reconstructions suggested by Lear et al., 2015°
(linear-fitted and exponential-fitted curves) have been plotted.

To reflect the uncertainties in the data reconstructions and the model results, both are treated as a
range of possible values and the term overlap is defined as consistency between model and data if
their uncertainty ranges overlap (Supplementary Figure S1a). Where the data and model overlap,
it is not possible to determine that they are different; it does not necessarily follow that the data
and the model are in agreement if the uncertainty ranges are large (Supplementary Figure S1b).
Reference made to any differences between the data reconstructions and the model output in this
study therefore refer to the minimum possible difference only. No attempt has been made to try to
correct for any GCM bias with respect to modern observations. Such a correction is very difficult
because of the large gap in age, it is not considered robust to assume that biases in the model for
present day conditions would be the same as any biases in the model for conditions ~15 million
years ago because of differences in the land-sea mask affecting ocean circulation, and the

removal of continental ice from both Greenland and Antarctica in this study.



Results

Mean annual air temperature

The model-data comparisons show that the 853ppm CO concentration simulations all overlap
with the icehouse subset data reconstructions (Supplementary Figure S2). There is more data
available in the terrestrial greenhouse subset and the subset of data with poor age control, and
both of these show the closest overall match to the data occurs with the 560 ppm CO>
concentration scenario with no Antarctic ice sheet (Supplementary Figures S3 and S4). For the
individual sites, the higher CO2 concentrations scenarios also show the best model-data fit
(Supplementary Figures S5 to S7). Notwithstanding the sparse closely-clustered terrestrial data
available for the icehouse period, there is, therefore, no evidence from the terrestrial model-data
comparison to support a lowering of CO; for the MMCT as compared to the MCO. The data
reconstructions are mixed though, between being warmer than the model simulations in the high
latitudes and colder than the model simulations in the mid-Ilatitudes of Asia, and it is therefore
unlikely that there would be a single CO> concentration that could improve the terrestrial model-

data comparison.
Mean annual precipitation

The limited mean annual precipitation data suggests that all COa/ice sheet scenarios overlap with
the data reconstructions from the icehouse subset (Supplementary Figure S8) and the subset with
poor age control (Supplementary Figure S10). The same is true for the Antarctic data
precipitation data reconstructions in the greenhouse subset, but data reconstructions from the
New Zealand locations in that timeslice are wetter than the models can reproduce (Supplementary
Figure S9).

Summer mean air temperature

All of the CO2/ice sheet configuration scenarios overlap with the summer mean temperature data
reconstructions on Antarctica when the data is considered as a timeslice mean (Supplementary
Figures S11). The warmest of the individual datapoints, however, only overlap with the ICErree

scenario for the 400, 560 and 853 ppm CO> concentrations (Supplementary Figure S12).



Summer total precipitation

None of the CO>/ice sheet configuration scenarios overlap with the summer precipitation data
reconstructions on Antarctica when the data is considered as a timeslice mean (Supplementary
Figures S13) but the highest CO2 concentration scenario shows the closest fit (Supplementary
Figure S14).

Mean annual sea surface temperature

The marine SST model-data comparison shows that the warmest data reconstructions are
typically warmer than the model simulations at high latitudes even at the highest CO>
concentrations tested, but the data reconstructions typically overlap with the model simulations at
the lower latitudes, athough here it is often restricted to the lower CO> concentrations
(Supplementary Figures S15 to S29). The model simulations therefore show the same difficulties
in reproducing the equator-to-pole temperature gradients reconstructed by the data as other

models®1011,
Maximum monthly sea surface temperature

If the high latitude data are assumed to contain a warm-season bias, the cooler icehouse records
typically overlap with the model simulations at 280 ppm CO- or higher, but the warmer

greenhouse records still prove difficult to simulate (Supplementary Figures S30 to S38).
Annual mean deep water temperatures

