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Climate system asymmetries drive eccentricity pacing of
hydroclimate during the early Eocene greenhouse
Andrew P. Walters1*, Jessica E. Tierney1, Jiang Zhu2, Stephen R. Meyers3, Katherine Graves1,
Alan R. Carroll3

The early Eocene Climatic Optimum (EECO) represents the peak of Earth’s last sustained greenhouse climate
interval. To investigate hydroclimate variability in western North America during the EECO, we developed an
orbitally resolved leaf wax δ2H record from one of the most well-dated terrestrial paleoclimate archives, the
Green River Formation. Our δ2Hwax results show ∼60‰ variation and evidence for eccentricity and precession
forcing. iCESM simulations indicate that changes in the Earth’s orbit drive large seasonal variations in precip-
itation and δ2H of precipitation at our study site, primarily during the summer season. Our findings suggest that
the astronomical response in δ2Hwax is attributable to an asymmetrical climate response to the seasonal cycle, a
“clipping” of precession forcing, and asymmetric carbon cycle dynamics, which further enhance the influence of
eccentricity modulation on the hydrological cycle during the EECO. More broadly, our study provides an expla-
nation for how and why eccentricity emerges as a dominant frequency in climate records from ice-free green-
house worlds.
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INTRODUCTION
The Early Eocene Climatic Optimum [EECO; approximately 53.3 to
49.1 million years (Ma)] (1), Earth’s last greenhouse climate inter-
val, is associated with the warmest sustained conditions of the Ce-
nozoic, with global mean surface temperatures of ∼27°C (2). This
peak in the broader greenhouse climate state of the early Eocene re-
sulted from a ∼6 Ma secular rise in atmospheric CO2 (3), which
proxy records suggest culminated in concentrations of at least
1500 parts per million (4). Warm temperatures during the early
Eocene were further enhanced by a series of transient, rapid hyper-
thermal events resulting from punctuated large-scale releases of
greenhouse gases (5). At least 10 hyperthermals are hypothesized
to have occurred during the EECO interval (3, 6).

As the most recent example of a greenhouse climate state in
Earth’s history, the EECO is critical for improving our understand-
ing of climate dynamics under extreme warm conditions. Much of
our current understanding of the EECO—including the timing and
magnitude of hyperthermal events—stems from detailed cyclostra-
tigraphic, sedimentological, and geochemical analysis of marine
cores (3, 5, 7–11). While indisputably valuable for understanding
the impact of a warm climate on the world’s oceans, marine
records provide limited insight into continental responses. Terres-
trial records can more suitably address a range of fundamental ques-
tions concerning continental responses to greenhouse conditions
because they preserve a unique record of the interactions between
climate, topography, landscapes, and biota.

The structure of the hydrological cycle on continents during the
early Eocene greenhouse is one such key question; to date, the re-
sponse of this component of the climate system under warm climate
conditions remains loosely constrained, despite its clear impact on
regional climate and landscape evolution. Climate simulations of

the early Eocene broadly suggest an intensification of the hydrologic
cycle; however, intermodel differences in the distribution of precip-
itation within the continents are large due to the high sensitivity of
model results to paleoclimate boundary conditions and model pa-
rameterizations (12). This is compounded by a general lack of pale-
ohydrologic proxy data for the Eocene after the Paleocene Eocene
Thermal Maximum (PETM), because only a few studies have devel-
oped geochemical proxy records for hydrological change in the low
and mid-latitudes (13–16). Furthermore, studies published to date
typically lack sufficient sampling resolution and temporal control to
investigate potential astronomical influences on continental hydro-
logic variability, despite evidence for the presence of orbital cycles
in a diverse range of paleoclimate records from the early Eocene
(17–20).

