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microalgae as extracellular carbohydrates that appar-
ently tightly coupled to heterotrophic dynamics. Sed-
imentary organic carbon utilization by benthic con-
sumers is strictly influenced by its biochemical compo-
sition mainly consisting of proteins followed by lipids
and water-soluble carbohydrates. Potential organic

carbon (OC) turnover is generally rapid (7-14 d−1)
suggesting freshly produced material to the sea floor.
The faster turnover times corresponde to greater DOC
benthic efflux confirming an efficient bacterial decom-
position. On the other hand, vertical fluxes provide
very low OC inputs that cannot explain the values of
benthic production observed. The microphytobenthic
production is a potentially important alternative OC
source for benthic consumers. Total autochthonous
production however is unable to sustain the benthic
community metabolism neither in net photoautotro-
phy conditions therefore important allochthonous in-
puts (i.e. material brought from the river or by lateral
advection) must be present.
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The Cenozoic contains a rich record of climate
change, including a cooling trend occurring over tens
of millions of years and a number of abrupt steps or
transitions. Observations suggest that the Late Cre-
taceous and Early Cenozoic deep ocean temperatures
were as high as 15 degrees C, a condition not to be
found subsequently. Transitions at key intervals, such
as the Paleocene/Eocene boundary, provide strong ev-
idence of large-scale changes in ocean circulation, its
biota and in indicators of the character of the atmo-
spheric circulation. The development of continental
scale glaciation coincides with significant changes in
the character and intensity of the ocean circulation.
The mechanisms responsible for the cooling trend re-
main the subject of intense debate, but the role of
the ocean is central in the majority of the hypotheses.
This introduction provides an overview of the model-
ing efforts designed to simulate the global change in
response to the evolution of the Earths surface since
the Cretaceous. Three factors are considered: (1) Both
land-sea distribution and the role of ocean gateways
are key elements of model studies and in hypotheses
of long-term climate change, (2) Carbon dioxide is be-
lieved to be a major contributor to the evolution of the
Earths temperature and carbon dioxide is likely to be
closely coupled to global tectonics. (3) Freshwater im-
pacts in high latitudes could accompany and strongly
influence cryosphere development during the Cenozoic
cooling trend. Recent computer simulations indicate
that these impacts could be an important element of
the long-term climate change. These studies empha-
size the role of the coupled ocean-atmosphere system
in transporting heat poleward and the role of changes
in continental configuration or freshwater inputs in al-
tering the nature of the ocean circulation.
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There is abundant geological evidence for warm,
mostly ice-free poles in ancient warm climate phases
such as in the Late Cretaceous and Paleogene peri-
ods. Two broad classes of explanation may account for
this, namely a more efficient system of atmospheric and
oceanic circulation and/or higher overall global tem-
peratures, possibly due to an enhanced greenhouse ef-
fect. Previous investigations of sea surface tempera-
tures (SSTs) in the tropics using the oxygen isotope