The model simulated deep water temperatures typically overlap with the data reconstructions for
all but the warmest of temperatures for the higher CO2 concentration assumptions
(Supplementary Figures S39 to S46).
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Supplementary Figure S1. Model-data comparison definitions. (a) The definition for
“overlap” used in the comparison (all four instances shown are considered as an overlap), (b):
Although data-model mismatch is defined as the minimum possible distance to overlap, the
maximum possible differences could be much greater if the true values for both the model and the
data were to lie at the extremes of the uncertainty ranges.
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Supplementary Figure S2. Annual mean air temperature model-data comparison for icehouse (13-14.5 Ma) data reconstructions given in
Supplementary Table S6. The columns show results for an ice-free Antarctica, a 1m, a 55m and a 90m sea level equivalent Antarctic ice sheet from
left to right respectively. The rows show results for atmospheric CO> set to 180ppm, 280ppm, 400ppm, 560ppm and 853ppm from top to bottom
respectively. The markers are positioned at the mean data reconstruction ages and coloured according to the data-model anomaly (red indicates the data
reconstruction is warmer than the model simulates, blue indicates it is cooler and white indicates overlap between the data reconstruction and the model
simulation). The RMSE value for the whole synthesis is in the bottom left-hand corner for each scenario.
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Supplementary Figure S3. Annual mean air temperature model-data comparison for greenhouse (14.5-16.75 Ma) data reconstructions given in
Supplementary Table S6. Legend information as in Supplementary Figure S2.
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Supplementary Figure S6. Annual mean air temperature model-data comparison for middle Miocene data reconstructions for Site U1356A in

the Wilkes Land Continental Margin. Data from Paschier et al., 2013'? as given in Supplementary Table S6. Legend information as in

Supplementary Figure S2.
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Supplementary Figure S7. Annual mean air temperature model-data comparison for middle Miocene data reconstructions for Site U1356 in
the Wilkes Land Continental Margin. Data from Sangiorgi et al., 20182 as given in Supplementary Table S6. Legend information as in
Supplementary Figure S2.
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Supplementary Figure S9. Annual mean precipitation model-data comparison for greenhouse (14.5-16.75 Ma) data reconstructions given in
Supplementary Table S7. Legend information as in Supplementary Figure S2.
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Supplementary Figure S10. Annual mean precipitation model-data comparison for middle Miocene data reconstructions given in
Supplementary Table S7 with poor age control. Legend information as in Supplementary Figure S2.
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Supplementary Figure S11. Summer (DJF) mean air temperature model-data comparison for greenhouse (14.5-16.75 Ma) data reconstructions
given in Supplementary Table S8. Legend information as in Supplementary Figure S2.
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Supplementary Figure S12. Summer (DJF) mean air temperature model-data comparison for middle Miocene data reconstructions for Site
AND-2A in the Ross Sea. Data from Feakins et al., 20124 as given in Supplementary Table S8. Legend information as in Supplementary Figure S2.
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Supplementary Figure S14. Summer (DJF) mean precipitation model-data comparison for middle Miocene data reconstructions for Site AND-

2Ain the Ross Sea. Data from Feakins et al., 20122 as given in Supplementary Table S9. Legend information as in Supplementary Figure S2.
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Supplementary Figure S15. Annual mean sea surface temperature model-data comparison for Site 608 in the North Atlantic (TEXss). Data
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from Super et al., 2018% as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S16. Annual mean sea surface temperature model-data comparison for Site 608 in the North Atlantic (UX'37). Data from
Super et al., 2018% as given in Supplementary Table S10. Legend information as in Supplementary Figure S2
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Supplementary Figure S17. Annual mean sea surface temperature model-data comparison for Site 925 in the Tropical Atlantic (TEXss). Data
from Zhang et al. 20136 as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S18. Annual mean sea surface temperature model-data comparison for Site 925 in the Tropical Atlantic (UX’s7). Data
from Zhang et al. 20136 as given in Supplementary Table S10. Legend information as in Supplementary Figure S2
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Supplementary Figure S19. Annual mean sea surface temperature model-data comparison for Site LOM-1 in the Mediterranean (Mg/Ca).
Data from Scheiner et al. 20187 as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S20. Annual mean sea surface temperature model-data comparison for Site U1338 in the Tropical Pacific (UX’s7). Data

