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Fig. 1. Isotopic paleotemperatures of the Eocene surface ocean from 

Shackleton and Boersma [1981] in comparison with modern values. Northern and 

Southern hemisphere isotopic values are plotted in both hemispheres (mirror 

data sites are plotted as open squares) in order to draw a temperature 

distribution with respect to latitude. The latitude scale is area weighted. 

context of this experiment, which is less 

extreme than the Eocene polar warming and 

tropical cooling, a 2øC global surface 

temperature warming in response to a 

greater total poleward heat transport is 

perhaps reasonable. Therefore an external 

forcing factor would not be needed to 

explain Eocene warmth. 

The problem of explaining the Eocene 

climate becomes one of finding the 
mechanisms of a more efficient total 

poleward heat transport. Results of 

climate model experiments can be used to 

evaluate this possibility and to consider 

the implications for Eocene climate in 

general. 

MODEL RESULTS 

Climate model studies of the ocean- 

atmosphere system provide a number of 

interesting insights into the nature of 

the problem presented by Eocene 

temperature records. In particular, model 

studies address (1) what factors govern 

poleward heat transport, (2) how poleward 

heat flux is partitioned between 

atmospheric sensible and latent modes and 

the ocean, (3) how the atmospheric 

circulation changes with meridional 

temperature gradient, and (4) how the 

atmospheric circulation influences 

continental seasonality. 

First, relatively simple considerations 

of the planetary energy balance suggest 

that the characteristics of the internal 

ocean-atmosphere system have little effect 

on the total poleward heat transport. The 

total transport is governed not by 

geography or ocean-atmosphere partitioning 

but by the distribution of solar input 

(solar luminosity and orbital 
characteristics). Stone [1978] evaluated 

the constraints on energy transport 

through consideration of the equation 

describing the total flux of energy by the 

ocean-atmosphere system across a latitude 
line 

THE LOW GRADIENT “PROBLEM”
HAS THERE BEEN PROGRESS?

BARRON, 1987
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Stump spacing provides 
estimates of tree biomass of 

~700m3/ha and annual 
productivity of 5.5m3/ha/yr, 
similar to modern temperate 

forests

courtesy of Jane Francis
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Palaeocene and lower Eocene strata, spores produced by
the fern family Osmundaceae are consistently present
and locally abundant (Fig. 3). These spores are very large
and cannot have been transported over long distances,
and thus the site must have been very close to shore. The
consistent occurrence of Osmundaceae spores implies
that parts of the Lomonosov Ridge close to the core site
were indeed still above sea level and were the source of
these Osmundaceae spores and most likely the main
portion of the branched GDGTs. The reconstructed MAT
is thus thought to represent central Arctic polar
conditions. The reconstructed annual MATshows values
of 16 to 18 °C for the latest Palaeocene and increases to
values up to 25 °C during the PETM (Fig. 3). Towards
the end of the PETM, temperatures drop again to values
of around 18 to 20 °C. This transient temperature change
parallels the negative !13Corg excursion and the acme of
the subtropical dinoflagellate Apectodinium augustum
(Sluijs et al., 2006). Higher temperatures occur at the
time of lower !13Corg values and the subsequent cooling
mirrors the recovery pattern of !13Corg (Fig. 3).

Our MAT record for the central Arctic Lomonosov
Ridge compares well with the SST reconstruction for the
Arctic Ocean at this location by Sluijs et al. (2006). On
the basis of the TEX86' proxy, their reconstruction
shows SSTs of !18 °C for the latest Palaeocene, N23 °C
for the PETM, and a cooling towards !17 °C at the end
of the PETM (Fig. 3). Thus, both proxies indicate a
strong climatic warming in the Arctic region during the
PETM, and a cooling towards the end of the PETM
consistent with the recovery of the !13Corg signal.
Remarkably, the absolute temperatures estimated by
both proxies are also similar, particularly so when taking
into account uncertainties like the exact temporal origin
of the temperature signals in this high latitude area, i.e.
annual mean or seasonal temperatures. It has to be
emphasised that both organic proxies are based on
different compounds and source organisms. Where the
TEX86 SST proxy is based on the membrane lipids of
marine Crenarchaeota which are ubiquitous in marine
sediments (Schouten et al., 2002), the MBT MAT proxy
is based on soil-derived branched GDGT membrane

Fig. 3. Annual mean air temperature (MAT) across the PETM for the Lomonosov Ridge in the Arctic Ocean. (a) !13C of total organic carbon (Sluijs
et al., 2006), (b) TEX86' derived sea surface temperature (SST) (Sluijs et al., 2006), (c) MAT derived from branched GDGTmembrane lipids in IODP
Hole 302-4A, (d) percentage of Osmundaceae spores (as percentage of the total sum of terrestrial palynomorphs). Error bars in the core recovery
column indicate the uncertain stratigraphic position of Core 31X, see also Sluijs et al. (2006). Grey bars indicate intervals affected by drilling
disturbance. mcd. = meters composite depth; MBT = Methylation index of Branched Tetraethers.
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low !18O and high Mg/Ca portions of the
shell (28, 33). In modern foraminifera, Mg/
Ca decreases as a function of depositional
depth. The primary index of shell dissolution
for Hole 1209B, percent fragmentation, how-
ever, does not covary with Mg/Ca. Dissolu-
tion peaks in the uppermost Paleocene sedi-
ments (Fig. 1), consistent with the posited sea
floor carbonate dissolution pulse (11). The
invariant Sr/Ca also supports the lack of a
preservation artifact on Mg/Ca.