ratio of planktonic foraminifer shells have tended to
suggest relatively cool values (typically around 20 de-
grees or less), leading to the suggestion that a different
arrangement of ocean currents may have warmed the
poles while cooling the tropics. Such a climate system
has been difficult to model, however. This ”cool tropic
paradox” and has forced all investigators to recon-
sider their data. For example, it has long been known
that most planktonic foraminifer shells from deep-sea
cores are recrystallized on a micron scale, a process
that could potentially bias palaeotemperature measure-
ments toward ”cool” values. Recent investigation of
exceptionally well-preserved Cretaceous and Eocene as-
semblages from Tanzania and elsewhere suggests much
warmer temperatures than previously obtained (around
30 degrees or more). Furthermore, we have obtained
very large inter-species carbon isotope differentials be-
tween species, which is consistent with the idea that
the more normal recrystallized assemblages from deep
sea chalks are generally affected by a very substantial
diaagenetic overprint. The warm tropical SST values
we have measured are consistent with climate models
under enhanced greenhouse conditions and some other
proxy data from exceptionally well preserved carbon-
ates, and suggests that ancient warm climates may be
a better analogue for future global warming than gen-
erally believed.
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We will present results from a coupled atmosphere-
ocean climate model simulation of the Cretaceous. We
use the low resolution version of the latest Hadley Cen-
tre climate model. Realistic paleogeography, topogra-
phy, and bathymetry were used. Carbon dioxide con-
centrations were set to 4 x pre-industrial concentra-
tions. The ocean component was spun-up for 7000
years, and then run coupled to an atmosphere. The
model simulates a very warm ocean, with tropical sea
surface temperatures exceeding 33C in places. In addi-
tion, the deep ocean reaches temperatures in excess of
10C. The processes involved will be explained, and the
implications for the terrestrial and marine data will be
discussed.
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One mechanism by which the oceans have been pro-
posed to be important for understanding the nature of
past climates is through the impact of ocean circula-
tion changes on poleward heat transport. Ocean heat
transport has been especially implicated in attempts
to understand the presence of polar warmth and small
meridional thermal gradients found in the Early Pale-
ogene (65-40 Mya). We compiled datasets for topog-
raphy, bathymetry, and vegetation for early Paleogene
conditions and incorporated these in two simulations
of early Paleogene climate using the latest version of
NCARs CSM (v. 1.4), a fully coupled (ocean, atmo-
sphere, land surface, sea-ice) general circulation model.
The simulations were integrated for several thousand
years in the deep ocean. For the first time, Paleogene
climate has been simulated with a fully coupled model,
and atmospheric and ocean heat fluxes are predicted in
a self-consistent and coupled manner. Numerous dif-
ferences between the early Paleogene cases relative to
modern conditions, including the presence of a circum-
tropical seaway, the absence of an Antarctic Circumpo-
lar Current, and concentrations of carbon dioxide twice
pre-industrial values, have little effect on the general
pattern of poleward heat transport in the ocean or the
atmosphere. Sensitivity tests reveal that this predic-
tion is extremely robust with respect to changes in ini-
tial conditions and even to between-simulation differ-
ences in the general flow patterns. These results do not
support the role of major changes in ocean heat trans-
port as causing past global climate changes, although
support for regional climatic effects is found. Results

from previous studies that used uncoupled ocean mod-
els may need to be reexamined in light of these results.
These results challenge existing paradigms about the
role of ocean heat transport in past warm climates.
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The warm deep ocean during the Cretaceous (65–
130 Ma ago) has traditionally been explained by in-
creased poleward oceanic heat transport. However,
increased heat transport is difficult to explain in it-
self. It is unlikely that a heat transport far stronger
than today existed with reduced oceanic thermal con-
trasts, causing a weak meridional overturning in the
ocean. The presence of a warm, ice–free ocean during
the Mesozoic–Cenozoic time period thus presents the
most challenging problem in explaining of how a warm
polar climate with very small meridional and vertical
thermal gradients in the world ocean could be main-
tained by ocean circulation. Usually, atmospheric feed-
backs in conjunction with increased atmospheric con-
centrations of greenhouse gases are employed to explain
the warm equable Cretaceous–Eocene climate. The as-
sumption of equatorially symmetric high–latitude sea
surface temperatures is often used in atmospheric mod-
eling and implicitly in data interpretation. However,
no feasible physical mechanism – sea–water density de-
pends on both temperature and salinity – could main-
tain warm subpolar surface oceans in both hemispheres.
Our study exploits new interpretations of the geo-
logic record as well as results of paleoclimate model-
ing, which indicates that the southern subpolar ocean
was warmer than the northern oceans. We show that,
assuming an asymmetry in sea surface thermohaline
conditions between the Northern and Southern Hemi-
spheres, a warm deep ocean could coexist with a rela-
tively cool subpolar (high–latitude) sea surface in one
hemisphere and a warmer subpolar sea surface in an-
other hemisphere. The presence of a relatively cool
high–latitude sea surface in at least one hemisphere
is sufficient to drive the strong meridional overturn-
ing and corresponding poleward heat transport that
kept the abyssal ocean warm during the Cretaceous and
other warm–climate periods in geologic history.