from Rousselle et al., 2013 as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S21. Annual mean sea surface temperature model-data comparison for Site 806 in the Tropical Pacific (Mg/Ca). Data
from Sosdian and Lear, submitted as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S22. Annual mean sea surface temperature model-data comparison for Site 1171 in the Southern Ocean (Mg/Ca). Data

from Shevenell et al.,

2004%° as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S23. Annual mean sea surface temperature model-data comparison for Site 1171 in the Southern Ocean (A47). Data
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Supplementary Figure S24. Annual mean sea surface temperature model-data comparison for Site U1356 in the Southern Ocean (TEX zgs).
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Supplementary Figure S25. Annual mean sea surface temperature model-data comparison for Site AND-2A in the Ross Sea (TEX'ss). Data
from Levy et al., 20162* as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S26. Annual mean sea surface temperature model-data comparison for Site 926 in the Tropical Atlantic (Mg/Ca). Data
from Sosdian et al., 201822 and Foster et al., 20122 as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S27. Annual mean sea surface temperature model-data comparison for Site 1092 in the Southern Ocean (Mg/Ca). Data

from Kuhnert et al., 2009%* as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S28. Annual mean sea surface temperature model-data comparison for Site 982 in the North Atlantic (TEXss). Data
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Supplementary Figure S29. Annual mean sea surface temperature model-data comparison for Site 982 in the North Atlantic (UX'37). Data from
Super et al., 2020%° as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S30. Maximum sea surface temperature model-data comparison for Site 608 in the North Atlantic (TEXss). Data from
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Supplementary Figure S31. Maximum sea surface temperature model-data comparison for Site 608 in the North Atlantic (UX'37). Data from
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Supplementary Figure S32. Maximum sea surface temperature model-data comparison for Site 1171 in the Southern Ocean (Mg/Ca). Data
from Shevenell et al., 2004'° as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S33. Maximum sea surface temperature model-data comparison for Site 1171 in the Southern Ocean (A47). Data from
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Supplementary Figure S34. Maximum sea surface temperature model-data comparison for Site U1356 in the Southern Ocean (TEX'gs). Data
from Sangiorgi et al., 20183 as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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43

ICEfy;;1m ICEf;;55m ICE,:ULL9Om

ICEFrree

©
F12.009

L1a.4
L13.6
112.8 g

F14.4 ¢

J.
<
<
—

)

1
2
m
—

SS ejed

o

~

—
.

<

~

—
\

F14.4 ¢

.) 1SS
©

~
a3
.

eieq

@

~

—
.

<

o~

—
.

17

16

15
Age (Ma)

Age (Ma)

Age (Ma)

Age (Ma)

model temperature anomaly (° C)

Data

Supplementary Figure S36. Maximum sea surface temperature model-data comparison for Site 1092 in the Southern Ocean (Mg/Ca). Data

from Kuhnert et al., 2009%* as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.
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Supplementary Figure S37. Maximum sea surface temperature model-data comparison for Site 982 in the North Atlantic (TEXss). Data from
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Supplementary Figure S38. Maximum sea surface temperature model-data comparison for Site 982 in the North Atlantic (UX'37). Data from

ICErzee ICEfy;;1m ICEf;;55m |CEFUL_1_90m
W W W W
6.66 7.39 7.11 6.87
13 14 15 16 17 13 14 15 16 17 13 14 15 16 1 13 14 15 16 17

Age (Ma) Age (Ma) Age (Ma) Age (Ma)

-4 -2 0 2 4

Data-model temperature anomaly (° C)

Super et al., 2020%° as given in Supplementary Table S10. Legend information as in Supplementary Figure S2.