The apparent "2.5°C discrepancy be-
tween !18O and Mg/Ca can be attributed to
one of several processes. First, the !18O sig-
nal might be attenuated by secondary calcite
added at the sea floor at lower temperatures
than in surface waters where primary calcite
formed (32, 34 ). This process, which pre-
serves primary trends but shifts mean values,
can be ruled out because it should affect both
the isotope- and minor elemental–based tem-
perature estimates equally (33). Second,
changes in surface ocean pH may also affect
isotope ratios with increasing !18O at lower
pH ("0.15‰/0.1) (35, 36 ). For example, an
increase in partial pressure of CO2 (pCO2)
from 1000 to 2000 parts per million by vol-
ume (ppmv) should lower surface-water pH
by "0.16 units, which would account for

0.22‰ increase in !18O and at most "1°C of
the difference between the calculated Mg/Ca
and !18O temperature anomalies. A third pos-
sibility is that the Mg/Ca sensitivity to tem-
perature change for these extinct species is
different than it is for modern taxa. Here, we
must assume that the basic biochemical pro-
cesses that govern the incorporation and par-
titioning of cations as well as isotopes in
modern foraminifera were similar to those of
their ancestors (37 ). So, although the abso-
lute ratios may differ at any given tempera-
ture, the exponential constant used to esti-
mate the temperature anomalies for extinct
taxa should be similar to that derived for
modern taxa. That the absolute Mg/Ca, as
well as the !18O, ratios of M. velascoensis
and A. soldadoensis are consistently offset
supports this assumption. The final and most
likely source of the discrepancy involves
changes in local sea surface salinity (SSS)
and !18OSW. In the modern ocean, SSS and
!18OSW covary because of fractionation
associated with evaporation, vapor transport,
and precipitation such that a local decline in
net precipitation (higher evaporation) would
increase !18OSW and partially offset the tem-
perature-related decline in shell !18O. For
example, using the Mg/Ca-derived SST in-

crease, we estimate that a concomitant in-
crease in !18OSW of 0.5 to 0.8‰, and in
salinity of 1.0 to 2.6 parts per thousand, is
sufficient to account for the observed !18O
anomaly (Fig. 2).

The implications of a 5°C rise in tropical
SST during the PETM are important. Accord-
ing to numerous modeling studies, an abrupt
and extreme increase in greenhouse gas levels
should give rise to warming at all latitudes,
although amplified toward the poles. The mag-
nitude of SST change recorded near Antarctica
during the PETM, "8°C to 10°C, would neces-
sitate a rise of 1500 ppmv in pCO2 if starting
from a baseline of 560 ppmv (e.g., twice the
pre-industrial level), less if starting from a low-
er baseline (13). A pCO2 increase of this mag-
nitude should also warm the tropics by 3°C to
5°C, which is essentially identical to our Mg/
Ca-derived estimates. Thus, these findings re-
inforce the hypothesized greenhouse gas forc-
ing for the PETM. Whether the primary radia-
tive forcing was supplied directly by CH4 and/
or CO2 is still unknown. The carbon isotope
excursion has been attributed to the expulsion
of 1200 to 2500 gigatons (Gt) of CH4 from gas
hydrates over 10,000 years (12). Using the low-
er limit and assuming that the CH4 was quan-
titatively converted to CO2, numerical models
indicate a modest rise in atmospheric pCO2

(#100 ppmv) (11, 38), an amount far below
that required to drive the observed warming,
even if the initial baseline pCO2 was much
lower (39). This suggests either that the CH4,
which is a more potent greenhouse gas, escaped
immediate oxidation in the ocean and accumu-
lated in the atmosphere (40–42), that the mass
of CH4 released was substantially greater ($
4 % 103 Gt) than estimated, and/or that addi-
tional greenhouse gas (CO2) was supplied by
another source. The first option may still be
insufficient to create the warming observed in
the tropics, and the second option is constrained
to some extent by the magnitude of the CIE to
less than 2.5 % 103 (38). The third option is
compelling because additional greenhouse gas-
es could be generated by positive feedback such
as ocean degassing or a decline in terrestrial
carbon storage. One last possibility, albeit re-
mote, is that the climate system is more sensi-
tive to changes in greenhouse gas levels than
current theory would predict. Future work
should focus on confirming the estimates of
tropical SST change and placing tighter con-
straints on the total mass of carbon released
during the PETM.
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Fig. 2. In the Hole 1209B
PETM section, the !18O
and Mg/Ca anomalies
were both calculated with
respect to the sample at
1.485 m (sample 1209B-
22H-1, 148 to 149 cm),
the lowest pre-event
sample in the data set.
(A) The Mg/Ca tempera-
ture anomalies were de-
rived with the following
equation:

&T'
1
m
ln!" C100# ( 1$

where &T is the relative
change in temperature
(°C), m is an assumed
temperature sensitivity
(i.e., exponential con-
stant), and C is the per-
centage change in Mg/Ca
(with respect to the base-
line Mg/Ca value) (see
note S1 for full deriva-
tion). The calculated Mg/
Ca temperature anomaly
field assumes a range of exponential constant values between 0.085 and 0.107, within a range
characteristic of most modern planktonic taxa (26, 27). The !18O temperature anomalies were
calculated with a &!18Ocalcite/&T relationship of –0.213‰/°C. (B) The salinity anomaly calcula-
tions assume that the discrepancy between the !18O and Mg/Ca temperature anomalies results
from a local surface-water !18O increase during the PETM due to a shift in the precipitation-
evaporation balance. For these calculations, an intermediate exponential constant value of 0.09
was used to obtain the Mg/Ca temperature anomalies. These anomalies were then converted to
expected !18O anomalies (with the –0.213‰/°C relationship), and the observed !18O
anomalies were subtracted from !18O anomalies. The resulting !18O “residual” (‰) was then
assumed to reflect changes corresponding to surface-water salinity changes. The salinity
anomaly fields represent a range of &!18Oseawater/&salinity relationships between 0.50‰/
salinity unit and 0.25‰/salinity unit.
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A 100 kyr global warming event at 55.5 mya
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Arctic hydrology during global warming at the
Palaeocene/Eocene thermal maximum
Mark Pagani1*, Nikolai Pedentchouk1*, Matthew Huber2*, Appy Sluijs3, Stefan Schouten4, Henk Brinkhuis3,
Jaap S. Sinninghe Damsté4,5, Gerald R. Dickens6 & the Expedition 302 Scientists†

