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Abstract

During the Paleogene, the Earth experienced a global greenhouse climate, which was much warmer and more humid than the present climate.

The present global warming is ascribed to increasing levels of atmospheric CO2 caused by human activity since the industrial revolution; there-

fore, knowledge of the role of atmospheric CO2 in the thermal climate during the Paleogene will be helpful for understanding current and future

climate. However, unlike for the late Cenozoic, atmospheric CO2 reconstructions for the Paleogene are still inconsistent and vary between prein-

dustrial-level to values over 4000 ppmv. In this study, we reconstructed the levels of atmospheric CO2 in the early and middle Paleocene and

middle Eocene based on the stomatal index of fossil Metasequoia needles collected from four fossil sites in Canada and Japan. We found the

atmospheric CO2 levels during the early and middle Paleocene to be similar to that of the present, and up to twice the present atmospheric CO2

level was found during the middle Eocene. Our estimated atmospheric CO2 level supports the hypothesis that the climate changes during the

Paleogene cannot be explained merely by atmospheric CO2 variations, which suggests that atmospheric CO2 might not have always played a crit-

ical role in climate change during these ancient epochs and therefore cannot be a direct analogy for the current global warming.

� 2020 Elsevier B.V. and Nanjing Institute of Geology and Palaeontology, CAS. All rights reserved.
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1. Introduction

Atmospheric carbon dioxide (CO2), as a primary greenhouse

gas in the atmosphere, is considered responsible for the current

global warming (Houghton et al., 2001; Royer et al., 2004;

Fletcher et al., 2008; Stocker et al., 2013). Since atmospheric

CO2 concentration ([CO2]atm) is predicted to increase continu-

ously after reaching levels of 400 ppmv (parts per million by vol-

ume) in 2013 (Meinshausen et al., 2011; Masson-Delmotte et al.,

2013), a better understanding of a world with high [CO2]atm has

become imperative. References for the comparison of greenhouse

climates are available from the Paleogene when the Earth experi-

enced a significantly warm and humid condition (Bowen et al.,

2004; Hansen et al., 2008; Beerling and Royer, 2011).
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The changes in [CO2]atm during the Paleogene have been

reconstructed via geochemical modeling (Berner, 1994, 2006;

Berner and Kothavala, 2001) and via proxies such as marine car-

bon (e.g., Pagani et al., 1999, 2005) and boron (e.g., Pearson and

Palmer, 2000; Pearson et al., 2009) isotopes and terrestrial proxies

such as carbon isotope of palaeosol (e.g., Royer et al., 2001a;

Nordt et al., 2002) and liverwort fossils (Fletcher et al., 2008)

along with stomata on the fossil leaves of vascular plants. How-

ever, [CO2]atm reconstruction based on marine boron isotopes in

the Paleogene (Pearson and Palmer, 2000) exhibits significantly

higher and more fluctuant values than the data from terrestrial

proxies (Sinha and Stott, 1994; Royer et al., 2001b; Royer, 2003).

The uncertainty of the reconstructed Paleogene [CO2]atm level

makes it difficult to confirm a [CO2]atm-temperature correlation

for the late Cenozoic (e.g., Ahn and Brook, 2008; K€urschner et
al., 2008;Wang et al., 2015). Some studies support a close correla-

tion between the Paleogene [CO2]atm and temperature (e.g., Bijl
gy, CAS. All rights reserved.
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et al., 2010; Tesfamichael et al., 2017), while some others refute

this conclusion based on various hypotheses for climate change

besides [CO2]atm variation (Sloan and Pollard, 1998; Royer et al.,

2001b; Ufnar et al., 2004; Shellito et al., 2009). To achieve a bet-

ter understanding of the effect of [CO2]atm level on the Paleogene

climate change, supplement of the Paleogene [CO2]atm data based

on different proxies becomes necessary.

Among the terrestrial proxies, stomatal [CO2]atm estima-

tion has been supported by physiological and functional stud-

ies (Gray et al., 2000; Kleidon, 2004). Plant taxa, such as

Ginkgo (Retallack, 2001, 2009; Beerling and Royer, 2002;

Royer, 2003; Smith et al., 2010), Metasequoia (Royer et al.,

2001b; Doria et al., 2011; Maxbauer et al., 2014; Wang et al.,

2015), Gordonia (K€urschner et al., 2001), and Lauraceae

(McElwain, 1998) have been investigated to estimate paleo-

[CO2]atm during the Paleogene. The number of stomata per

unit area (stomatal density) and the given number of epidermal

cells (stomatal index) on a leaf respond to levels of [CO2]atm

in a species-specific manner (Royer et al., 2001b; K€urschner et
al., 2008), which means that taxa existed with limited morpho-

logical changes over an extended time period may provide

ideal materials for paleo-[CO2]atm reconstruction over a long

geological time.