17.5
27.5

25.0

22.5

Data SST (°C

200 ®

17.5
27.5

225

Data SST (°C

45



180 ppm

280 ppm

400 ppm

560 ppm

853 ppm

ICEFREE |CEFUL,:_1!TJ |CEFULL55ITJ |CEFULL90ITI
0.61 E‘ 0.61 lﬁ 0.61 %‘ 0.61 lﬁ
i & i it
B d o &
0 0 | 0
0.08 @ 0.08 Iﬁ 0.08 E' 0.08 @
it i i ik
o d & =
0.00 % 0.00 % 0.00 % 0.00 %
B £ 5 5
g d o o
0.00 % 0.00 % 0.00 % 0.00 %
& E 5 5
B d o =
0.00 % 0.00 % 0.00 % 0.00 %
i & 5 5
o & O =
i O ‘ i ‘ i 0 ‘ ‘ i i 0 i ‘ i ‘ O i ‘ i
13 14 AgelfMa) 16 17 13 14 AgelirJMa) 16 17 13 14 Agel?Ma) 16 17 13 14 Agel(SMa) 16 17
-l , -
-4 -2 0 2 4

Data-model temperature anomaly (° C)

. T
o o
o o

F—-
[ N
Data BWT (°C)

o o o
2 o o
Data BWT (° C)

T
b
o

v oo o
2 o o
Data BWT (°C)

T
by
[+

R
A o o
Data BWT (° C)

B
©

T
o
o

" 0)

o
o
(

—-
==
Data BWT

46

Supplementary Figure S39. Annual mean deep water temperature model-data comparison for Site 1146 in the South China Sea (Mg/Ca). Data
from Kochhann et al., 20172 as given in Supplementary Table S11. Legend information as in Supplementary Figure S2.
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Supplementary Figure S40. Annual mean deep water temperature model-data comparison for Site 1171 in the Southern Ocean (Mg/Ca). Data

from Shevenell et al., 2008° as given in Supplementary Table S11. Legend information as in Supplementary Figure S2.
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Supplementary Figure S41. Annual mean deep water temperature model-data comparison for Site U1338 in the Tropical Pacific (Mg/Ca). Data
from Kochhann et al., 20172 as given in Supplementary Table S11. Legend information as in Supplementary Figure S2.
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Supplementary Figure S42. Annual mean deep water temperature model-data comparison for Site 806 in the Tropical Pacific (Mg/Ca). Linear-
fit data from Lear et al., 2015° as given in Supplementary Table S11. Legend information as in Supplementary Figure S2.
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Supplementary Figure S43. Annual mean deep water temperature model-data comparison for Site 806 in the Tropical Pacific (Mg/Ca).
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Supplementary Figure S44. Annual mean deep water temperature model-data comparison for Site 761 in the Indian Ocean (Mg/Ca).

Unadjusted-data from Lear et al., 20108 as given in Supplementary Table S11. Legend information as in Supplementary Figure S2.
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Supplementary Figure S45. Annual mean deep water temperature model-data comparison for Site 761 in the Indian Ocean (Mg/Ca). Adjusted
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S2. Supplementary Discussion
A. Ocean response to glaciation

Although the broad features of our mechanism appear insensitive to the CO2 concentration
(Supplementary Figure S48), we do find evidence that the Southern Ocean sea surface
temperature response to glaciation is very sensitive to the underlying CO2 concentration, and that
the relationship is non-linear (Supplementary Figures S49 to S51). In our model, glaciation-
driven topographic forcing (ICEruLL1m to ICEFuLL55m) results generally in sea surface warming
at the global scale, as also found with a similar scenario using the ECHAM5-MPIOM model?®,
but we also find divergent trends as the CO> concentration either increases or decreases away
from our mid-range concentration of 400 ppm (Supplementary Figure S49). This is because of
the non-linearities of the winds and sea ice response to CO- forcing (Supplementary Figures S52
to S57). We find these non-linearities arise in both summer and winter when we consider just the
albedo/surface roughness change (ICErree to ICEruLL1IM; Supplementary Figures S54 and S56)
but only during the summer for winds and winter for sea ice when we consider just the
topographic change (ICEruLL1m to ICEruLL55m; Supplementary Figures S51 and S55). When
both aspects are combined (ICErree to ICEFuLL55m), the sea surface temperature responses to

glaciation at different CO2 concentrations become quite complex (Supplemetary Figure S51).