To investigate mid-latitudinal continental hydroclimate variabil-
ity in western North America at the peak of the EECO greenhouse
climate, we developed an orbitally resolved hydrogen isotope record
from leaf wax n-acids (δ2Hwax) sampled from the Wilkins Peak
Member (WPM) of the Green River Formation in Wyoming
(Fig. 1). This lacustrine unit, deposited at a paleolatitude of approx-
imately 44.75°N in the Bridger sub-basin of the Greater Green River
Basin (Fig. 1), is one of the richest and best-dated terrestrial strati-
graphic archives of the early Eocene (17, 21). Previous regional
climate modeling of early Eocene western North America suggests
that Lake Gosiute, the paleolake which deposited the WPM, may
have received precipitation sourced from both the Pacific Ocean
and the Gulf of Mexico (22, 23). Moisture sourced from the
Pacific Ocean is expected to have a more negative hydrogen
isotope composition based on present-day observations of rainfall
derived from these two potential sources (24). This difference in
δ2Hprecip composition is due to temperature and evaporation influ-
ences at each source as well as differing degrees of isotopic fraction-
ation as precipitation moves along moisture pathways from each
source to Lake Gosiute (25, 26).

Hydrogen isotope analysis of leaf waxes can be used to charac-
terize this deep-time moisture source variability because long-chain
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(C24–32) n-acids, which are predominantly produced by terrestrial
plants (27), reflect the isotopic composition of local precipitation
(28) and are chemically stable over geologic time scales (29). Specif-
ically, we target the C30 n-acid for our measurements because this
homolog is not known to be produced by other sources aside from
terrestrial plants (whereas contributions from emergent aquatic
plants and microbial sources have been reported for the C24–32 ho-
mologs) (30–32). The difference in isotopic composition between
precipitation and leaf wax, termed the “apparent fractionation,”
can vary across different plant types and environments (28);
however, we interpret our δ2Hwax record to primarily reflect
δ2Hprecip (Supplementary Materials). Furthermore, burial history
reconstructions of the Greater Green River Basin indicate that the
WPM has low thermal maturity (33), suggesting that the leaf wax n-
acids evaluated in this study were not affected by burial diagenesis.

To complement this δ2Hwax dataset, we developed a Bayesian age
model of the WPM (fig. S1). This age model uses four high-preci-
sion U-Pb ages (table S1) (34) derived from volcanic tephra depos-
ited in the WPM and makes no astronomical tuning assumptions.
This temporal control, in combination with our densely sampled
δ2Hwax record [with a median sample resolution of 1.425 thousand
years (ka)], provides the opportunity to investigate the patterns and
time scales of variability in the Eocene hydrological cycle in unprec-
edented detail and resolution. These δ2Hwax data are complemented
by an analysis of water isotope-enabled climate simulations for the
early Eocene to elucidate the drivers of hydroclimate variability in
western North America during the EECO.

RESULTS
Variations in δ2Hwax
Our 196 temporally calibrated δ2Hwax measurements from the
WPM span approximately 343,000 years of the peak EECO green-
house interval, between 51.35 (±0.171) Ma and 51.01 (±0.202) Ma
(Fig. 2A). Within our record, we observe δ2Hwax values as enriched
as −121‰ and as depleted as −188‰, a range of more than 60‰

(Fig. 2A). In addition to this large-scale, long-term variation, we
observe multimillennial-scale variations of ∼10 to 20‰ throughout
the record (Fig. 2A).