The Palaeocene/Eocene thermal maximum represents a period of
rapid, extreme global warming ,55million years ago, super-
imposed on an already warmworld1–3. This warming is associated
with a severe shoaling of the ocean calcite compensation depth4

and a >2.5 per mil negative carbon isotope excursion in marine
and soil carbonates1–4. Together these observations indicate a
massive release of 13C-depleted carbon4 and greenhouse-gas-
induced warming. Recently, sediments were recovered from the
central Arctic Ocean5, providing the first opportunity to evaluate
the environmental response at the North Pole at this time. Here we
present stable hydrogen and carbon isotope measurements of
terrestrial-plant- and aquatic-derived n-alkanes that record
changes in hydrology, including surface water salinity and precipi-
tation, and the global carbon cycle. Hydrogen isotope records are
interpreted as documenting decreased rainout during moisture
transport from lower latitudes and increased moisture delivery to
the Arctic at the onset of the Palaeocene/Eocene thermal maxi-
mum, consistent with predictions of poleward storm track
migrations during global warming6. The terrestrial-plant carbon
isotope excursion (about 24.5 to 26 per mil) is substantially
larger than those of marine carbonates. Previously, this offset was
explained by the physiological response of plants to increases in
surface humidity2. But this mechanism is not an effective expla-
nation in this wet Arctic setting, leading us to hypothesize that the
true magnitude of the excursion—and associated carbon input—
was greater than originally surmised. Greater carbon release and
strong hydrological cycle feedbacks may help explain the main-
tenance of this unprecedented warmth.
PETM sediments, recovered from the Lomonosov ridge in the

central Arctic Ocean during Integrated Ocean Drilling Program
Expedition 302, are devoid of primary carbonates commonly used
to assess palaeoclimate conditions. But they contain abundant
organic components5,7, including long-carbon-chain n-alkanes in
the range n-C23 to n-C35, with a strong odd-over-even carbon-chain
character, and short-chain n-alkanes dominated by n-C17. Long-
chain n-alkanes with an odd-over-even predominance typically
derive from the waxes of higher plants8. However, this common
interpretation was questioned in a single study of modern Arctic
organic carbon from the Laptev Sea, which inferred a marine source
for these compounds9. Importantly, this interpretation does not
apply to the Arctic during the Palaeogene, where the evidence used
to support a marine origin for long-chain n-alkanes is lacking
(Supplementary Information). Short-chain n-alkanes represent a

mixture of aquatic sources, while n-alkane homologues dominated
by n-C17 typify algal and photosynthetic bacterial input10. Even-
chain-length n-alkanes in the range n-C14 to n-C22 are ascribed to
bacteria11. Given lower abundances for even-chained n-alkanes
during the PETM interval, we assume that n-C17 derives predomi-
nantly from algal sources, in accordance with other studies12,13.
To assess changes in the hydrological system during the PETM, we

measured the stable hydrogen isotope (dD) values of n-C29, n-C27

and n-C17 (Fig. 1b). Although our understanding of compound-
specific hydrogen isotope systematics is incomplete, it is clear that
source water hydrogen is a primary signal recorded by n-alkyl
lipids14–16. Our results implicate different water sources for high-
and low-molecular-weight n-alkanes, with dD values of n-C17

recording the dD of Arctic surface waters, and dD values of n-C27

and n-C29 (n-C27/29) reflecting the hydrogen isotopic composition of
precipitation in the Arctic region.
Data from contemporary environments suggest an apparent

hydrogen isotope fractionation of 2130‰ to 2100‰ for higher-
plant-derived n-C29 and source water (Dwater-nC29)

13,15,17. Smaller
Dwater-nC29 values (that is, less negative than 2100‰) have been
reported for deciduous conifers grown under continuous light18,
similar to daylight conditions that characterize the Arctic growing
season. A portion of this fractionation is potentially attributable to
evapotranspiration, which acts to increase the dD value of leaf water
used for lipid biosynthesis. However, rates of evapotranspiration are
proportional to humidity16, and given evidence for both high
humidity (Supplementary Information) and fluvial runoff7 during
this interval of time, we assume that changes in the rates of
evapotranspiration were negligible. Using Dwater-nC29 values of
2130‰and2100‰, we estimate that spring/summer precipitation
had average dD values between 2125‰ and 295‰ before the
PETM, and 2145‰ to 2105‰ after the PETM, with much higher
values (about230‰ to265‰) during the early phase of the event
(Supplementary Information).
Our results suggest that Arctic PETMprecipitationwas substantially

D-enriched relative to today, with hydrogen isotopic compositions
comparable with modern, mid-latitude precipitation19. In general, the
primary sources of atmospheric water vapour derive from the tropical
and subtropical ocean. Poleward and altitudinal advection of air
parcels approximately along isentropic surfaces20 leads to cooling,
condensation, an increase in the isotopic fractionation between the
vapour and the condensate, and progressive isotopic distillation
resulting in D-depleted high-latitude precipitation.
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Subtropical Arctic Ocean temperatures during the
Palaeocene/Eocene thermal maximum
Appy Sluijs1*, Stefan Schouten2*, Mark Pagani3, Martijn Woltering2, Henk Brinkhuis1,
Jaap S. Sinninghe Damsté2,4, Gerald R. Dickens5, Matthew Huber6, Gert-Jan Reichart4, Ruediger Stein7,
Jens Matthiessen7, Lucas J. Lourens4, Nikolai Pedentchouk3, Jan Backman8, Kathryn Moran9

& the Expedition 302 Scientists†

The Palaeocene/Eocene thermalmaximum,,55million years ago,
was a brief period of widespread, extreme climatic warming1–3,
that was associated with massive atmospheric greenhouse gas
input4. Although aspects of the resulting environmental changes
are well documented at low latitudes, no data were available to
quantify simultaneous changes in the Arctic region. Here we
identify the Palaeocene/Eocene thermal maximum in a marine
sedimentary sequence obtained during the Arctic Coring
Expedition5. We show that sea surface temperatures near the
North Pole increased from ,18 8C to over 23 8C during this
event. Suchwarm values imply the absence of ice and thus exclude
the influence of ice-albedo feedbacks on this Arctic warming. At
the same time, sea level rose while anoxic and euxinic conditions
developed in the ocean’s bottom waters and photic zone, respect-
ively. Increasing temperature and sea level match expectations
based on palaeoclimate model simulations6, but the absolute polar
temperatures that we derive before, during and after the event are
more than 10 8C warmer than those model-predicted. This
suggests that higher-than-modern greenhouse gas concentrations
must have operated in conjunction with other feedback mecha-
nisms—perhaps polar stratospheric clouds7 or hurricane-induced
ocean mixing8—to amplify early Palaeogene polar temperatures.
Stable carbon isotope (d13C) records of carbonate and organic

carbon from numerous sites show a prominent negative carbon
isotope excursion across the Palaeocene/Eocene thermal maximum
(PETM)2,9. The carbon isotope excursion is expressed as a .2.5‰
drop in d13C, which signifies an input of at least 1.5 £ 1018 g of
13C-depleted carbon, somewhat analogous in magnitude and com-
position to current and expected fossil fuel emissions. The PETM
captures,200 kyr (ref. 10) and is associated with profound environ-
mental changes that are well-documented at low- to mid-latitudes
(,608), including a 4–8 8C temperature rise of surface and deep
ocean waters1–3 and major terrestrial and marine biotic changes11–13.
Terrestrial mammal turnovers are consistent with mass migrations
across Arctic regions resulting from high-latitude warming14, but no
Arctic data have existed to evaluate this hypothesis.
The Integrated Ocean Drilling Program Expedition (IODP) 302