Along with Ginkgo (Retallack, 2001, 2009; Beerling and

Royer, 2002; Royer, 2003; Smith et al., 2010), Metasequoia

Miki ex Hu et Cheng is a representative plant with evolution-

ary stasis since the middle Cretaceous. The fossil Metasequoia

species are generally considered conspecific with the modern

species M. glyptostroboides, based on morphological and bio-

chemical analyses with its inferred physiology and ecology

(LePage et al., 2005). The relationship between the stomatal

index (SI) of modern Metasequoia leaves and [CO2]atm has

been summarized using associated data under experimentally

controlled conditions (Royer et al., 2001b), and the results

have been applied to paleo-[CO2]atm estimation for different

ages (Royer et al., 2001b; Doria et al., 2011; Maxbauer et al.,

2014; Wang et al., 2015). The extensive and frequent occur-

rence of Metasequoia fossils in time and space (LePage et al.,

2005) enables production of detailed [CO2]atm curve compa-

rable with temperature curve throughout the Paleogene with-

out the noise derived from using different kinds of proxies.

However, the Paleogene [CO2]atm reconstruction based on

Metasequoia needles (Doria et al., 2011; Maxbauer et al.,

2014) is still limited compared with Ginkgo leaves. To evalu-

ate the reliability of Metasequoia fossils for the Paleogene

[CO2]atm reconstruction, it is necessary to obtain data based

on Metasequoia needles and compare them with those based

on Ginkgo.

In this study, we conducted stomatal analysis of fossil

Metasequoia needles collected from Japan and Canada to esti-

mate [CO2]atm levels in the early and middle Paleocene and

middle Eocene, during which the stomatal-based [CO2]atm

data are still limited. We compared the results with prior pub-

lished investigations of stomatal and the other proxy-based

data, and discussed [CO2]atm changes during the period to

provide fundamental data for understanding current climate

change and its trend.
2. Materials and methods

2.1. Fossil locality and geological settings

The well-preserved fossil Metasequoia needles used in this

study were collected from localities including early Paleocene

and middle Eocene strata in northern Japan and middle Paleocene

and middle Eocene strata in arctic Canada (Fig. 1). Associated

ages, geological settings and other information concerning the

collected fossil Metasequoia needles can be found in published

reports (Tanai, 1979, 1990; Ricketts and Stephenson, 1994; Yang

et al., 2005; Hasegawa et al., 2009; Maxbauer et al., 2014; Horiu-

chi and Uemura, 2017) and are summarized in Table 1. Voucher

specimens are housed in the Xishuangbanna Tropical Botanical

Garden, Chinese Academy of Sciences.
2.2. Cuticle preparation

The fossil needles were treated with 10�25% hydrochloric

acid (HCl) for 2 h, 40% hydrofluoric acid (HF) for 12 h, and

10�25% HCl for at least 1 h to remove the adhering sedi-

ments. After the materials were rinsed with distilled water, the

middle third of the needles was cut for cuticle preparation. The

needle fragments were macerated with a 3�5% sodium hypo-

chlorite (NaClO) solution to remove any remnants of leaf tis-

sue other than the cuticular membrane based on the nature of

the leaves. After rinsing with distilled water, the cuticular

membranes were stained with 1% safranin O and mounted in

glycerol for observation and photographing under the transmit-

ted light microscope (Zeiss Axio Imager A2 with Zeiss Axio-

Cam MRc camera), or directly mounted on aluminum stubs

for SEM imagery (Zeiss EVO LS10).
2.3. Stomatal index and the calculation of paleo-[CO2]atm

Image J (1.43m, Wayne Rasband, http://rsb.info.nih.gov/ij/)

was used to count the number of stomatal complexes (stomatal

pore with bounding guard cells) and epidermal cells from pho-

tos of cuticular membranes taken with light or electron micro-

scopes (Fig. 2). The field-of-view for stomatal analysis is over

0.03 mm2 for all images. SI was calculated using Eq. (1) (Sal-

isbury, 1928).