The result of these different surface responses to glaciation results in some differing responses in
the deep ocean too. Firstly, although we see a slight cooling of deep waters close to Antarctica in
the Ross Sea sector in reponse to topographic change, the Weddell Sea and most of the deep
ocean actually warms slightly (ICEruLL1m to ICEFuLL55m; Supplementary Figures S58 and
S61a). This is the opposite result to that found for the similar scenario with the ECHAMS5-
MPIOM model?®. The topopgraphy-driven DWT changes, although small in magnitude, do show
some non-linearities as well. The 400 ppm CO- scenario shows the most cooling in the Ross Sea
sector and the 853 ppm CO- scenario showing a patch in this region ~120°W with the opposite
sign of change. Although the albedo/surface roughness change (ICErree to ICEFuLL1M,
Supplementary Figures S59 and S61b) also shows some non-linear behaviour in the magnitude of
the DWT response, the direction of the changes is consistent. Because the response to

albedo/surface roughness changes dominates the combined DWT response to Antarctic glaciation
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(topography, albedo and surface roughness together), this pattern looks very similar to the
albedo/surface roughness response (Supplementary Figures S60 compared to S59, Supplementary
Figure S61c compared to S61b). We suggest therefore, that the reason our mechanism operates in
the same way between our 280 ppm and 853 ppm longitudinal ice growth scenarios is because

the mechanism is largely independent of sea ice concentration.

However, there are now two mechanisms capable of explaining the decoupling of ice volume and
DWT at the MMCT glaciation; one involving winds and sea ice?® and our new mechanism
involving precipitation and runoff. The fact these two mechanisms result in the opposite sign of
change for DWTs for a similar scenario, and of course the fact that both are likely important and
interact, suggests there is a need for a Miocene model intercomparison project to establish to the
importance of the different boundary conditions versus the different models used. Scenarios to
test alternative regional scale ice sheet configurations at higher CO> are recommended, and to

consider ice shelf and meltwater processes not included in our model.
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Supplementary Figure S48. Simulated atmospheric and oceanographic conditions in response to changes in CO: for different Antarctic
ice sheet configurations. (a) Antarctic summer (DJF) precipitation, (b), Antarctic summer air temperature, (c), Annual mean Southern

Hemisphere meridional mean ocean temperature. Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S49. Simulated sea surface temperatures in response to glaciation (topography changes only) for different CO2
concentrations (ICEruLL55m —ICEruLL1m). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S50. Simulated sea surface temperatures in response to glaciation (albedo and surface roughness changes only) for
different CO2 concentrations (ICEruLL1m —ICErree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S51. Simulated sea surface temperatures in response to glaciation (albedo, surface roughness and topography changes)
for different CO2 concentrations (ICEruLL55m —ICErree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S52. Simulated 10m wind response to glaciation (topography changes only) for different CO2 concentrations

(ICEFuLL55M —ICEFruLL1M). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S53. Simulated 10m wind response to glaciation (albedo and surface roughness changes only) for different CO2

concentrations (ICEruLL1m —ICErree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S54. Simulated 10m wind response to glaciation (albedo, surface roughness and topography changes) for different CO2

concentrations (ICEruLL55m —ICEFrree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S55. Simulated sea ice concentration in response to glaciation (topography changes only) for different CO2

concentrations (ICEFuLL55m —ICEruLL1m). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S56. Simulated sea ice concentration in response to glaciation (albedo and surface roughness changes only) for different