(or the Arctic Coring Expedition) recently recovered a Palaeogene
marine sedimentary record from Hole 4A (,878 52.00 0 N;
1368 10.64 0 E; 1,288m water depth), on the Lomonosov ridge in

the central Arctic Ocean5. This ridge represents a fragment of
continental crust that rifted from the Eurasian shelf margin at high
latitudes (.858; Fig. 1) during the latest part of the Palaeocene epoch
and subsided to present depths after the Palaeocene. Upper Palaeocene
and Lower Eocene sediments between approximately 406 and 263m
composite depth below sea floor (m.c.d.) at Hole 4A consist of
organic-rich (,2% total organic carbon (TOC) by mass on average)
siliciclastic claystone5. Shipboard observations showed that this
interval is barren of calcareous and siliceous microfossils but
yields rich assemblages of palynomorphs, notably organic-walled
dinoflagellate cysts (dinocysts) and terrestrial pollen and spores5.
The PETMwas identified from the top of Core 32X to within Core

LETTERS

Figure 1 | Location of IODP Hole 302-4A within the palaeogeographic
reconstruction of the Arctic Basin at late Palaeocene–early Eocene
times. The figure is modified from ref. 24. NP, North Pole.
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Deuterium-enriched Arctic precipitation during the PETM could
have resulted from two end-member processes, including changes
in proximal evaporative sources, or a decrease in large-scale (hemis-
pheric to global) temperature gradients, such as the meridional
temperature gradient as often assumed21, or the vertical temperature
gradient along isentropes characteristic of baroclinic eddy-
induced mixing. Changes in evaporative sources during the PETM,
large enough to explain the observed dD shift, would require a
fundamental, global alteration in precipitation and evaporation.
However, such effects are not supported by physical modelling or
proxy data (Supplementary Information) and thus not considered
likely.
Alternatively, decreased meridional and/or vertical temperature

gradients would conspire to reduce rainout of subtropical water
vapour by synoptic eddies22, decrease isotopic distillation during
vapour transport, and lead to D-enriched precipitation at high
latitudes. If surface temperature gradients remained constant
during the PETM7, then changes in atmospheric static stability
could have decreased rainout in the mid-latitudes. In either case, a
decrease in temperature gradients should be expressed as a reduction
in the meridional isotopic gradient. Support for this supposition
comes from soil carbonate d18O records, which suggest that the dD
value of mid-latitude PETM precipitation increased by only ,16‰
(refs 23, 24), compared to a dD increase of ,55‰ in the Arctic
(Fig. 1b).
As a reduced meridional isotopic gradient implies less rainout

along the source airmass’s trajectory, more water vapour must have
been transported to extreme high latitudes. Observations that sup-
port an increase in water supply to the Arctic during the PETM
include the prevalence of low-salinity-tolerant organic-walled dino-
flagellate cyst (dinocyst) assemblages, evidence for photic zone
anoxia indicative of low-salinity surface waters (Fig. 1c), and strong
seasonal runoff7. This scenario suggests that the latitude ofmaximum

latent heat flux divergence (today at,408) could have been situated
much closer to the poles, broadly consistent with climate model
results6,22.
Enhanced moisture and latent heat transport from the subtropics

to the Arctic region could have resulted from the nonlinear depen-
dence of the saturation specific humidity of subtropical air parcels as
a function of temperature1,6, and/or a reduction of mid-latitude
precipitation. Thus, as a corollary to our argument for an increase in
poleward water vapour transport, we suggest that the subtropics and
parts of the mid-latitudes experienced less net precipitation during
the PETM.
Changes in surface water salinity were evaluated from dDnC17.

Limited analysis of lake sediments and aquatic plants suggest that
values of Dwater-nC17 range from about 2160‰ to 280‰ (refs 13,
15, 17). In order to determine plausible values of Dwater-nC17 for these
Arctic sediments, we modelled the relationship between the dD of
Arctic surface water, and the isotopic compositions of precipitation
(that is, runoff) that acts to freshen the Arctic and alter its salinity
(Fig. 2a). Our results suggest that dD values of Arctic surface waters
were approximately 241‰ to 252‰, resulting in a Dwater-nC17 of
270‰ to 280‰.
The dDnC17 record, in conjunction with a Dwater-nC17 of 275‰,

indicate that the surface water salinity of the Arctic Ocean decreased
as the PETM progressed, followed by a rapid increase in salinity
towards the end of the climate anomaly (Fig. 2b). Low-salinity
surface waters correspond with the presence of low-salinity-tolerant
dinocyst assemblages and the occurrence of isorenieratene deriva-
tives7 (Fig. 1c), biomarkers indicative of anoxia within the photic
zone. This confluence suggests that water column stratification was
promoted, in large part, by low-salinity surface water7, given that
seawater density variations are determined primarily by salinity
variations in the temperature range indicated by TEX86 temperature
estimates (Fig. 1c). Termination of these conditions and a progressive

Figure 1 | Stable isotope results, and data on sea surface temperature,
dinocysts and biomarkers. a, Stable carbon isotope data. m.c.d., metres
composite depth below sea floor; TOC, total organic carbon. b, Stable
hydrogen isotope data. Error bars represent the range of values based on
duplicate measurements. c, Data from ref. 7. Orange line, sea surface
temperatures based on the TEX 0

86 index. Blue line, relative abundances of
dinocysts produced by dinoflagellate species that were tolerant of low

salinity. Red dashed line, absolute abundances of isorenieratene derivatives,
biomarkers derived from photosynthetic green sulphur bacteria. The
presence of these bacteria implies water column stratification and the
development of photic zone euxinia. The leftmost (recovery) column shows
core numbers: black bars, recovered material; white bars, missing material.
Error bars connected to Core 31X indicate the uncertainty of its
stratigraphic position (see ref. 7). Grey-shaded area indicates the PETM.
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Five main hypothesis