URL: http://www.essc.psu.edu/∼bjhaupt
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Oxygen isotopic data from planktonic foraminifera
suggest that tropical sea-surface temperatures in the
Eocene, a time of high-latitude warmth, were cooler
than at present. This temperature distribution has
been difficult to explain by climate models invoking
high pCO2 or increased latitudinal heat transport. The
”cool tropics paradox” has lead authors to question the
fidelity of the planktonic foraminiferal isotopic record
and to propose diagenetic influences (Pearson et al.,
2001, Nature 413:481-487). To evaluate Eocene low-
latitude temperatures and Paleogene cooling, we pro-
duced isotopic records of seasonal temperature varia-
tion in serially-sampled mollusks from the U.S. Gulf
Coast (Mississippi, Alabama). We analyzed fossils from
ten stratigraphic units ranging in age from about 54 to
30 Ma. The depositional environment for all but two
units is confirmed as shallow based on foraminiferal as-
semblage and lithology. More than 2600 analyses were
performed on 51 specimens of the gastropods Conus,
Turritella, and Mesalia, and the bivalve Venericardia from
normal marine salinity waters. Deposition in normal
marine salinities is supported by carbon isotopic com-
positions.

Oxygen isotopic values increase roughly
1.5o/oofrom middle Eocene to early Oligocene and
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generally correlate with the benthic foraminiferal iso-
topic record. To determine paleotemperatures, we

estimated seawater δ18O from Lear et al. (2000, Sci-
ence, 287: 269-272) using the latitudinal correction of
Zachos et al. (1994, Paleoceanography 9:353-387). The
isotopic records show a warm early Eocene tropical
climate (mean annual temperature = 26-27 oC) with
a seasonal temperature range (seasonality) of about 6
oC, followed by cooling and an Oligocene paratropical
climate (22-23 oC) with a seasonality of about 8 oC.
These results are generally consistent with paleob-
otanical data, but suggest that seasonality increased
at least sporadically prior to the Eocene-Oligocene
boundary. The warm Eocene temperatures and cooling
trends, with more significant winter cooling (5 oC)
than summer cooling (3 oC), support the contention
that atmospheric CO2 change was a major factor
controlling Paleogene climate change.
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The role of ocean circulation in maintaining warm
climates remains one of the outstanding questions in
paleoclimatology. This debate has focused largely on
the mode of the deep circulation during warm climates.
However, feedbacks between the surface ocean and at-
mosphere cannot be overlooked. As exemplified by the
modern ENSO phenomenon, relatively small surface
ocean perturbations can have a powerful influence on
atmospheric circulation and the transports of sensible
and latent heat. The narrowing of the Pacific Ocean
over the last 100 million years almost certainly yielded
much larger changes in the surface climate of the ocean
than that caused by ENSO variability.

To explore this topic, a series of Cretaceous simu-
lations has been completed using the Fast Ocean At-
mosphere Model, a fully coupled general circulation
model. The Cretaceous simulations include paleogeog-
raphy for 100 Ma, elevated atmospheric CO2 concentra-
tions (1380 ppm), and a reduced solar luminosity (99%
of modern). The Cretaceous experiments were run in
fully coupled and uncoupled modes. (In the uncoupled
mode, a simple slab ocean model is used as the lower
boundary condition to the atmospheric model.) These
experiments will be compared to demonstrate the ef-
fect of dynamic oceanic circulation on the Cretaceous
atmospheric circulation. Preliminary results indicate
that feedbacks between the ocean and atmosphere play
an important role in the maintenance of a warm Cre-
taceous climate. It is hypothesized that changes in the
ocean-atmosphere feedbacks may have contributed to
the Cenozoic cooling trend of the last 55 million years.
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Benthic foraminiferal δ18O data from sediment
cores of the deep Nordic seas were investigated, in
combination with proxy records of carbonate content,
iceberg-rafted debris (IRD), and planktic foraminiferal

