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1. TEXgs calibrations

The calibration of TEXgs to temperature has remained challenging since the proxy was first proposed (Schouten et al., 2002;
Hollis et al., 2019). Paleotemperature reconstructions obtained by extrapolation of coupled satellite measurements and surface
sediment-derived TEXgs ratios are dependent on the chosen calibration model, particularly outside the range of modern ocean
temperatures as is the case in many early Paleogene and Mesozoic studies, including this study. The options can be crudely

summarized in two choices: linear versus non-linear models, and ocean surface versus subsurface calibrations.

1.1 Calibration shape

Following the original linear TEXgs-sea surface temperature (SST) calibration (Schouten et al., 2002), subsequently proposed
calibrations include linear (O’Brien et al., 2017), including a spatially varying Bayesian approach (BAYSPAR") (Tierney and
Tingley, 2014), reciprocal (Liu et al., 2009), and exponential (Kim et al., 2010) models. Linear calibrations are typically
preferred because they are the simplest models. However, previous work has highlighted that the TEXgs describes only a minor
component of the response of Thaumarcheotal membrane-lipids to temperature. Rather, the response is dominated by GDGT -
0 and crenarchaeol (cren) (Kim et al., 2010; Cramwinckel et al., 2018) which are not incorporated in TEXgs, but dominate the
isoGDGT temperature response at temperatures above 15 °C (Kim et al., 2010). If Thaumarchaeota increasingly adapt their
membranes using GDGTSs that are not included in TEXgs at higher temperatures, it would imply that TEXge loses sensitivity
to temperature at the higher temperature range (Cramwinckel et al., 2018). This variable degree of (in)sensitivity presumably
results in a non-linear relationship over the complete temperature range.

The BAYSPAR calibration partly accounts for variable TEXgs-SST relationships by generating linear regressions from
selected analog locations from the surface sediment dataset based on given TEXgs search tolerances (Tierney and Tingley,
2014). This approach is, however, problematic for datasets that have TEXgs values far beyond the surface sediment-derived
TEXgs values, including that from the Eocene of Site 959. Using BAYSPAR for Paleogene Site 959 TEXgs data requires a
large search tolerance and results in extrapolation of a constant linear slope based on a rather small number of warmest analog
locations. Another linear calibration (O’Brien et al., 2017) uses a linear regression between the global surface sediment TEXgs
database and SST for regions warmer than 15 °C.

The exponential TEXg"-SST calibration (which excludes (sub)polar and Red Sea data, which have anomalous GDGT
distributions) presents a relatively good fit with the non-linear behavior between fractional GDGT abundances and SSTs, and
has therefore often been applied in climate reconstructions of past warm intervals (Cramwinckel et al., 2018; Frieling et al.,
2019). However, significant drawbacks of the TEXgs™-calibration are regression dilution and the residual errors with respect
to modern core-top dataset (Tierney and Tingley, 2014).

The modern surface sediment dataset shows that TEXgs has very little sensitivity to temperature variability below 15 °C,
indicating non-linearity at the low temperature end (Kim et al., 2010). The question is whether the contributions of GDGTs

included in TEXgs keeps increasing beyond the modern surface sediment dataset, or if this response saturates, as argued
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previously (Cramwinckel et al., 2018). To further test the viability of linear and exponential relations between TEXgs and SST,
we analyze the fractional abundances of GDGT-1 versus GDGT-2+GDGT-3+cren' (the constituents of TEXgg) in the global
surface sediment dataset, for samples from which these are available (Tierney and Tingley, 2015). This analysis shows that
the mechanism behind TEXgs is nonlinear (Fig. S7). Specifically, at low SSTs, both GDGT-1 and GDGT-2+GDGT-3+cren’
increase towards ~15 °C. At higher SSTs, GDGT-2+GDGT-3+cren’' continues to increase while GDGT-1 reaches a local
maximum between ~15 °C and 20 °C and decreases at higher temperatures. Due to the way that TEXgg is calculated, this leads
to minimal sensitivity at low temperatures and high sensitivity at higher temperatures. In other words, small changes in GDGT
distributions will result in larger changes in TEXgs at higher temperatures than at lower temperatures. Because of this, the
linear TEXgs-SST (here the linear model from O’Brien et al. (2017)) overestimates SSTs in the high TEXgs regime of the
surface sediment dataset (Fig. S7a, S7¢). In contrast, an exponential calibration model (here TEXgg", from Kim et al. (2010)
presents a better fit between the high-end surface sediment TEXgs and satellite temperature data (Fig. S7b, S7d). This supports
a diminishing sensitivity of TEXgs to SST at higher temperatures and suggests that the response of linear calibrations
overestimates climate variability in reconstructions of warm climates. We therefore argue that extrapolation of this exponential
calibration more accurately reconstructs temperature variability in the early Paleogene tropics. In this work we follow the
previous inferences (Cramwinckel et al., 2018) about the non-linear relationship between GDGT distributions and temperature,

by using exponential calibration models.