Ocean Heat transport was higher with closed high latitude gateways

Atmospheric heat transport was greater because of a ‘permanent El Niño’

Polar stratospheric clouds maintained a strong polar greenhouse effect, 
warming the poles

Or enhanced poleward latent heat fluxes warmed the poles and cooled the 
tropics

Let’s also not forget vegetation feedbacks

7
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One set of high 
resolution 
estimates of 
atmospheric 
CO2

PAGANI ET AL., 2005

Loosely correlated with 
greenhouse/Icehouse Transition
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The CSM divides the climate into component
models for the atmosphere, land surface, sea ice,
and ocean, and connects them with a ‘£ux cou-
pler’ (Boville and Gent, 1998). The coupler ex-
changes information between the individual com-
ponents. We employed a 50-m-deep slab ocean.
The atmosphere and land models are at T31 res-
olution (V3.75‡U3.75‡). The slab ocean has the
advantage of allowing us to include the e¡ects of
ocean heat transport, yet it will reach an equilib-
rium with the atmosphere in a relatively short
time compared to the complex fully coupled
ocean^atmosphere model. Also, Huber and Sloan
(2001) have demonstrated that, given Eocene pa-
leogeography, the heat transport produced in a
fully coupled CSM simulation is nearly identical
to modern values and those in our slab ocean
experiments. The land surface component of the
model includes vegetative feedbacks described in
Bonan (1998).

Sloan and Rea (1995) tested the sensitivity of
Early Eocene climate to varying levels of CO2 in
the GENESIS (v.1.02A) climate model, a general
circulation model adapted for paleoclimate stud-
ies, based on the NCAR CCM1 (Sloan and Rea,
1995). In the NCAR CSM used in this study, the
atmosphere is represented by the more recently
developed CCM3, which has the advantage of
higher resolution and improved physical parame-
terizations over the earlier versions, CCM1 and
CCM2 (Kiehl et al., 1998; Kothavala et al., 1999).

In another departure from earlier pCO2 sensi-
tivity studies, we speci¢ed a background atmo-
spheric CH4 level of ¢ve times pre-industrial val-
ues. We believe that this is a more realistic
representation of the atmospheric chemistry at
that time (Sloan et al., 1999). As stated above,
all other boundary conditions (with the exception
of CO2) were the same as those documented in
Sewall et al. (2000).

We ran three cases, with pCO2 values of 500
ppm (LoCO2 case), 1000 ppm (MidCO2 case) and
2000 ppm (HiCO2 case). Pearson and Palmer
(2000) present estimates of CO2 between 2500
and 3500 ppm. For our experiments, we used
the conservative end of these estimates to facili-
tate comparison with previous work (Sloan and
Rea, 1995). We ran each experiment until global

mean surface temperature varied less than 0.2 K
for at least six years, and then averaged the ¢nal
¢ve years for comparison.

3. Results

3.1. Surface temperature

As expected, global mean surface temperature
rose with increasing CO2. From 20‡C in the
LoCO2, it increased by 2‡C in the MidCO2 sce-
nario and by 4‡C in the HiCO2 scenario relative
to LoCO2. Fig. 1 shows the mean annual, zonally
averaged combined ocean and land surface tem-
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Fig. 1. Mean annual and zonally averaged surface tempera-
tures over land and ocean for three modeling scenarios:
LoCO2 (solid line), MidCO2 (short-dashed line), and HiCO2

(long-dashed line). Also included are Eocene temperature es-
timates from proxies: triangles, from Sloan and Barron
(1992); open squares, ocean surface temperature data from
Zachos et al. (1994); diamonds, Eocene £ora temperature es-
timates from Greenwood and Wing (1995); hatched square,
ocean surface temperature from Kobashi et al. (2001); plus
markers, ocean surface temperature data from Pearson et al.
(2000).
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perature for each case plotted with Eocene mean
annual temperature (MAT) estimates from marine
and terrestrial proxy data. The most dramatic in-
creases in surface temperatures with increasing
CO2 were in the high latitudes during the winter
season, a result consistent with the ¢ndings of
Sloan and Rea (1995), and likely due to the re-
duced role of ice^albedo feedbacks in the higher
CO2 experiments. MidCO2 Antarctic MATs rose
by V3‡C while Arctic MATs rose by V5‡C over
the LoCO2 values. HiCO2 Antarctic MATs rose
by V6‡C and Arctic MATs rose by V11‡C over
the LoCO2 values. Modeling and observational
studies of present day greenhouse warming also
show this characteristic high latitude warming
(Houghton et al., 2001). HiCO2 is the only experi-
ment in which Arctic and inland Antarctic cold
month mean temperatures remain at or above
0‡C. Consequently, while Arctic sea ice persists
year-round in the LoCO2 case, in the HiCO2
case it forms only a thin layer in late winter lo-
calized near coastlines. In comparison with the
model output of Sloan and Rea (1995), LoCO2
Arctic MATs are nearly equivalent to their 500
ppm experiment, while HiCO2 Arctic MATs are
4‡C cooler that their high CO2 experiment, even
though they used a lower CO2 level (1680 ppm).

Tropical surface temperatures were less sensi-
tive to the speci¢ed increases in CO2 than high
latitudes. MidCO2 tropical oceanic areas are
V1.5‡C warmer than they are in the LoCO2
case, and tropical land areas are V2‡C warmer.
Also compared to the LoCO2 case, HiCO2 tem-
peratures are V3‡C warmer over the tropical
oceans and V4‡C warmer over tropical land
areas. Tropical temperatures (30‡C in LoCO2
and 33‡C in HiCO2) are comparable to those of
Sloan and Rea (1995). In Section 4 we address the
importance of this tropical ocean response.