SI ¼ stomatal number

epidermal cell numberþ stomatal number
ð1Þ

The nonlinear inverse relationship between the SI of Meta-

sequoia and [CO2]atm levels (Eq. (2))was taken from Royer

et al. (2001b).

CO2½ �atm ¼ SI�6:672

0:003883 � SI�0:02897
ð2Þ
3. Results

The SI and calculated [CO2]atm from the prepared cuticular

membranes are listed in Table 2 and Table S1. Our data show

http://rsb.info.nih.gov/ij/


Fig. 1. (A, B) Geological settings of fossil Metasequoia needles. (C�F) Fossil Metasequoia needles; (C) from Minato Formation, Kuji City, Japan (early Paleo-

cene); (D) from Bibai Formation, Bibai City, Japan (middle Eocene); (E) from Iceberg Bay Formation, Ellesmere Island, Canada (middle Paleocene); (F) from

Buchanan Lake Formation, Axel Heiberg Island, Canada (middle Eocene). Scale bar = 1 cm.

Table 1

Information ofMetasequoia samples used for reconstructing [CO2]atm level.

Formation Geologic setting Epoch (Age) Dating method Latitude Longitude Reference

Minato Minato Formation, Noda

Group, Kuji City, Iwate

Prefecture

early Paleocene

(64.3�62.5 Ma)

Fission track dating 40˚0703000N 141˚5001500E (Horiuchi and Uemura, 2017)

Iceberg Bay Iceberg Bay Formation, Sten-

kul Fiord, Ellesmere Island,

Canadian Arctic

Archipelago

middle Paleocene

(ca. 60 Ma)

Stratigraphic study 77˚2005800N 83˚2600800W (Ricketts and Stephenson,

1994; Yang et al., 2005)

Buchanan Lake Upper Coal Member of the

Buchanan Lake Formation,

Axel Heiberg Island, Cana-

dian Arctic Archipelago

middle Eocene

(47.9�37.8 Ma)

Stratigraphic study 79˚54055.800N 89˚01026.8ʺW (Maxbauer et al., 2014)

Bibai Bibai Formation, Ishikari

Group, Bibai City, central

Hokkaido, Japan

middle Eocene

(41�40 Ma)

Fission track dating 43˚150N 141˚500E (Tanai, 1979, 1990; Hase-

gawa et al., 2009)
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that [CO2]atm was 308 § 23 ppmv at ca. 63.4 Ma in the early

Paleocene, and 370 § 27 ppmv at ca. 60 Ma in the middle

Paleocene. In the middle Eocene, [CO2]atm increased to over

473 § 121 ppmv at 47.9�37.8 Ma, based on materials from

the Iceberg Bay Formation. The materials from the Bibai For-

mation (middle Eocene) show the lowest SI among allMetase-

quoia fossils used in this research, indicating a high [CO2]atm

of 706 § 321 ppmv at 41�40 Ma.
4. Discussion

4.1. [CO2]atm level during the Paleocene

Only Ginkgo leaves have been used as yet for stomatal

index-based [CO2]atm reconstruction for the Paleocene and

the data have provided a continuous record of variations in

[CO2]atm between ca. 54 Ma and ca. 65 Ma (Royer et al.,



Fig. 2. Microphotographs of lower cuticles of Metasequoia needles; (A) from Iceberg Bay Formation, Ellesmere Island, Canada (middle Paleocene); (B) from

Minato Formation, Kuji City, Japan (early Paleocene); (C) from Buchanan Lake Formation, Axel Heiberg Island, Canada (middle Eocene); (D) from Bibai Forma-

tion, Bibai City, Japan (middle Eocene). The white arrows indicate stomata. (C) was obtained by SEM while all the others were obtained by light microscopy.

Scale bar = 50mm.

Table 2

SI of fossilMetasequoia needles and the corresponding [CO2]atm estimates.