δ18O, to reconstruct and interpret some major ocean
changes in this climatically sensitive region over the
last 5 climate cycles. In particular, complete inter-
glacial cycles were studied in more detail, i.e., time
intervals that always include a glacial maximum, the
ensuing peak warm period, and the inception of glacial
conditions. Marine isotope stages (MIS) 11, 5e, and 1
have been identified as the three most pronounced in-
terglacial periods. Of the three glaciations (MIS 12, 6,
2) that preceded these warm climate intervals, MIS 12
is recognized as the one when ice volume was largest
and, consequently, sea level lowest. Of all peak inter-
glacial periods studied, MIS 5e had the smallest ice vol-
ume whereas interglacial intervals MIS 11 and 1 show

similar δ18O values, indicating ice volumes and sea lev-
els of comparable magnitude. The early parts of the
interglacial-to-glacial transitions, which followed upon
the peak interglacial interval in MIS 11 and 5e, show

the first significant increase in benthic δ18O almost
time-coeval with a recurrence of IRD. A similar find-
ing is noted in the proxy records from the youngest
Holocene sediments. From this it may be concluded

that the present oceanic conditions in the Nordic seas
are in such a critical state that significant effects on
the thermohaline system cannot be precluded for the
time to come.
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Continuous well-dated records of oceanic change
over the last 5 Ma have been generated from cores
recovered by the Ocean Drilling Program from many
locations around the globe. Although a large-scale pic-
ture of conditions of some intervals within the Early
Pliocene warm period (from about 4.6 - 3.1 Ma) exists,
the transitions into and then out of this period to the
colder period of the Late Pliocene and Pleistocene have
only partially been described. The mechanisms of these
climate transitions can only be derived from comparing
records from high and low latitudes, and from shallow
and deep water. In this study we present new data
(mostly oxygen isotopes of foraminifera) from tropical
and sub-tropical regions in the context of data from
other regions. We find that the transition from cooler
conditions into the Pliocene warm period (at 4.6 Ma)
is marked by an increase in North Atlantic Deep Wa-
ter (NADW) formation and a reorganization of tropical
conditions (the initiation of an El Nino like state). The
transition out of the Pliocene warm period is marked by
an increase in global ice volume, a reduction in NADW,
and an increase in stratification of the North Pacific
Ocean. While the thermohaline circulation adjusts in
concert with ice sheet development, there is no signif-
icant change in low latitude conditions. The increase
in the amplitude of ice volume variability at this time
is linearly related to the insolation changes. There-
fore, the end of the warm period and the onset of larger
Northern Hemisphere glaciation at around 3.0 Ma ap-
pears to be part of a gradual trend rather than a pro-
nounced change in climate sensitivity. The most dra-
matic increase in the sensitivity of ice sheet response
to insolation forcing actually occurs at around 2.0 Ma
when a new state in the sub-tropics and in the tropics is
established. For example, Walker Circulation and sub-
tropical circulation that determines California margin
dynamics are intensified. These observations suggest
that low latitude conditions, with a marked change at
2.0 Ma, play a critical role in shaping climate sensitiv-
ity to insolation changes and thus, high frequency vari-
ability through the Plio-Pleistocene. The only way to
connect the events at the end of the Pliocene warm pe-
riod at 3.0 Ma to the pronounced change in low latitude
conditions at 2.0 Ma is to invoke a non-linear process
that links distant regions. We explore the idea that a
gradual change in the thermocline, and its non-linear
relationship to tropical SSTs, can explain the global
array of Pliocene observations.
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Existing general circulation modeling studies sug-
gest that, prior to the closure of the Panama isthmus,
low salinity Pacific ocean water invaded the Atlantic
Ocean via the associated gap between North and South
America. According to this scenario, the invasion de-
creased the Atlantic Ocean salinity to the point where
deep water formation was impossible and, consequently,
no conveyer belt movement was in action.