Fig. 2 shows the land-only zonally cold month
mean (CMM) temperatures from model output
plotted with CMM temperatures from fossil £ora
in North America and Australia (Greenwood and
Wing, 1995). The largest temperature increases
are in the winter hemisphere high latitudes, with
the greatest warming in the Arctic of 18‡C from
LoCO2 to HiCO2. Two cold continental interior
regions in North America and northeastern Asia

at V65^70‡N produce the lowest Northern Hemi-
sphere wintertime temperatures in the Mid- and
HiCO2 experiments, as cold as 313‡C in MidCO2
and 36‡C in HiCO2 (Fig. 2A).
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Fig. 2. Zonally averaged temperatures over land for (A) Jan-
uary and (B) July. Key: LoCO2 (solid line), MidCO2 (short-
dashed line), and HiCO2 (long-dashed line). The squares
(circles) are cold month mean temperature estimates for
coastal (inland) locations from Eocene £ora (Greenwood and
Wing, 1995). The triangle is from Basinger et al. (1994).
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Corfield and Norris (1996) and in the South Atlantic by Kennett
and Stott (1990).

There is some evidence from “aging” gradients of carbon
isotopes that deep water tended to form in the Southern Ocean
(e.g., Miller et al., 1987; Corfield and Norris, 1996). Because of
the potential for multiple equilibria our results do not rule out a
switch in modes whereby with the same initial conditions the
simulation might evolve to a state with sinking in the Southern

Ocean. In fact, the case beginning with LOGRAD initial condi-
tions (not discussed here in detail) produces deep convection in
the Southern Ocean, in addition to the NADW and Tethyan
sources. The climatic differences, including ocean heat transport
and surface temperature, between the two simulations is rela-
tively small with <1 °C temperature change over most of the
Earth and <0.1 PW over most of the oceans. The changes in deep
water formation may, however, be important in explaining iso-

42 M. Huber, L. Sloan, and C. Shellito

Figure 6. In A the compilation of Zachos et al. (1994) is used to estimate sea surface temperature (SST; circles) and compared with model pre-
dictions (blue triangles). A comparison of SST estimates with the Zachos et al. (1994) latitude dependent calculation of the isotopic composition
of seawater and with those recalculated using the salinity produced in this study, from empirical relationships between salinity and isotopic com-
position of seawater (described in text) is shown in B. The magnitude of the difference between these two estimates is used to create the error
bars in A, thus the error indicated is only that introduced by different assumptions about seawater oxygen isotopic gradients. C: Crossplot of
model predicted temperatures against proxy estimates of temperature incorporating the Zachos et al. (1994) isotopic composition of seawater
(circles) and those predicted in this study. A perfect model would produce values along the black diagonal. In D, mean annual temperature (MAT)
from terrestrial proxies are plotted against MAT from the model. The data are from compilations by Sloan and Barron (1992), Greenwood and
Wing (1995), Wilf (2000), Wing et al. (2000). The grey stippled zone represents the range of data in the latter two high-resolution studies and the
arrows represent the means of those studies.

MAT and CMM problems

Shellito, Sloan, Huber, 2003

Huber, Sloan, Shellito, 2003
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• No evidence for increased 
ocean heat transport to 
account for small gradients, 
even with closed ocean 
gateways

• More than a 3-fold increase in 
ocean heat transport is 
necessary to reproduce small 
equator-to-pole temperature 
gradient

• Perhaps the data can be 
reinterpreted to high tropical 
temperatures and slightly 
cooler ones at the poles

Huber et al., 2004
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FIRST EOCENE SIMULATIONS TO APPROACH MIDDLE EOCENE CONDITIONS
HUBER IN PREP
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temperature change for 5 
doublings

REALLY HOT
temperature hot enough to kill plants in 
tropics
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HOT MAT, HOT CMM
JUST PLAIN HOT, HOT, HOT
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Increased poleward heat transport (or something else?) 
now required (once again) by the data

•Models and theory have not produced strong latent feedbacks 
sufficient to maintain small equator-to-pole temperature gradients.

•Revisit the ocean heat transport argument

•Pursue Kerry Emanuel’s Tropical Cyclone--Ocean Heat Transport 
Hypothesis, which provides a mechanism for Mitch Lyle’s 1997 
ocean vertical mixing/climate hypothesis
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Simple climate model shows thresholded nonlinearity due 
to dramatic increases in ocean mixing/heat transport
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Thermohaline Circulation--Why does dense water rise?
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FIG. 4. (a) Internal thermocline thickness (arbitrary units) as a
function of vertical diffusivity, from a single-basin integration in
MOM. The circles refer to integrations with a standard wind forcing,
and the crosses refer to integrations with zero wind. The solid and
dashed lines are, respectively, proportional to and . (b) As for1/2 1/3k k! !

(a) but as obtained by numerical solutions of the similarity solution
(3.16).

FIG. 5. Upper panel: maximum meridional overturning circulation
in center of domain from a single basin integration in MOM with
wind forcing. The solid and dashed lines are, respectively, propor-
tional to and . Lower panel: results from a similar set of1/2 2/3k k! !

integrations but with no wind forcing.

modynamic equations. Possible scaling relationships
these equations imply are, respectively,

fV "T
# g$ (3.1)

D L

V WE# (3.2)
L D

V"T W "TE# . (3.3)
L D

In these equations WE is the imposed Ekman pumping
velocity, "T is the imposed meridional temperature dif-
ference across the thermocline, V is a horizontal velocity
scale, and D and L are vertical and horizontal length

scales, respectively (Fig. 2). The thermodynamic equa-
tion is assumed to be adiabatic, and the vertical velocity
in the thermodynamic and mass continuity equations is
assumed to be the Ekman pumping velocity WE. These
equations easily yield

1/2
2W fLE 1/2D # % W . (3.4)E! "g$"T

This scaling can be equivalently regarded as giving ei-
ther the depth of internal thermocline or the thickness
of the ventilated thermocline. To test this, a sequence
of experiments was performed with varying winds and
a constant vertical diffusivity of k! & 0.3 cm2 s'1. (Such
a value is small enough to give an unambiguous defi-
nition of the thermocline depth, yet large enough to
ensure absolutely steady results and reasonable equili-
bration times. Some tests were made with different val-
ues of diffusivity, and the dependence of depth on dif-

Case 1

dense to light water conversion

Mixing

Wind

Case 2

!1 !1

!2 !2

Figure 9: Sketch of the two extreme cases: “only diapycnal mixing” (case 1) and “only

wind driven upwelling” (case 2). The sketches represent highly simplified meridional sec-

tions, with NADW formation at the right (northern) end. The curved solid line indicates the

thermocline that separates denser (!1) from lighter (!2) waters. The circles indicate regions

of conversion of water masses. In the wind-driven case 2, the Southern Ocean westerly

winds are represented by a circle with a dot inside. Straight arrows indicate volume trans-

port, while the zig-zag arrow stands for downward heat flux due to diapycnal mixing.