Formation Epoch Age (Ma) Number of fossil needles (No.) SI (%) [CO2]atm (ppmv)

Minato early Paleocene 64.3�62.5 10 12.08 § 1.60 308 § 23

Iceberg Bay middle Paleocene ca. 60 9 9.35 § 0.41 370 § 27

Buchanan Lake middle Eocene 47.9�37.8 12 8.87 § 1.06 473 § 121

Bibai middle Eocene 41�40 9 8.21 § 0.63 706 § 321
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2001b; Beerling and Royer, 2002; Royer, 2003; Beerling et al.,

2009). However, the stomatal [CO2]atm record between 64 Ma

and 59 Ma was based only on one datum at 61.5 Ma (Royer,

2003). The fossil Ginkgo leaves indicate that [CO2]atm was at

330�470 ppmv during 65�64 Ma, after which it dropped to

317 ppmv at 61 Ma and then increased again to 530�570

ppmv at 59 Ma (Royer, 2003). Subsequently, Ginkgo-based

[CO2]atm varied mainly between 300 ppmv and 500 ppmv

with a peak of 667 ppmv at 55.8 Ma at the Paleocene�Eocene

boundary (Royer et al., 2001a; Beerling et al., 2009). The two

Metasequoia-based [CO2]atm level results in this paper, 308

ppmv at ca. 63 Ma and 370 ppmv at ca. 60 Ma, are the oldest

[CO2]atm level data based on the stomatal analysis of Metase-

quoia needles to date. Our data, with narrow error ranges,

complete the sequence of Ginkgo-based [CO2]atm records

with the drop in [CO2]atm values at 63 Ma; and also support

the increasing trends in [CO2]atm found between 61 Ma and

58.5 Ma, as demonstrated in the Ginkgo-based [CO2]atm

records (Royer, 2003) (Fig. 3).
Proxies other than stomatal parameters for [CO2]atm recon-

struction during the Paleocene have been derived from alterna-

tive terrestrial proxies including the carbon isotopes of

paleosols or liverworts, and marine proxies such as the boron

isotopes from marine calcium carbonate or carbon isotopes

from phytoplankton (Fig. 3). Paleosol-based [CO2]atm was

estimated as ca. 400 ppmv in the earliest Paleocene (Nordt

et al., 2002) and 100�800 ppmv in the late Paleocene and

early Eocene, which exhibits wide variations as compared to

other proxies (Sinha and Stott, 1994; Royer et al., 2001b). In

addition, the isotope analysis of liverworts indicated a [CO2]

atm of 583 ppmv at ca. 58.4 Ma, which is consistent with the

Ginkgo-based data. However, [CO2]atm reconstruction based

on marine boron isotopes in the late Paleocene and the early

Eocene (Pearson and Palmer, 2000) exhibits significantly

higher values (> 2000 ppmv) than the data from terrestrial

proxies (Sinha and Stott, 1994; Royer et al., 2001b; Royer,

2003), along with considerable fluctuations. This boron isotope

method, however, is based on the assumption that the boron



Fig. 3. Atmospheric CO2 history in the Paleogene, reconstructed by GEOCARB III (gray shade) (Berner and Kothavala, 2001) and different proxies. Including

previously published stomatal analyses of Metasequoia (Doria et al., 2011; Maxbauer et al., 2014), Ginkgo (Retallack, 2001, 2009; Beerling and Royer, 2002;

Royer, 2003; Beerling et al., 2009; Smith et al., 2010), and other species (McElwain, 1998; K€urschner et al., 2001; Greenwood et al., 2003), liverworts (Fletcher et

al., 2008), and analysis of paleosols (Koch et al., 1992; Sinha and Stott, 1994; Ekart et al., 1999; Royer et al., 2001a; Nordt et al., 2002), phytoplankton (Freeman

and Hayes, 1992; Stott, 1992; Pagani, 1999; Pagani et al., 1999, 2005), and boron isotopes (Pearson and Palmer, 2000; Pearson et al., 2009). Deep-sea temperatures

(Zachos et al., 2001) are shown in the upper panel. The error bars represent the reported uncertainties. The horizontal dash line indicates the present-day atmo-

spheric CO2 level (400 ppmv).
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isotopic composition of the ocean remains at nearly constant

levels throughout time, without changes due to biological pro-

cesses or differences in temperature, which has not been

proved for the Paleocene (Royer et al., 2001a).