Power spectral analysis of our δ2Hwax record shows the frequen-
cy distribution of variance within this dataset (Fig. 2B and fig. S2)
and identifies significant astronomical-scale variability relative to
an AR1 stochastic null model (fig. S2). We identify the largest
peak in power at ∼0.01 cycles/ka (period = 100 ka; Fig. 2B),
which is consistent with short-eccentricity cyclicity and is statisti-
cally significant at the conventional 99% confidence level (fig. S2).
In addition, the 94.88 ka short eccentricity cycle predicted by a key
theoretical astronomical solution (35) has a 99.8% robust AR1 Bon-
ferroni-corrected confidence level for the periodogram and 97.6%
robust AR1 Bonferroni-corrected confidence level for the multi-
taper method (MTM). Evolutive harmonic analysis (EHA) (36) of
our δ2Hwax record shows a large, continuous peak in power and am-
plitude at this frequency across most of the record (fig. S3). The 343
ka duration of our hydrogen isotope record does not permit detec-
tion of the long eccentricity (405 ka) cycle directly, but we observe a
frequency and amplitude modulation of the short eccentricity signal
(Fig. 3 and fig. S3), which is indicative of the presence of a long ec-
centricity cycle (37). Past cyclostratigraphic analysis of the WPM
also reported evidence of eccentricity-scale variations in the sedi-
mentation and lake level (17, 38, 39) that are consistent with our
δ2Hwax data. Application of bandpass filtering (40) to extract the ec-
centricity signal shows that this ∼100 ka cycle in δ2Hwax is associat-
ed with long-term, high-amplitude isotopic variation of up to 25‰
in our dataset (Fig. 3).

We also observe power concentrated at frequencies that are nom-
inally in the precession band (35), including a prominent peak at
0.0444 cycles/ka (period = 22.5 ka) and additional peaks at 0.0407
cycles/ka (period = 24.5 ka) and 0.0617 cycles/ka (period = 16.2 ka)
(Fig. 2B). Each of these precession band peaks in power exceeds the
AR1 spectral background (fig. S2), with several exceeding the con-
ventional 90% confidence level (fig. S2). However, the 22.57 and

Fig. 1. Location of the Solvay S-34-1 core used in this study relative to regional geologic features. This core is located at 41.414231°N, 109.69675°W (WGS-84). The
extent of the WPM, the unit sampled in this study, is shown in dark brown. Modified from (21, 83).
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18.72 ka precession periods predicted for this record by the La04
theoretical astronomical solution (35) do not achieve the 90% Bon-
ferroni-corrected confidence level (fig. S2). This lack of a significant
precession signal may be due to sedimentation rate instability that is
not accounted for in the age model, which is known to preferentially
distort higher frequency cycles (Fig. 2B; Supplementary Materials)
(36). In addition, there is uncertainty in the predicted periods for
precession for the early Eocene (35). While precession-scale vari-
ability in δ2Hwax is of lower magnitude, it is associated with discern-
ible variations of up to 16‰ (Fig. 3). Notably, we do not detect
power associated with obliquity (period = 38.46 ka) (Fig. 2B) (35)
despite the mid-latitude paleolocation of Lake Gosiute. In total, the
eccentricity to precession frequency band accounts for more than
71% of the variance in the δ2Hwax record and is associated with iso-
topic variations of approximately 40‰ (Fig. 3).

Simulations of early Eocene hydroclimate
To provide context for our δ2Hwax data and decipher the drivers of
changes in precipitation and precipitation isotopes at Lake Gosiute,
we analyze early Eocene model simulations conducted with the
water isotope-enabled Community Earth System Model (iCESM)
(41). While climate simulations for the early Eocene show large in-
termodel differences in precipitation amount and distribution in
the mid-latitudes (12, 42), the CESM model has shown a close
agreement with a variety of proxy-derived climate reconstructions
for the Eocene (41–43), which lends confidence in the ability of this
model to simulate large-scale changes in the hydrological cycle.
These iCESM simulations were conducted at 3× and 6× preindus-
trial concentrations of CO2 with DeepMIP boundary conditions
(44). First, we evaluate changes in the annual cycle of precipitation
amount and δ2H of precipitation delivered to Lake Gosiute across
two end-member astronomical configurations under 3× CO2 levels,
termed “OrbMaxN” and “OrbMaxS.” OrbMaxN is configured with
high eccentricity (0.054), obliquity (24.5°), and the precessional
perihelion in the northern hemisphere summer, effectively maxi-
mizing the seasonal variations in insolation at our northern hemi-
sphere paleolake. In contrast, OrbMaxS is configured with high
eccentricity, obliquity, and the precessional perihelion in the south-
ern hemisphere summer, resulting in more moderate seasonal

changes in insolation at our mid-latitude northern hemisphere
paleolake.