1.2 Calibration target depth

Originally, TEXgs was calibrated to SST and the temperature at 100 meters depth (Schouten et al., 2002). Today, there is an
increasing consensus that pelagic Thaumarchaeota from below the mixed layer are the dominant source to sedimentary GDGT
assemblages (Schouten et al., 2002; Kim et al., 2012; Ho and Laepple, 2016; Tierney et al., 2017; Hurley et al., 2018; van der
Weijst et al., 2022). Observations show that cell counts of ammonia oxidizing Thaumarchaeota and GDGT abundances peak
at the base of the NO2 maximum — generally positioned between 50 and 100 m in present-day tropical Atlantic ocean (Zakem
etal., 2018) — and only minimally occur within the mixed layer (Massana et al., 2000; Karner et al., 2001; Sinninghe Damsté
et al., 2002; Hurley et al., 2018).

The integrated source depths of GDGTs from sediment samples can be estimated using the GDGT-2/GDGT-3 ratio, which
shows a correlation with water depth in the core-top dataset (Taylor et al., 2013; van der Weijst et al., 2022;
Rattanasriampaipong et al., 2022), but more importantly, the depth in the water column were GDGTs are produced (Hernandez-
Sanchez et al., 2014; Villanueva et al., 2015; Hurley et al., 2018). These studies show that there is a critical shift in GDGT-
2/GDGT-3 values at a water depth of approximately 200 m, after which GDGT-2/GDGT-3 values rapidly increase to values
>5 with increasing depth in suspended particulate matter (Hurley et al., 2018). The GDGT-2/GDGT-3 values for the studied
interval of Site 959 (values generally below 4, Fig. S2) therefore argue for a dominantly shallow (<200 m) source of the
GDGTs, considering integrated depth-GDGT-2/GDGT-3 relationships (van der Weijst et al., 2022). Based on the GDGT-
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2/GDGT-3 ratios at this site, and given generally low concentrations of GDGTSs shallower than 50 m in the modern open ocean
(Hurley et al., 2018), we infer that peak integrated GDGT source depth is between approximately 50 and 200 m water depth
for the early Eocene at Site 959.

While a GDGT export zone between 50-200 m is still relatively shallow, it is deep enough to be influenced by upper
thermocline waters in many locations, including Site 959 (van der Weijst et al., 2022). Therefore, much of the present-day
surface sediment GDGT distributions and those from Site 959 likely dominantly comprise GDGTSs that originate from below
the mixed layer. Calibrating core-top TEXgs data to SST might therefore lead to an unrealistically low temperature-TEXgs
slope when extrapolating to Eocene temperatures, because the meridional temperature gradient decreases with water depth
(Ho and Laepple, 2016).

Several subsurface temperature (SubT) TEXge calibrations exist, targeting different integrated depth ranges and having
different calibration model choices. Based on exponential calibration models, (Ho and Laepple, 2016) proposed an ensemble
of depth-integrated TEXgs-temperature calibrations up to 1000 m depth and both with TEXgs as dependent and independent
variable. Based on above inferences about peak GDGT source depths at early Eocene Site 959, we choose an equally weighted
depth range from this ensemble that targets the interval between 100 and 250 m. This calibration, to which we refer as "SubT 1o-
250m', gives an estimate of shallow subsurface temperature variability which is close to our expected GDGT sourcing depths.
It should be considered a conservative estimate (low temperature response with a given TEXgs change) by integrating seawater
temperatures down to 250 m. Another exponential SubT calibration that focuses on the relevant depth range is published by
Kim et al. (2012) (here termed 'SubT kimz2012"), Which is calibrated to the upper 200 m water depth and thus includes the mixed

layer, which increases proxy sensitivity.

1.3 Calibration choice for polar amplification assessment

For calculation of PA factors, only calibration slopes are relevant, because the PA factor is independent of reconstructed
absolute temperatures. As models show that variability of SST and SubT is equal (Fig. S1b), consistent with data-based
estimates (Ho and Laepple, 2016), this allows the in-tandem use of SST and SubT calibrations to calculate PA factors and
provide an estimated error range of SST variability. Three exponential calibration models, TEXgs", SubT100-250m and
SubTkimz012 Which we, based on above argumentation (see section 1.1, 1.2) argue to present most realistic slopes in the high
temperature end of the Paleogene tropics, are plotted in Fig. S8. To provide a conservative error estimate regarding SST
variability, we utilize the range between TEXgs", being a 0 m surface ocean endmember, and the SubT 100-250m as appropriate

range of possible SST variability. This range is used in the main text as error range for calculation of PA factors.
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2. Polar amplification assessment