Contrary to the current view that global warming is associated

with the [CO2]atm levels, the paleotemperature during the Paleo-

cene was much higher than what it is today, according to marine

isotope data (Zachos et al., 2001). The early and middle Paleo-

cene fossil floras also indicate a higher temperature than that of

today at mid and high latitudes, according to their physiognomic

characters and the fact that the Nearest Living Relatives of these

species are also distributed in areas with warmer temperatures

(Spicer and Parrish, 1990). The appearance of crocodilians during

the Paleocene (Markwick, 1998) in the United States is further

proof of a warm environment. Considering the evidence for a
warm climate during the early and middle Paleocene, if our sto-

matal [CO2]atm reconstruction is correct, factors besides [CO2]

atm are necessary to explain the global warmth during this period.

The lower Paleocene [CO2]atm of this study indicates that the

warm climate in the early and middle Paleocene is not compara-

ble to the present global warming because the effect from [CO2]

atm on the increasing global temperature was less apparent than

it is in the present. Although the Paleocene�Eocene Thermal

Maximum (PETM) has been confirmed to be associated with the

release of methane (Dickens et al., 1997; Higgins and Schrag,

2006; Pancost et al., 2007; Winguth et al., 2010), our [CO2]atm

data is from an earlier period. Thus, instead of methane, factors

like paleogeography, enhanced meridional heat transport, and

high latitude vegetation feedbacks may help to explain this warm

period (Royer et al., 2001b).
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4.2. Higher [CO2]atm level than that of today during the

middle Eocene

The Earth during the middle Eocene also experienced a

long-term period of global warmth, with higher temperatures

than those of today, and a decreasing trend in temperature after

the early Eocene climatic optimum (Hansen et al., 2008;

Bohaty et al., 2009; Wolfe et al., 2017). The stomatal data

from this period generally exhibit [CO2]atm values higher

than the present level [CO2]atm (ca. 400 ppmv), although the

data are limited compared with that from the Paleocene. High

levels of [CO2]atm were represented in Ginkgo fossils, which

indicated [CO2]atm levels of 907 ppmv at ca. 47.3 Ma (Retal-

lack, 2009). Stomatal analyses of fossil Gordonia (K€urschner
et al., 2001) and Lauraceous (McElwain, 1998) leaves present

a [CO2]atm level of 500�800 ppmv during 44.5�42.9 Ma.

Our [CO2]atm level data (473§ 121 ppmv) at 47.9�37.8 Ma

in the middle Eocene is lower than that found in these pub-

lished studies. At the same fossil locality in Axel Heiberg

Island, fossil Metasequoia needles have previously been used

in [CO2]atm estimations by stomatal analysis (471 ppmv) and

carbon isotope analysis based on the plant gas-exchange model

(441 ppmv) (Maxbauer et al., 2014). The consistency between

their results and ours indicates that fossil Metasequoia leaves

are reliable for use in [CO2]atm estimation, and the [CO2]atm

levels presented by this taxon do not vary among researchers

or with different methods.

Other stomatal data from the middle Eocene found in this

study estimated [CO2]atm levels of 706§ 321 ppmv at 41�40

Ma, which is higher than the [CO2]atm estimation of 47.9�37.8

Ma. However, this value is within the range of values estimated

by the stomatal analysis of Metasequoia needles from ten fossil-

bearing layers in a fossil locality in northwestern Canada, which

indicated a series of [CO2]atm data from ca. 1000 ppmv to ca.

400 ppmv at 38.4 Ma, with a decreasing trend.

Compared with the Paleocene [CO2]atm data, middle

Eocene [CO2]atm estimated both by stomatal and the other

proxies vary over a short time-span. The boron isotope data

documented changes in [CO2]atm from ca. 400 ppmv at ca. 43

Ma to over 1000 ppmv at 39 Ma (Pearson and Palmer, 2000),

although boron-based [CO2]atm data from the middle Eocene

generally give lower values than those found in the early

Eocene, which vary between 400 ppmv and 2500 ppmv (Pear-

son and Palmer, 2000). Meanwhile, the [CO2]atm based on the

isotope analysis of phytoplankton also indicated a fluctuation

in [CO2]atm values between ca. 1200 and ca. 650 ppmv during

the period from 44 Ma to 40 Ma, although the precision of this

method decreases when [CO2]atm rises to above 750 ppmv

(Kump and Arthur, 1999; Royer et al., 2001a).