The simulations reveal major differences in the seasonal cycle of
precipitation between these two astronomical configurations
(Fig. 4). OrbMaxS shows a gradual transition in the amount of pre-
cipitation delivered to Lake Gosiute, moving from a relatively drier
winter season to wetter late spring, summer, and early fall seasons
and then back to a drier winter season (Fig. 4A). In contrast,
OrbMaxN results in slightly drier winters, sharper seasonal transi-
tions into and out of the wetter seasons, and two separate peaks in
precipitation centered in May and September (Fig. 4A).

On the basis of these results, summer appears to be the key
season in which the difference in the amount of precipitation re-
ceived at Lake Gosiute between the two astronomical configurations
is greatest (Fig. 4A). Looking at how this difference between
OrbMaxN and OrbMaxS configurations is distributed spatially
across western North America, we observe several features that elu-
cidate the physical processes associated with this astronomically
driven precipitation variation (Fig. 4B). Near the Pacific Ocean,
OrbMaxN conditions intensify the proto–North American
monsoon relative to OrbMaxS, but little of the precipitation result-
ing from this enhanced hydrologic system travels over Cordilleran
uplift to Lake Gosiute, given the elevation of this range in paleoto-
pographical reconstructions (fig. S4) (45–47). Instead, OrbMaxN
produces drier summer and fall conditions over the Front Range
east and southeast of Lake Gosiute, as well as over the Gulf of
Mexico (Fig. 4B). The overall pattern of a stronger proto–North
American monsoon accompanied by dry conditions over west-
central North America in our Eocene simulations is consistent
with proxy and modeling evidence from the Holocene, which
shows similar astronomically driven changes associated with the
position and strength of the subtropical highs and westerly winds
(48, 49).

The annual cycle of δ2H of precipitation delivered to Lake
Gosiute in our early Eocene simulations also shows key differences
between the OrbMaxN and OrbMaxS configurations (Fig. 4C). In
both cases, Lake Gosiute receives more isotopically depleted precip-
itation in the winter and more enriched precipitation in the
summer, which reflects the distinctive seasonal moisture sources

Fig. 2. Variations in leaf wax δ2H across the EECO-age WPM. (A) Temporally calibrated δ2Hwax values (blue circles) with average 1σ analytical uncertainty (gray
shading). (B) MTM power spectra (74) [3-2π discrete prolate spheroidal sequence (DPSS) tapers] results for these δ2Hwax data, with vertical gray dashed lines highlighting
the five main astronomical cycles predicted by theoretical astronomical solutions (35). In (B), the data were linearly detrended before analysis.
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(Fig. 4C). However, OrbMaxN results in an enhanced seasonal
range in δ2Hprecip when compared to OrbMaxS, with a 50‰ differ-
ence between the winter and summer season compared to a 30‰
difference in OrbMaxS (Fig. 4C). As with precipitation amount, the
difference in δ2Hprecip between these two astronomical configura-
tions is largest during the summer season. Across western North
America, summer moisture and precipitation is broadly enriched
in OrbMaxN, especially along the Cordilleran uplift (Fig. 4D).

DISCUSSION
Our δ2Hwax results suggest that precession and eccentricity influ-
enced the hydrosphere of western North America at the peak of
the early Eocene greenhouse climate (Fig. 3). These results are con-
sistent with previous analysis of C29 n-alkanes in three cores from
the Uinta Basin (fig. S5) (16), an adjoining basin of the Green River
Formation south of our study site (Fig. 1). Although these Uinta
Basin records were deposited later in the EECO, they show a
similar ∼−50 to 60‰ range of variation, with two of the three
core locations also showing δ2Hwax values comparable to our
record (fig. S5) (16). The sampling resolution of this previous
study was insufficient to evaluate potential orbital-scale influences
on δ2Hwax; however, the proximity of the Uinta Basin to our study
site and the similar values of δ2Hwax composition and variation
suggest that the Uinta Basin may have been similarly influenced
by precession and eccentricity.