COz2 concentrations (ICErFuLL1m —ICEFrree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S57. Simulated sea ice concentration in response to glaciation (albedo, surface roughtness and topography changes) for
different CO2 concentrations (ICEruLL55m —ICEFrree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S58. Simulated deep water temperatures in response to glaciation (topography changes only) for different CO2
concentrations (ICEruLL55m —ICEruLL1mM). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S59. Simulated deep water temperatures in response to glaciation (albedo and surface roughness changes only) for

different CO2 concentrations (ICEruLL1m — ICErree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S60. Simulated deep water temperature in response to glaciation (albedo, surface roughness and topography changes)
for different CO2 concentrations (ICErFuLL55m — ICEFrree). Refer to Fig. 2 for more details of the boundary conditions used.
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Supplementary Figure S61. Simulated deep water temperatures (2-3km depth) in response to glaciation for different CO2 concentrations. (a).
Topography changes only (ICEruLL55m —ICEFuLL1m), (b). Albedo/surface roughness changes only (ICEruLL1m—ICErree) and (c). Albedo, surface

roughness and topography changes (ICEruLL55m —ICErree). Refer to Fig. 2 for more details of the boundary conditions used.
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B. Middle Miocene deep water production

In all of our middle Miocene simulations, deep water is in all cases primarily produced in the
south; Atlantic Meridional Overturning Circulation in the Northern Hemisphere is weak ( i.e.
<3Sv, as compared to 18Sv for a pre-industrial simulation using the same model?) and there is no
deep water production in the North Pacific (except for our ice-free 180 ppm CO> scenario, which
is perhaps one of the most unrealistic). Modern North Atlantic Deep Water (NADW) is
comprised of deep waters formed in both the Nordic seas and the Labrador Sea. Whilst there is
evidence for the onset of deep convection in the Nordic Seas by the middle Miocene?®-3L, the role
of NADW (or its precursor, Northern Component Water, NCW) in the global ocean at this time
is an open question. Benthic foraminifera carbon isotope compilations show similar values in all
basins during the middle Miocene, interpreted to indicate that deep water formation came from a
common southern source®>%, However, recent work has shown that the geochemical signature of
ancient NCW differed from modern values®, which implies that this interpretation may not be
robust. Opal deposition, however, is a process indicating the presence of older less corrosive
deep waters rather than NADW/NCW. Therefore, the fact that opal deposition at Site 642 in the
Nordic Seas did not collapse until 14Ma®* provides support for a minor role for NCW in global
ocean circulation during the MCO. Hence, we are confident that our model results are robust for

the middle Miocene.
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C. Relationship between ice sheet volume and ice sheet area

The relationship between ice volume and ice area for the ice sheet model used in Gasson et al.,
2016 is approximately linear for ice sheet retreat (Supplementary Figure S62). Ice sheet growth
simulations show a similar linear relationship (not shown).
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Supplementary Figure S62. Timeseries of ice sheet volume and ice sheet area. Values are
taken from the ice model simulations of Gasson et al., 2016 and the plot was provided by
Edward Gasson. The similations are blue (500ppm, bedmap2), green (840 ppm, bedmap?2), red
(500 ppm, ‘Miocene’ topography), black (840 ppm, ‘Miocene’ topography). The plots show the
simulations both with and without asynchronous coupling of the ice sheet to the climate model.
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D. Deep water temperature changes that can be accounted for from CO. forcing

alone

In order to assess the contribution made from CO; forcing alone to the overall reported
temperature changes at Site 1171 and Site 761 during the MCO and the MMCT glaciation, we

perform linear interpolation of the results for the different CO> simulations conducted.

Average CO variability during the MCO were of the order 630 - 470 ppm?2. Supplementary

Table S1 documents the DWT changes linearly interpolated for these CO2 concentrations and

suggest that CO> forcing accounts for between 0.5 and 0.6°C of temperature change.

ICEFRreE ICEFuLLIM ICEFuLL55mM ICEFuLL90M
Site 1171 0.6 0.6 0.5 0.5
Site 761 0.5 0.5 0.5 0.5

Supplementary Table S1. Simulated deep water temperatures (°C) for CO2 changes
estimated during the MCO (630-470 ppm??) at Site 1171 in the Southern Ocean and at at
Site 761 in the Indian Ocean. Temperatures for the 630 ppm CO; scenarios are linearly
interpolated between the 853 ppm and the 560 ppm CO> equivalent scenarios. Temperatures for
the 470 ppm CO2 scenarios are linearly interpolated between the 560 ppm and the 400 ppm CO>
equivalent scenarios.