Different proxies indicate higher [CO2]atm levels during the

middle Eocene, but the relationship between [CO2]atm and global

warming in this age has not been clarified due to the inconsistent

results of [CO2]atm. Plant fossils have recorded a warm climate

during the Eocene as well, for example, the northern limit for the

distribution of a frost intolerant palm was 20˚ latitude further

north than it is currently in North America (Greenwood and

Wing, 1995). Multiple climate proxies also demonstrate an Arctic
environment with winter temperatures at or just above freezing

point and summer temperatures of � 20˚C during the

early�middle Eocene (Eberle and Greenwood, 2012). During

this warm period, a decrease in temperature since the middle

Eocene was detected in marine oxygen isotopes (Zachos et al.,

2001), which cannot be explained by the [CO2]atm variation

based on stomatal or other proxy data. Thus, other factors, such

as complex feedbacks initiated by tectonic alterations to the

ocean basins (Shellito et al., 2009), increased polar stratospheric

clouds (Sloan and Pollard, 1998), and increased latent heat trans-

port (Ufnar et al., 2004) may be the complementary warming

mechanisms besides [CO2]atm level increase. However, our

understanding of the climate change mechanisms during this

greenhouse period is still far from clear.

4.3. Advantages of fossilMetasequoia needles in [CO2]atm

estimation

Metasequoia fossils have been reported in more than 500

localities in the Northern Hemisphere, belonging to various ages

from the Cretaceous to the Pleistocene (LePage et al., 2005). This

very wide and frequent occurrence ofMetasequoia fossils in time

and space allows the production of an evolutionary curve in

[CO2]atm throughout the whole Cenozoic from use of these fossil

needles alone, without the noise derived from using different

kinds of proxies. Although several Metasequoia-based [CO2]atm

records from the Cenozoic have been published to date (Royer et

al., 2001b; Doria et al., 2011; Maxbauer et al., 2014; Wang et al.,

2015), theMetasequoia-based [CO2]atm data from the Paleogene

are still insufficient compared with data from Ginkgo. This may

be ascribed to its fragile cuticle as compared toGinkgo. However,

the development of fluorescence microscopes, laser scan micro-

scopes and electron scanning microscopes enables much easier

observation of such delicate cuticles.

This research demonstrated that the mechanisms that

caused the Paleogene climate change were significantly com-

plex, and that variations in [CO2]atm played a less important

role than in today. Thus, studies concerning climate changes

during the Neogene and Quaternary will be more helpful for a

better understanding of the mechanisms leading to present

global warming. Fossil Metasequoia needles from the late

Cenozoic are very abundant, especially in Japan, and other

materials with continuous and high-resolution stratigraphic

settings are available for investigation (LePage et al., 2005).

Leaf margin analysis and stomatal analysis of a Japanese fossil

assemblage has implied a coupled relationship between [CO2]

atm and temperature during the Quaternary (Wang et al.,

2018b). Compared with the species that were distributed over

a wide range of altitudes, such as Fagus, Quercus and Ginkgo,

Metasequoia is generally limited to floodplains at low alti-

tudes, which can avoid errors in [CO2]atm estimation caused

by the transportation of leaves from higher altitudes before

fossilization (Wang et al., 2018a). Since the stomatal index

can record rapid [CO2]atm changes occurring within 100 years

(Royer, 2001), Metasequoia fossil needles have the potential

to provide more detailed information in [CO2]atm evolution-

ary history during the Cenozoic.
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4. Conclusions

In this study, based on the fossil Metasequoia needles, we

reconstructed [CO2]atm for four time intervals during the early

and middle Paleocene and middle Eocene. In the early and

middle Paleocene (ca. 63�60 Ma), [CO2]atm was estimated at

300�400, which is a little lower than the present level. During

the middle Eocene, [CO2]atm was estimated at 473 ppmv in

47.9�37.8 Ma and 706 ppmv in 41�40 Ma. The [CO2]atm

values estimated by stomatal index from fossil Metasequoia

leaves are consistent with those based on Ginkgo, which dem-

onstrates the excellence of Metasequoia for use as a proxy to

demonstrate paleo-[CO2]atm levels, along with its common

and frequent occurrence through the whole Cenozoic. During

the Paleogene, climate change under the thermal environment

cannot merely be explained by variations in [CO2]atm; other

factors, such as paleogeography, high latitude vegetation feed-

backs, increased polar stratospheric clouds, and increased

latent heat transport, may be the complementary warming

mechanisms. This means that [CO2]atm played a less crucial

role in these ancient epochs.
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