The results of our early Eocene iCESM simulations further
support these findings, indicating that changes in orbital configura-
tion can drive corresponding changes in the annual cycle of

precipitation and isotopes of precipitation at Lake Gosiute
(Fig. 4). In addition, analysis of these simulations also illuminates
the physical processes by which summer moisture and precipitation
can become so highly enriched across the western North America
region under particular orbital configurations (such as
OrbMaxN), producing the more positive summer δ2Hprecip values
simulated for our Lake Gosiute study site.

One explanation for this regional enrichment of precipitation
across western North America is the strong land- and elevation-en-
hanced warming in summer temperature over the North America
caused by the orbital forcing (fig. S6). Enhanced warming over land
and at higher elevations acts to increase the saturation vapor pres-
sure, resulting in less rain-out along the moisture transport pathway
and more deuterium-enriched precipitation. The particularly en-
riched values simulated along the Cordilleran uplift (Fig. 4D) in
OrbMaxN are consistent with this mechanism, as more enriched
vapor would be able to travel further inland to form precipitation
over this major regional high.

Changes in moisture sourcing in this region of the North Amer-
ican continent represent a second explanation for the regional en-
richment. In response to OrbMaxN forcing, summer temperatures
increase in the Northern Hemisphere and the subtropical highs
strengthen, resulting in an overall warmer and drier continental in-
terior. In addition, low-level wind anomalies suggest that there was
a relative increase in the amount of precipitation sourced from the
Gulf of Mexico, contributing to more positive δ2Hprecip at Lake
Gosiute (fig. S6). Quantifying the relative contributions of these
two processes (land- and elevation-enhanced warming versus

Fig. 3. Taner bandpass filtering of the δ2Hwax record. Taner filter results (in red) for (A) precession, (B) eccentricity, and (C) the overall astronomical band are compared
to the δ2Hwax data (in blue). Filter parameters are included in Materials and Methods.
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changes in moisture sources) would require additional simulations
and is out of the scope of the present study; nevertheless, it is likely
that both of these processes drove isotopic enrichment of precipita-
tion at Lake Gosiute.

These simulations also shed light on the mechanisms by which
precession and eccentricity signals can be expressed in our δ2Hwax
results. Although precession modulates the amplitude of the sea-
sonal cycle, it has no net effect on mean annual insolation; therefore,
the presence of a precession signal in our δ2Hwax dataset indicates
that a seasonally asymmetric climatic response (50) dominates
annual mean δ2Hprecip variability. Our modeling results indicate
that summer is the key season for maximizing the difference in pre-
cipitation amount and isotopes of precipitation to Lake Gosiute
across different astronomical configurations (Fig. 4), supporting
this hypothesis. Annual-mean δ2Hprecip at Lake Gosiute is dominat-
ed by changes in summer precipitation (the rainy season); changes
occurring during the winter season simply have less of an impact on
the annual-mean δ2Hprecip because conditions are much drier
(Fig. 4A). Although we cannot rule out the additional possibility
that δ2Hwax is also seasonally biased toward to the rainy season

[as has been argued for the PETM (51)], the modeling results
suggest that this is not necessary to explain the presence of
precession.

Given the large signal of eccentricity in our δ2Hwax record rela-
tive to precession, despite eccentricity’s comparatively minor influ-
ence on insolation variation (35), it is also necessary to consider the
climatic and depositional mechanisms that serve to transfer power
from precession to its modulation periods attributable to eccentric-
ity. One possible mechanism is carbon cycle dynamics. Modeling
has revealed that the residence time of carbon can produce a transfer
of power from precession to eccentricity (18, 52). Given this mech-
anism and clear evidence for eccentricity-paced hyperthermal
events during the EECO (3, 5, 6), it is possible that western North
American hydroclimate responded strongly to elevated CO2 during
hyperthermals, providing an avenue to generate an enhanced eccen-
tricity signal in our δ2Hwax record.

