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Global mean ocean temperature at 670m
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Global mean ocean temperature at 2700m
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Figure S1. Timeseries of global mean ocean temperature over the 10,422 years of model

simulations, for each geological stage and at ×2 (dotted lines), ×4 (solid lines), and ×1 CO2

(Gelasian, red line) at depths of (a) 5 metres (i.e. SST); (b) 670 m; and (c) 2.7 km. This

illustrates that the ocean is well equilibrated by the end of the simulations. Some of the data in

the first 1500 years was not correctly archived and so does not appear.
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Table S1. Modelled global mean surface temperatures (GMST) in the Cretaceous, Paleocene

and Eocene ×4 and ×2 simulations.

Time period GMST ×4 [◦C] GMST ×2 [◦C]
Priabonian 22.24 18.44
Bartonian 22.74 18.57
Lutetian 22.89 18.19
Ypresian 23.31 18.80
Thanetian 22.19 18.24
Selandian 22.40 18.70
Danian 22.52 18.38
Maastrichtian 23.98 18.69
Campanian 22.76 18.20
Santonian 22.91 18.16
Coniacian 22.87 18.31
Turonian 23.48 18.92
Cenomanian 22.88 18.64
Albian 22.58 18.52
Aptian 21.32 17.46
Barremian 21.29 17.38
Hauterivian 21.34 17.42
Valanginian 21.03 17.28
Berriasian 21.91 18.25
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Gregory Plot Maastrichtian 2x
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Gregory Plot Berriasian 2x
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Gregory Plot Lutetian 4x
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Gregory Plot Maastrichtian 4x
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Gregory Plot Berriasian 4x
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Figure S2. Example Gregory plots (Gregory et al., 2004) for the (a,d) Lutetian, (b,e) Maas-

trichtian, and (c,f) Berriasian stages, at (a,b,c) ×2 and (d,e,f) ×4 CO2. x-axis is global mean

surface temperature [◦C] and y-axis is the net top-of-the-atmosphere global mean energy flux

[Wm−2]. Each grey dot represents a single year of the last 9,000 years of simulations, and black

crosses show averages of each of the 9 millennia. All simulations are approaching equilibrium

(zero on the y axis) over time, and there are some interesting shifts in state, for example as seen

by the two distinct ‘clouds’ of points in panel (e).
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Figure S3. Surface salinity [psu] in the (a) Priabonian and (b) Berriasian ×2 simulations.

17.0 17.5 18.0 18.5 19.0 19.5
Surface temperature Ts [oC], 2x

21.0

21.5

22.0

22.5

23.0

23.5

24.0

S
ur

fa
ce

 te
m

pe
ra

tu
re

 T
s 

[o C
], 

4x

Figure S4. Global mean temperature in the ×4 simulations relative to the ×2 simulations.

Dotted line with a unity gradient shows a constant climate sensitivity of 3.35 ◦C. Solid line shows

the line of best fit. Red points are the Maastrichtian and Selandian which exhibit a switch in

ocean circulation between ×2 and ×4.
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Figure S5. Climate sensitivity (×4 - ×2) for each time period simulated [◦C].
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Figure S6. Mixed layer depth (metres) in the (a,e) Priabonian (Eocene), (b,f) Selandian

(Paleocene), (c,g) Maastrichtian (Late Cretaceous), and (d,h) Berriasian (Early Cretaceous)

stages, at (a,b,c,d) ×2 and (e,f,g,h) ×4 CO2.
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Figure S7. (a) Evolution of climate sensitivity (black dotted line). Coloured lines show

how this evolution is partitioned between different latitudinal bands, accounting for the varying

surface area of each band. The numbers in the top left give the trend through the Cretaceous

for each region. (b) As (a), but showing the contribution to climate sensitivity from changes in

planetary albedo, following Heinemann et al. (2009). (c) as (b), but for changes in emissivity.
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Figure S8. (a) Cretaceous, Paleocene, and Eocene δ18O SST compilations of O’Brien et al.

(2017) and Cramwinckel et al. (2018). Individual datapoints are shown as small dots. Data

averaged over site and proxy and geological stage are shown as coloured circles. The colour

corresponds to the modern latitude of each site, with warm colours for low latitudes and cold

colours for high latitudes. (b) Locations of sites in (a). Large black dots represent the modern

location. Small black dots represent the location at each Stage since the earliest Eocene, and

coloured dots represent the location at each Stage during the Cretaceous to Eocene, for those

Stages that the modern ocean crust was present in the paleorotations.
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Figure S9. An illustration of Equation 4 in the main paper for 3 sites: (a) Tanzania in the

Priabonian; (b) Site 511 in the Cenomanian; (c) Site 511 in the Aptian. The vertical line shows

< T >inferred and the horizontal line shows T proxy, which intercept at the light blue dot. The

dark blue dot shows T 2x and < T 2x >, and the red dot shows T 4x and < T 4x >. The Cenomanian

site is found by extrapolation substantially outside the range of the model simulations and is

therefore more uncertain than the others.
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Figure S10. Uncertainty analysis for estimate of global mean temperatures. In order to

estimate the uncertainty in our inferred global mean temperatures, we take an existing early

Eocene simulation produced by a different model (Huber & Caballero, 2011), for which we

calculate the true global mean surface temperature (red dashed line). We then generate synthetic

paleo data from this simulation, at random sites over the globe. We then calculate the error in

our method for estimating global mean temperature, given 1,2,3,... up to 10 synthetic proxy

sites over the globe. We did this multiple (1000) times with different sets of random sites (black

lines). Central blue line shows the mean reconstructed global mean temperature as a function

of number of sites. Outer blue lines show plus and minus one standard deviation. The standard

deviations are shown as vertical orange bars in Figure 2 in the main paper, according to the

number of sites.
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Figure S11. (a) As Figure 2 in the main paper, but including estimates from TEX86 in

addition to δ18O. (b) As Figure S8(a), but including estimates from TEX86 in addition to δ18O.

The plusses show data averaged over just TEX86, and squares show data averaged over just δ18O.

(c) As Figure S8(b), but including sites with TEX86 in addition to δ18O. (d) as (a) but for an

exponential calibration (Kim et al., 2010) instead of the linear TEX86 calibration.
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