66

Figures 11 and 12 should appear together on one page.

Figure 11: Schema of the AMOC. The two cells, AABW and NADW, are driven by both

diapycnal mixing and wind-driven upwelling. Above the leves of NADW are the lighter

Intermediate Waters (IW). Bold lines indicate isopycnal surfaces, numbers the respective

neutral densities. The neutral density differs only slightly from the potential density but

represents isopycnal motions more precisely. See Fig. 12 for the observed position of the

isopycnals. Other symbols are the same as in Fig. 9. For the AABW cell, the dense-to-

light conversion occurs at depth, through diapycnal mixing only. For the NADW cell, the

dense-to-light conversion happens at depth as well as at the surface. For both cells, the

light-to-dense conversion is due to buoyancy fluxes and entrainment at high latitudes. The

choice of the isopycnals is the same as Fig. 13 in Sloyan and Rintoul (2001a).

68

Meridional overturning streamfunction strong function of 
vertical diffusion

Vallis, 2000

Kulbrodht et al, 
2007
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Kulhbrodt et al., 2007
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Maximum Potential Intensity as a 
function of SST (Emanuel, 1987)

Warmer water = more intense storms
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Will global warming 
lead cyclones with 
stronger winds?

All models show increased 
maximum wind speeds

adapted from Knutson, 2005
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Tropical Cyclone Power Dissipation

A measure of the potential destructiveness of a tropical cyclone based 
on integrated surface wind speed

PD has units of Joules and represents the total amount of energy dissipated over the 
lifetime of a tropical cyclone.

CD - surface drag coeffiecient 
 -  surface air density 

|V| - magnitude of the surface wind  

PD = 2!

! !

0

! r0

0
Cd"|V 3|r dr dt
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Measures of tropical cyclone activity:

Simplified “Power Dissipation Index”:

courtesy of K. Emanuel
courtesy of K. Emanuel
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Emanuel (05) approximates the Power Dissipation (PD) as the Power Dissipation Index (PDI):

Vmax is the maximum sustained winds at 10 meters and the area integral 
is avoided.  

PDI !
! !

0
|Vmax|3 dt

Implementation of high-resolution ERA-40 global winds (1.125x1.125 degrees, 4 times 
daily) allows us to calculate PD more explicitly:

The product      is assumed constant and now the geometric dimensions of the 
storm are included in the integral.

Cd!

PD ! 2!Cd"

! !

0

! r0

0
|V 3|r dr dt
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Trends in Power Dissipation (PD) 
quantities for the ERA40 project period , 
1958-2001.

Key Points:

- PDI is a good approximation for PD.

- TC records for the Atlantic and western 
Pacific are adequate indicators for 
global TC activity.

Sriver and Huber, GRL, 2006

PDI !
! !

0
|Vmax|3 dt

PD ! 2!Cd"

! !

0

! r0

0
|V 3|r dr dt
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0.25 degree C increase in mean annual tropical temperature may lead to a ~ 80% increase in 
tropical cyclone integrated intensity

Higher temperatures => higher integrated TC  intensity->MOC increase
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explosively deepened and were more closely correlated with the ocean heat content (OHC) 

variations (and deep isotherms) than with the sea-surface temperatures (SST) distributions, 

which were essentially flat and exceeded 30
o
C over most of the region with slight warming 

along the northern GOM shelf. By contrast, the OHC and 26
o
C isotherm depths indicated 

the LC and its deep warm layers as it was in the process of shedding a mesoscale warm 

core ring (WCR) in August and September 2005. A cold core ring (CCR) that advected 

cyclonically around the shed WCR may have helped weaken Rita before landfall. Walker 

et al. (2005) also found that Hurricane Ivan may have encountered a CCR prior to landfall. 

These studies point to the importance of initializing coupled ocean-hurricane models with 

realistic warm and cold ocean features. 

 

 

 

Figure 1.3.1 a) Tropical 

cyclone image and b) 

schematic of the physical 

processes forced by hurricane 

winds such as shear-induced 

mixing and OML deepening, 

upwelling due to transport 

away from the center, and 

surface heat fluxes from the 

ocean to the atmosphere, all 

of which may contribute to 

ocean cooling during TC 

passage (from Shay 2001). 

 

 

As shown in Figure 1.3.1b, upper-ocean mixing and cooling are a strong function of forced 

near-inertial current shears that reduce the Richardson numbers below criticality, which 

induces entrainment mixing (Price 1981; Schade and Emanuel 1999; Shay 2001; D’Asaro 

2003; Jacob and Shay 2003). The contributions to the heat and mass budgets by shear-

driven entrainment heat fluxes across the ocean mixed layer (OML) base are 60 to 85%, 

surface heat fluxes are between 5 to 15%, and horizontal advection by ocean currents are 5 

to 15 % (Price et al. 1994; Jacob et al. 2000). All of these processes impact the SST and 

OHC variability. In addition, wind-driven upwelling of the isotherms due to net upper 

ocean transport away from the storm modulate the shear-induced (S) ocean mixing events 

by an upward transport of cooler water from the thermocline. This transport increases the 

buoyancy frequency (N), which tends to keep the Richardson number above criticality. In 

the LC and WCR regimes with deep, warm thermal layers, cooling induced by these 

physical processes (Fig. 1) is considerably less as much greater turbulent-induced mixing 

by the current shear is required to cool and deepen the OML (Shay et al. 2000, Uhlhorn 

 2

Dynamic response of 
the upper ocean to 
tropical cyclone winds 

• Extreme surface wind forcing 
can excite the background 
wave field

• - generating near-inertial 
internal gravity waves

• - producing geostrophic 
currents 

• - leading to baroclinic ridges 
from elevated isopycnals

• Entrainment fluxes at the base 
of the mixed layer account for 
60-85% of upper ocean 
cyclone-induced cooling. 
(Jacob et al., 2000; Shay, 2006) Shay, 2006
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Penetration depth of mixing and energetics of geostrophic currents

L

Rn

Rn =
cn

f

Fr =
Uh

cn

Uh

L

Froude #

Aspect ratio

- translational speed of storm

- speed of normal mode (n) long gravity waves

- horizontal length scale of storm

- radius of deformation

cn =
!

gH
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Fr =
Uh

cn

L

Rn

Slow moving storms, 

Produce more energetic geostrophic response and larger values of       , 
causing deeper penetration of mixing and elevated isopycnals.