A second potential mechanism to transfer of power from preces-
sion to eccentricity is “clipping” of the precession signal (53–55).
This process occurs when the climate system responds asymmetri-
cally to insolation variations, i.e., below a threshold, the atmosphere

Fig. 4. Eocene iCESM simulation results for precipitation amount and δ2H of precipitation. (A) Annual cycle of precipitation at Lake Gosiute. (B) Difference in
summer precipitation amount between OrbMaxN and OrbMaxS configurations across western North America. (C) Annual cycle of hydrogen isotopes of precipitation
at Lake Gosiute. (D) Difference in summer hydrogen isotope composition between OrbMaxN and OrbMaxS configurations across western North America. (A) and (C) Site
values for Lake Gosiute are calculated by averaging within a 2° × 2° box around the location of the Solvay S-34-1 core. (B) and (D) The dot indicates the location of the
Solvay S-34-1 core.
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or land surface responds too weakly to leave a signature in the geo-
logic record for a substantial portion of the precession cycle, and/or
the sedimentary system is not sufficiently sensitive to deposit across
the full range of climatic variation associated with a precession
cycle. As a result of this clipping, precessional variance is muted,
while power is transferred to eccentricity as a result of the modula-
tion of precession by eccentricity (54).

Our modeling results support the hypothesis that changes in the
carbon cycle can influence the hydrologic system of Lake Gosiute,
with a change from 3× to 6× preindustrial CO2 levels—on the scale
of what might occur during a hyperthermal event—generating an
increase in δ2Hprecip of about 15‰ in the summer (Fig. 5). Given
the ample evidence for eccentricity pacing of early Eocene hyper-
thermals (5, 56–59), it is plausible that the hydrologic cycle of
Lake Gosiute was, at times, strongly governed by CO2 changes,
which overrode precession-driven regional insolation variations
and produced a stronger eccentricity signal in our δ2Hwax record
than predicted by astronomical theory. On the basis of our simula-
tions, however, this mechanism is only able to account for part of
the ∼40‰ of variation observed in our δ2Hwax dataset on astro-
nomical time scales, suggesting that other processes may be acting
to transfer power to eccentricity.

The remainder of the δ2Hwax on astronomical time scales (ca.
25‰) may be attributable to our second hypothesized mechanism
for transferring precessional power to eccentricity—clipping. The
response of precipitation and the isotopes of precipitation to
OrbMaxN is not symmetrical with OrbMin (low eccentricity and
obliquity), with eccentricity maxima corresponding with isotopic
enrichment and a drier summer (fig. S7). The muted response of
the hydrological cycle to OrbMin conditions effectively “clips” the
expression of insolation variation, allowing the summer-dominated
precessional response to transfer into eccentricity variations.

While our modeling results suggest that neither CO2 nor astro-
nomical forcing can individually drive changes in δ2Hprecip at Lake
Gosiute that match the magnitude seen in our proxy record, when
considered together their predicted changes of 15 and 25‰ respec-
tively add up to the 40‰ variation observed in our δ2Hwax data on
astronomical time scales. This suggests that astronomical and CO2

forcings acted together to shape the hydroclimate of western North
America during the EECO, and highlights how nonlinearities in the
expression of both of these drivers result in an enhanced eccentric-
ity signal.