The magnitude of the CO2 decline during the MMCT glaciation was at most 570-400 ppm?2,
Supplementary Table S2 documents the DWT changes linearly interpolated for these CO>
concentrations and suggest that CO> forcing accounts for between 0.5 and 0.8°C of temperature
change. These results therefore suggest a more important role for CO2 changes in determining
the DWT during the MMCT glaciation than the MCO (Supplementary Table S2 compared to
S1), consistent with the results of a new study, which concluded that CO; has a direct role in

driving the MMCT ice growth event?,

ICEFRreE ICEFuLLIM ICEruLLB5M ICEFuLL90M
Site 1171 0.6 0.8 0.6 0.5
Site 761 0.6 0.6 0.6 0.5

Supplementary Table S2. Simulated deep water temperatures (°C) for CO2 changes
estimated during the MMCT glaciation (570-400 ppm??) at Site 1171 in the Southern Ocean
and at at Site 761 in the Indian Ocean. Temperatures for the 570 ppm CO2 scenarios are
linearly interpolated between the 853 ppm and the 560 ppm CO- equivalent scenarios.
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E. Deep water temperature changes that can be accounted for from surface albedo

and roughness forcing alone

In order to assess the contribution made to the overall reported temperature changes at Site 1171
and Site 761 from our mechanism during the MCO, we compare the deep water temperature
changes between our ICErree and our ICEruLL1m scenarios for the different CO2 concentrations
simulated. Supplementary Table S3 shows that these surface albedo and roughness changes

account for between 0.9 and 1.9°C of temperature change.

CO- concentration
180 ppm 280 ppm 400 ppm 560 ppm 853 ppm
Site 1171 15 1.0 1.2 1.1 14
Site 761 1.9 0.9 1.1 1.2 1.1

Supplementary Table S3. Simulated deep water temperature changes (°C) due to surface
albedo and roughness changes estimated during the MCO (anomaly between ICEFuLLIM

and ICEFRreE).

In order to assess the contribution made to the overall reported temperature changes at Site 1171

and Site 761 from our mechanism during the MMCT glaciation, we compare the deep water

temperature changes between our ICEFuLL1m and our ICEruLL55m scenarios for the different

CO2 concentrations simulated. Supplementary Table S4 shows that these topographic changes

result in temperature changes spanning no change at all, up to 0.5°C of warming.

CO- concentration
180 ppm 280 ppm 400 ppm 560 ppm 853 ppm
Site 1171 -0.4 -0.5 -0.4 -0.2 -0.3
Site 761 0.0 -0.1 -0.2 -0.3 -0.2

Supplementary Table S4. Simulated deep water temperature changes (°C) due to

topographic changes estimated during the MMCT glaciation (anomaly between
ICEFuLL55mM and ICEFuLL1M).




75

F. Sensitivity to orbital configuration

In further orbital forcing sensitivity tests (refer to Methods), we find a minimal effect on DWT:
the anomaly between extreme Southern Hemisphere warm and cold orbit conditions is just 0.2-
0.3°C (Supplementary Figure S63). In the ICErree extreme cold orbit scenario, interior
continental temperatures become cold enough to likely support an ice sheet. Coastal surface
temperatures, however, remain above zero meaning that snowfall melts, runoff occurs and our
mechanism reducing AABW production still operates. DWT changes in the extreme warm orbit