L

Rn

Fast moving storms, 

More energy is supplied to the near-inertial wave field and less to 
geostrophic currents.

Fr ! 1

Fr ! 1

- Orlanski and Polinsky, 1983
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Excitation of inertial waves

Zedler et al., 2002

Hurricane Felix 1995

Vertical profiles of horizontal 
velocities prior to, during, and after 
passage of storm from observations 
and model results.

Observations are from the Bermuda 
testbed mooring site (denoted in plots 
by thick black line).

Surface wind forcing excites the 
background wave field producing a 
near-inertial response. 
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Black et al. 2007
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In addition to generating near-inertial gravity waves, 
TCs generate geostrophic ocean currents.

The geostrophic response of  the upper ocean to TC-
wind forcing is divergent flow.

Cyclonic forcing by the atmosphere => anticyclonic 
response by the ocean

x

y

 

Ocean response

Wind stress
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In addition to generating near-inertial gravity waves, 
TCs generate geostrophic ocean currents.

The geostrophic response of  the upper ocean to TC-
wind forcing is divergent flow.

Cyclonic forcing by the atmosphere => anticyclonic 
response by the ocean

x

y

 

Ocean response

Wind stress
 

 

 

z

x
surface of constant density

Divergence leads to upward deflection of 
isopycnals 

=> upwelling of cold water from within 
thermocline.

Uplift of isopycnals (or the change in mixed layer 
depth) may be up to 100 meters.
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B•Tropical cyclones induce strong 
‘cold wakes’ via vertical mixing 
upwards of colder denser water 
from below

•This vertical mixing is hypothesized 
to drive the meridional overturning 
circulation of the ocean and ocean 
heat transport

•This process may represent the 
ocean’s ‘missing mixing’ and it 
may be--itself--a function of 
tropical temperatures

The TC-OHT Hypothesis 
(Emanuel, 2002)
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Hurricanes of 2005

NASA SVS
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Observations and model results for Hurricane Felix, 2001

Deepened mixed layer leads to anomalous warming within the 
thermocline.

Figures from Zedler et al., 2002

cooling restored must be 
climatology

net warming?Deepening of 
mixed layer

Cooled 
mixed layer

If mixed layer is restored to climatology by
surface fluxes, then column integrated heating must represent a 
net poleward heat flux in steady state. 40
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Tropical cyclones mix the upper ocean--causing cooling and plankton 
blooms (~30% of new production in the oligotrophic gyres)

Lin et al., GRL 2003
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Surface cooling and estimated effective vertical diffusivity
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TC-induced OHC anomalies and tropical SST

ERA-40 derived, low pass filtered time 
series of TC-induced OHC anomalies 
(Red line) and mean annual tropical SST 
(Black line).
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TC-induced OHC anomalies and tropical SST

ERA-40 derived, low pass filtered time 
series of TC-induced OHC anomalies 
(Red line) and mean annual tropical SST 
(Black line).

TC-induced OHC anomalies appear to be 
extremely sensitive to changes in tropical SST.

0.25 C increase in tropical SST
=> more than a doubling of TC-induced OHC 
anomalies. 1 10
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Vertical Diffusivity and SST
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Vertical Diffusivity and SST

•Agreement suggests 
all upper ocean 
vertical mixing in the 
tropics is due to TCs.

•In each location, all 
annual mixing in 
upper tropical oceans 
occurs during 1-2 TC 
events.0
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Satellite (TMI) derived SST (top) 
and Power Dissipation(bottom)

Sriver et al, submitted

TMI SST

TMI PD

3.5°-3.5°

0 J/m^2*10^6 2.6 J/m^2*10^6
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Figure 1

A.

B.

W/m2

Satellite (TMI) derived SST (top) 
and Power Dissipation(bottom)

Sriver et al, submitted

TMI SST

TMI PD

3.5°-3.5°

0 J/m^2*10^6 2.6 J/m^2*10^6
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Mixed layer depth depression 
(top) and effective vertical 

diffusivity (bottom)
Sriver et al, submitted

TMI MLDD

TMI Diffusivity

85 m0 m

0 cm^2/s 2.5 cm^2/s
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Figure 2

A.

B.

Mixed layer depth depression 
(top) and effective vertical 

diffusivity (bottom)
Sriver et al, submitted

TMI MLDD
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Figure 5

mean ohc [J]

Binned Analysis of per 
storm heat convergence

• We calculate the integrated 
OHC (magnitude of cold wake) 
for each tropical cyclone 

•  Each storm is put into a bin 
based on its integrated power 
dissipation

• The per storm OHC scales 
linearly with per storm PD.

• Interestingly, per storm PD 
scales linearly with the fraction 
of storms that reach Cat 3 in 
each bin

• In other words, it’s the strong 
storms that do the ‘heavy 
lifting’

Sriver et al, submitted
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•Vertical diffusivity is enhanced under 
regions with strong TCs.
•areas of warmest SST

•TC activity provides a physical 
mechanism for strong positive 
relationship between vertical diffusivity 
and SST.
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1.4 EJ

~3 TW

~.05 TW
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Effect of increased 
vertical diffusion on 
surface temperature
• Increased vertical mixing 

causes cooling of tropics 
and warming of high 
latitudes

• Global mean temperature 
increases by 1.7°C

• can explain low gradient 
paradox and add extra 
global mean sensitivity in a 
warmer world
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Effect of Increased 
vertical diffusivity on 
ocean heat transport

• A five-fold increase in diffusivity 
leads to >doubling of OHT.
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with some more work we can either resolve this 
process or stochastically parameterize it!
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GNS 
Science
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CBEP 2009: January, Wellington, New 
Zealand

World’s leading paleobotanists, palynologists, 
micropaleontologists, vertebrate paleontologists, 
stratigraphers, sedimentologists, geochemists, 

paleomagnetists, paleoceanographers, 
climate modellers 

understanding climate dynamics and biotic 
response 

in a greenhouse world
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