Overall, our temporally calibrated, orbitally resolved δ2Hwax
record from the WPM of the Green River Formation, in tandem
with our water isotope-enabled climate simulations, provides key
insights into the behavior of the hydrologic cycle on continents
during the EECO. We find the first evidence of astronomical
forcing of North American hydroclimate during this greenhouse
climate, paced by precession and short eccentricity. These emerge
as a result of climate system asymmetries in the form of a larger re-
sponse to summer insolation forcing and clipping processes, which
produce prominent precession and short eccentricity cycles, as well
as carbon cycle dynamics (i.e., hyperthermals), which are also asym-
metric because the climate system responds only to increases in
CO2. Although clipping has been invoked previously to explain
the emergence of 100 ka power at equatorial latitudes (53) and
during the ice ages (60), our study shows that it can also emerge
in the mid-latitudes under greenhouse climate conditions, simply
due to nonlinear climate responses to astronomical forcing. Our
study provides an interpretive framework for understanding the
emergence of precession and eccentricity frequencies in paleocli-
mate. In particular, the asymmetric responses we identify here
explain why eccentricity cycles are a ubiquitous presence in many
deep-time proxy records from warm climates, despite the absence of
ice-related feedback mechanisms (5, 18, 37, 57, 61–65). In addition,
the preeminence of orbital forcing in our data suggest that the hy-
droclimate of other past greenhouse intervals is likely also paced by
orbital cycles, but that high-resolution studies are needed to resolve
this variability.

MATERIALS AND METHODS
Sample preparation and analysis
For detailed methods regarding the leaf wax analyses, we refer the
reader to the Supplementary Materials. Briefly, we analyzed leaf wax
hydrogen isotopes in 196 samples taken from the WPM of the

Fig. 5. Influence of different CO2 concentrations on summer temperature and summer δ2H of precipitation in Eocene iCESM simulations of western North
America. (A) Differences in summer 2 m air temperature between 6× and 3× CO2 simulations. (B) Differences in summer hydrogen isotopic composition of precipitation
between 6× and 3× CO2 simulations. The orbital configuration in these two simulations is fixed (i.e., set to preindustrial conditions). Dots indicate the location of the
Solvay S-34-1 core.
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Green River Formation, from the Solvay S-34-1 drill core
(41.414231°N, 109.69675°W). Sample surfaces were thoroughly
cleaned, and then samples were crushed to a powder using a cast-
iron mortar and pestle. Total lipid extracts were extracted from ∼10
g of sediment using a Thermo Scientific DIONEX ASE 350 acceler-
ated solvent extractor system and a 9:1 ratio of dichloromethane:
methanol. Activated copper powder was used to remove any ele-
mental sulfur, and then column chromatography was performed
to isolate the fatty acids. The fatty acid fraction was methylated over-
night, and the resulting fatty acid methyl esters (FAMEs) were ex-
tracted using liquid-liquid extraction and then further purified via
column chromatography.

Gas chromatography on a Thermo Scientific Trace 1310 GC was
used to determine the distributions and concentrations of long-
chain fatty acids present within the samples. FAMEs were analyzed
for their deuterium/hydrogen (D/H) ratios on a Thermo Scientific
Delta V Plus stable isotope mass spectrometer coupled to a Thermo
Scientific Trace 1310 GC, Thermo Scientific Conflo IV, and Thermo
Scientific GC Isolink II. Values of δ2Hwax are reported as per mil
versus Vienna Standard Mean Ocean Water. Following previous
work (66–71), we measured D/H ratios specifically on the C30 n-
acid as representative compound derived from higher plants (see
the main text and Supplementary Materials). Standard error of du-
plicate or triplicate measurements averaged 0.98‰ across all
samples. Data and analytical uncertainties are available in the
data tables archived in the publicly accessible National Oceanic
and Atmospheric Administration (NOAA) National Centers for
Environmental Information (NCEI) Paleoclimatology database
(https://ncei.noaa.gov/access/paleo-search/study/38021).

Spectral analysis and evaluation of statistical significance
Spectral analysis was conducted using the Astrochron (72) package
for the R statistical program (73), using two approaches to quantify
oscillatory variability in the data: the periodogram and MTM spec-
tral analysis (74). Before spectral analysis, the δ2Hwax data series was
interpolated (piecewise-linear) to the median sampling interval
(1.425 ka) using the Astrochron function “linterp.”