ICEruLL55m scenario relate to significant sea ice reductions (not shown).
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Supplementary Figure S63. Simulated atmospheric and oceanographic conditions in
response to changes in orbital configuration for different Antarctic ice sheet configurations.
(a) Antarctic summer (DJF) precipitation, (b), Antarctic summer air temperature, (c), Annual
mean Southern Hemisphere meridional mean ocean temperature. The left panels show the model
results for the anomaly between the extreme cold orbit configuration and the extreme warm orbit
configuration for an ice-free Antarctica. The right panels show the model results for the anomaly
between the extreme cold orbit configuration and the extreme warm orbit configuration for 55m

sea level equivalent scenario. Refer to Fig. 2 for more details of the boundary conditions used.
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G. A potential mechanism for asynchronous advance of different ice sheet

catchments

Major ice advance onto the continental shelf in the Ross Sea?!*® occurred at the same time as the
presence of open water and woody vegetation in the Wilkes Land*® during the MCO (locations
shown in Supplementary Figure S64). Although our climate model resolution is too coarse to
examine these catchments in detail, our mechanism could provide an explanation for both of
these records. On the basis of inference from our model results, and from discussions with a
Chief Operational Meteorologist from the Met Office, we suggest that a) the warm vegetated
Wilkes Land could have caused the grounded ice sheet in the Ross Sea and that b) a large ice
sheet in the Ross Sea could have helped to maintain the vegetated Wilkes Land. We have shown
in our model results how the presence of a warm vegetated Antarctic surface will draw moisture
in from the Southern Ocean (Fig. 5¢). If this warm moist air is drawn in over the Wilkes Land,
when reaches the Transantarctic Mountains, it would likely lift and fall as snow into the Ross
Sea catchments. Cold katabatic winds could then form from the top of the Transantarctic
Mountains and flow over the growing Ross Sea sector ice sheet and complete the localized
circulation of air. As ice in one catchment retreats, therefore, ice in another could advance, and
vice versa. The resolution of the data from Site U1356 in the Wilkes Land® is not sufficient to
compare directly with the extreme shifts in environmental motif documented in the AND-2A
core in the Ross Sea between ~16.4 and 15.9 Ma?!. However, changes in the extent of ice cover
in the Wilkes Land vicinity could have been the trigger. Although evidence from other coastal
catchments during the MCO is limited, we further suggest that such inter-catchment relationships
could have also existed elsewhere since ice sheet advance requires a moisture supply, which our
mechanism can provide. The record from Site 1171 in the Southern Ocean shows periods of ice
sheet advance coincident with the warmest deep ocean temperatures®, which we infer from our
model results to indicate large ice-free vegetated areas, not just that of the Wilkes Land. Higher
resolution modelling than performed in the present study would be needed to confirm or reject

these ideas.
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Supplementary Figure S64. Location of core sites. Basemap shown is the bed elevation from

Bedmap2®
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Supplementary Figure S65. Deep ocean temperature evolution through the simulations for
the Om sea level equivalent ice sheet Antarctic boundary condition. LM =late Miocene
boundary conditions*, MM=middle Miocene boundary conditions (refer to Fig. 2). *The change
in the deep ocean temperatures under the late Miocene boundary conditions at this step in the
simulations is as a result of a significant change in the overall model setup onto a different
computer.
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Supplementary Figure S66. Deep ocean temperature evolution through the simulations for
the 1m sea level equivalent ice sheet Antarctic boundary condition. LM =late Miocene
boundary conditions*, MM=middle Miocene boundary conditions (refer to Fig. 2). *The change
in the deep ocean temperatures under the late Miocene boundary conditions at this step in the
simulations is as a result of a significant change in the overall model setup onto a different
computer.
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Supplementary Figure S67. Deep ocean temperature evolution through the simulations for
the 55m sea level equivalent ice sheet Antarctic boundary condition. LM =late Miocene
boundary conditions*, MM=middle Miocene boundary conditions (refer to Fig. 2). *The change
in the deep ocean temperatures under the late Miocene boundary conditions at this step in the
simulations is as a result of a significant change in the overall model setup onto a different
computer.
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Supplementary Figure S68. Deep ocean temperature evolution through the simulations for
the 90m sea level equivalent ice sheet Antarctic boundary condition. LM =late Miocene
boundary conditions*, MM=middle Miocene boundary conditions (refer to Fig. 2). *The change
in the deep ocean temperatures under the late Miocene boundary conditions at this step in the
simulations is as a result of a significant change in the overall model setup onto a different
computer.
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