Using simple dynamical principles, analytical mod-
eling and process-oriented numerical experiments, it is
shown that one would normally expect a flow from the
Atlantic to the Pacific Ocean (rather than from the Pa-
cific to the Atlantic) through an open Panama isthmus.
An analogous present-day situation is that of the In-
donesian Throughflow which brings Pacific water to the
Indian Ocean rather than the other way around. The
direction of the flow in both situations is primarily de-
termined by the wind field to the east of the gaps.

On this basis it is suggested that if low salinity Pa-
cific water did in fact invade the Atlantic Ocean prior to

the closure of the Panama isthmus, then this invasion
took place via the Bering Strait rather than through
the open Panama Isthmus.
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The temperature T of a black or gray body orbiting
the Sun can be expressed in terms of spherical harmon-
ics in latitude and longitude, its Keplerian orbital ele-
ments, and a variable describing rotation about its axis.
Assuming that the Earth is a gray body, the resulting
equation for T exhibits previously unrecognized odd-
degree zonal terms dubbed Seversmith psychroterms.
They cause a hemispheric temperature gradient which
depends upon e sin w, where e is the orbital eccentricity
and w is the Suns argument of perihelion. The hemi-
sphere containing perihelion is the cooler. For a gray
body with the Earths average albedo of 0.3, an emissiv-
ity of unity, and an obliquity of 23.5 degrees, the pole-
to-pole temperature difference for the combined first
and third degree spherical harmonic psychroterms can
reach 3.4 K for the present eccentricity of 0.016, and
12.9 K for the maximum eccentricity of 0.06. While
a black body with its boiling hot subsolar point and
nights at absolute zero is a poor model for the Earth,
the Seversmith psychroterms survive in more realistic
models (although with smaller amplitudes) because the
Earth radiates nonlinearly in T. The psychroterms acts
in the direction opposite to the Milankovitch preces-
sion index, which also depends on e sin w: by warming
the cool northern summers, the psychroterms make it
harder for the traditional Milankovitch mechanism to
operate. It may in fact be the Seversmith psychroterms
which are actually responsible for the ice sheets which
cycle with e sin w, instead of the Milankovitch mecha-
nism. By cooling the southern hemisphere when peri-
helion is in the south, the psychroterms may somehow
cause the southern hemisphere to control the northern
ice sheets associated with the 19 kyr and 23 kyr periods
(kyr = kiloyear), possibly through ice-albedo feedback
in the sea-ice surrouding Antarctica.
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In the year 2001 there were three papers published
that reported an increase in the AOU in the upper ther-
mocline of the North Pacific Ocean between the 1980s
and 1990s (Watanabe, 2001; Ono, 2001; and Emerson
et al., 2001). I use a simple model of the atmosphere
and the upper equatorial - subtropical North Pacific
Ocean to demonstrate the sensitivity of the ocean and
atmosphere reservoirs of oxygen to changes in carbon
export or ocean circulation. The model cannot dis-
tinguish between an increase in carbon export and a
slow down in circulation as the cause of the increase in
AOU. Increases in the CFC-determined water mass age
on some of the reported transect reoccupations indicate
that the circulation has slowed between the 1980s and
1990s. Increases in the primary production and chloro-
phyll in the subtropical North Pacific suggest the car-
bon export may also have increased in this time inter-
val. While it is not presently possible to determine the
roles of changes in circulation and the biological pump
in causing the increase in AOU in the upper thermo-
cline, we know that the nutrient-depleted subtropical
upper ocean does not respond as a simple system in
which carbon export is limited by nutrient flux from
below. An increase in AOU in response to either a slow
down in circulation or an increase in the biological car-
bon pump suggests that circulation and carbon export
are uncoupled. The mechanisms causing the change in