Significance testing was completed using a robust AR1 stochastic
null model (75, 76), which was applied to the periodogram using the
“periodogram” function in Astrochron and to the MTM spectrum
using the “mtmML96” function in Astrochron (fig. S2). We calcu-
lated the conventional confidence levels used in astrochronology
and paleoclimatology (77), and supplemented this with a multi-
ple-testing procedure using the Bonferroni correction, to better
guard against false positives. Because our dataset had a time scale
that was independent of astrochronologic assumptions, we were
able to use the Bonferroni multiple-testing correction to explicitly
correct the confidence levels at the five main predicted astronomical
cycles: the 94.88 and 123.84 ka eccentricity cycles, the 38.46 ka
obliquity cycle, and the 22.57 and 18.73 ka precession terms, as de-
termined using the La04 theoretical astronomical solution (35).

To further characterize cyclic variability, EHA—a method that
implements MTM in a moving window—was applied using the
“eha” function in Astrochron (36, 72). This method was especially
useful to visualize changes in power, amplitude, and frequency as-
sociated with a given cycle across the dataset.

Taner bandpass filtering of the data was completed using the
“taner” function in Astrochron. A low-frequency half power point
of 0.035 cycles/ka, a high-frequency half power point of 0.062

cycles/ka, and a roll off rate of 108 were used for the precession
band (Fig. 3A). A low-frequency half power point of 0.001 cycles/
ka, a high-frequency half power point of 0.016 cycles/ka, and a roll
off rate of 108 were used for the eccentricity band (Fig. 3B). A low-
frequency half power point of 0.000 cycles/ka, a high-frequency half
power point of 0.065 cycles/ka, and a roll off rate of 108 were used
for the overall astronomical band (Fig. 3C).

Age modeling
An age-depth model for our leaf wax isotope record was developed
applying Bayesian statistical methods using the “rbacon” package
(78) for R. This time model was constrained using four tuffs span-
ning the section, which have been dated using U-Pb methods by
(34): the Firehole tuff (589.06 m), Second tuff (556.02 m), Boar
tuff (515.47 m), and Grey tuff (481.61 m). This model was created
using an “acc.shape” parameter of 1.2, an “acc.mean” parameter of
6500, and a “thick” parameter of 5.25 to optimize the accumulation
rate prior for the range of accumulation rates typically observed in
the Green River Formation (21). The Bayesian model indicated an
average 2-σ age uncertainty of 0.166 Ma.

Climate model simulations
Climate model simulations were conducted with the fully coupled,
isotope-enabled Community Earth System Model 1.2 (iCESM1.2)
(79, 80) with a horizontal resolution of 1.9° × 2.5° (latitude × lon-
gitude) in the atmosphere and land, and a nominal 1° displaced-
pole Greenland grid for the ocean. The base Eocene simulations,
with different CO2 concentrations (3×, 6×, and 9× preindustrial
levels), were previously presented and described in (41, 81). These
simulations used early Eocene boundary conditions from DeepMIP
(44), which include Eocene paleogeography, land-sea mask, and
vegetation distribution from (45), and preindustrial non-CO2
greenhouse gas concentrations, solar constant, orbital parameters,
soil properties, and natural aerosol emissions. These base simula-
tions were run for 2200 years to reach quasi-equilibrium in the
upper ocean. We then branched three different experiments off
the 3× CO2 Eocene baseline to examine different orbital configura-
tions. Following the approach of (82), we conducted a minimum
eccentricity and obliquity experiment (eccentricity = 0.0, obliquity
= 22°; "OrbMin"), a high Northern Hemisphere seasonality scenario
(eccentricity = 0.054, obliquity = 24.5°, perihelion during boreal
summer; "OrbMaxN"), and a high Southern Hemisphere seasonal-
ity scenario (eccentricity = 0.054, obliquity = 24.5°, perihelion
during austral summer; "OrbMaxS"). These experiments were
each run for 500 years. We feature OrbMaxN-OrbMaxS differences
in the main text because this maximizes the seasonal differences at
our site; results for OrbMaxN-OrbMin are similar (fig. S7).
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