We used the ratio of temperature variability in the tropical surface ocean compared to open ocean bottom water temperatures
(BWTSs) to assess PA, consistent with previous work (Cramwinckel et al., 2018). The BWTs are derived from the benthic
oxygen isotope data as provided in the CENOGRID compilation by Westerhold et al. (2020). We followed the
recommendations by Hollis et al. (2019): §*80-temperature calibration using the equation of (Kim and O’Neil, 1997) as
modified by Bemis et al. (1998), and an ice-free §'®0sy 0f -1.0%0 (Standard Mean Ocean Water; SMOW) and a -0.27%o
conversion factor from SMOW to VPDB (Hut, 1987). We assume a constant analytical error of 0.36 °C (0.08%o), based on the
maximum published error of the 580 data included in the CENOGRID between 54 and 52 Ma (i.e. Littler et al., 2014;
Lauretano et al., 2015, 2018; Thomas et al., 2018). Absolute §'80-based BWT reconstructions are currently challenged by
recent advances in carbonate clumped isotope thermometry (Meckler et al., 2022). However, clumped isotope data support the
magnitude of early Eocene BWT variability from §'0-based estimates (Agterhuis et al., 2022). The long timespan, high
resolution, and combination of multiple locations of the CENOGRID makes this record most appropriate for our study.
However, the amplitude of short-term variability might be slightly dampened compared to single-site BWT records (Fig. S5).
The dampened variability may imply that comparison to the CENOGRID gives a conservative estimate of PA.

Calculation of (orbital-scale) PA by comparing tropical TEXss-derived SST variability from Site 959 to the benthic 5'%0-
derived BWT variability from the CENOGRID compilation (Westerhold et al., 2020) relies on multiple underlying
assumptions. Principally, we assume that the variability captured in the TEXgg signal retrieved from sedimentary sequences of
Site 959 represents the SST variability of the complete tropical band. This assumption is justified by the closely related SST
variability at Site 959 and the whole tropical band in the DeepMIP climate model ensemble (Fig. S1). Moreover, we find no
evidence for changes in local environments that might influence GDGT distributions (Fig. S2) and also our palynological
associations indicate stable open marine conditions throughout the studied interval (Fig. S4). Other assumptions include that
we assume no (post)depositional processes that reduce the variability of the record on the studied time scale (>~9 cm; 20 kyr).
For the deep ocean temperature signal, we assume that the amplitude of variability equals that of the high-latitude Southern
Ocean throughout the studied interval. Relatively stable deep-water formation throughout the early Eocene is suggested by
general consistency between benthic foraminifer §*80 and §*3C records of the Atlantic and Pacific ocean basins (Westerhold
et al., 2018). Furthermore, deep-water formation within the DeepMIP model ensemble is relatively insensitive for pCO,
changes in the range of early Eocene hyperthermals (Zhang et al., 2022).

Polar amplification was calculated by three different methods, with increasing reliance on stratigraphic correlation. As a first
order approach of comparing short-term variability, the standard deviations (SDs) of the (1-myr LOESS) detrended records
were compared. For the second approach we compared the magnitudes of correlated warming events by a Deming-regression
analysis, which included propagated analytical errors of both paleotemperature records to calculate PA for both the SST and

SubT datasets. The reported errors of the PA factors represent the standard errors of the associated Deming regression slopes.
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For comparison with the PETM data published estimates of tropical surface warming (Frieling et al., 2017, 2019) and bottom
water warming (Dunkley Jones et al., 2013) were used.

Third, we calculated PA by directly comparing the SST and BWT records in time bins. First, the optimal binning interval was
determined based on the criteria that it records climate variability in the 100-kyr-eccentricity band and includes the maximum
number of bins with three or more datapoints. The optimum bin size, based on the highest number of bins and included
datapoints, lies close to 20 kyr (Fig. S9), which is above Nyquist frequency for short-term (100-kyr) eccentricity. Therefore, a
bin size of 20-kyr was applied for the dataset, resulting in 31 bins for Site 959, after excluding all bins that include less than 3
data points. Next, a Deming regression analysis was performed between both binned datasets, incorporating the SD resulted
from binning. Note that different bin sizes around the optimum do not result in large offsets in calculated PA (Fig. S9c—d).
The same approach was followed for the binning of the long-term datasets in Main Text Fig 4a, but with a bin size of 1 Myr.
For all three methods of PA calculation, the range between SST- and SubT-based PA was used as estimate of final error range,
to cover calibration uncertainty (Section 1).

Modelled-PA was calculated based on a selection of model runs from the DeepMIP ensemble, from which the output data was
retrieved from (Lunt et al., 2021): COSMOS-landveg_r2413 (COSMOS), GFDL_CM2.1 (GFDL), HadCM3B_M2.1aN
(HadCM3), CESM1.2_CAMS5 (CESM) (Zhu et al., 2019, p. 201) and IPSLCM5A2 (IPSL) (Zhang et al., 2020). From the
output data, spatially weighted, annually averaged SSTs between 30 °N and 30 °S was used as tropical SST, and averaged
winter SST data for <60 °S as Southern Ocean winter SST. Precision was determined by the SD of SST data within the selected

latitude bands.
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