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3. STRAW MAN 1: A PRELIMINARY VIEW 
OF THE TROPICAL PACIFIC FROM A GLOBAL 
COUPLED CLIMATE MODEL SIMULATION 
OF THE EARLY PALEOGENE1

Matthew Huber2

ABSTRACT

A coupled ocean-atmosphere climate model is used to provide con-
crete predictions of climate properties and processes in the eastern trop-
ical Pacific during the early Paleogene in equilibrium with 560 ppm
pCO2. This climate model simulation provides estimates of upwelling,
temperature, current velocities, thermocline tilt, and salinity (indepen-
dent of climate proxy interpretations) to provide a framework for com-
parison with Leg 199 data. The simulated east-west temperature gradi-
ents are comparable, although somewhat (~2°C) stronger, to modern
temperature gradients, with vigorous upwelling in the eastern equato-
rial Pacific. Near-surface and intermediate-depth current structures are
extremely variable, both spatially and temporally, making generaliza-
tions about current directions and strengths difficult. A North Atlantic
water mass traveling through the open Panamanian Isthmus at inter-
mediate to deep levels in the equatorial Pacific provides a signal of
“young” water at depth at the location of Leg 199 sites. Estimates of
seawater and calcium carbonate oxygen isotopic compositions are also
made. Some implications of possible differences between findings based
on data from Leg 199 and this modeling study are briefly discussed.
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INTRODUCTION

It is not customary to perform paleoclimate modeling hand in hand
with data collection. The separation of data collection and modeling is
generally beneficial, but for this particular problem—characterizing the
tropics in a poorly understood time interval and clarifying the relation-
ship between the tropics and global climate—it is appropriate to make
an exception. This cruise and its companion (Ocean Drilling Program
[ODP] Leg 198 to Shatsky Rise) are not the first to collect data on the
early Paleogene tropical climate. Rather, these cruises returned to an-
swer questions that have plagued the early Paleogene community for al-
most two decades. It is important to note that climate models them-
selves have evolved recently. We can now make predictions that are
entirely independent of climate proxies because stable, fully coupled,
comprehensive (atmosphere-ocean-land surface-sea ice), and well-
validated climate models are now available. Results from these paleocli-
mate modeling studies allow us to construct a “straw man” for the sake
of clarifying the differences between what climate proxies tell us and
what, based on well-understood physical processes, we expect.

 The early Paleogene is usually characterized as having near-modern
(~25°C) tropical sea-surface temperatures (SSTs) and warm winters in
extratropical continental interiors. Together, these features have proven
difficult to reconcile with our current understanding of climate (Barron,
1987; Sloan and Barron, 1990; Wolfe, 1994; Zachos et al., 1994; Bral-
ower et al., 1995; Greenwood and Wing, 1995). Existing tropical SST re-
constructions may not, however, necessitate a fundamental rethinking
of climate dynamics because

1. The spatial distribution and temporal evolution of early Paleo-
gene tropical SSTs have not been clearly established (e.g., Crow-
ley and Zachos, 2000);

2. The little high-resolution proxy data collected suggest substan-
tial variability in early Paleogene tropical SSTs (Bralower et al.,
1995); and

3. The uncertainties in early Paleogene tropical SST proxy interpre-
tation are large (~2°–7°C) and potentially systematically biased
to cool values (Schrag, 1999; Huber and Sloan, 2000; Pearson et
al., 2001, and references therein).

WHY USE A STRAW MAN MODEL?

The most robust characterizations of paleoclimates are established
when multiple proxies are present for the same climate characteristic.
Where proxies disagree or multiple proxies are unavailable, as has been
the case for Paleogene tropical SSTs, the climatic interpretation be-
comes muddied. As exemplified by the debate over tropical SSTs at the
last glacial maximum, models or theory might shed some light, but
only the collection of more proxy records is likely to resolve the issue.
Nevertheless, great leaps in understanding occur only in situations in
which theories and models fail to match key data. This requires theories
and models that are independent of the data, to avoid circularity. This
is the special purpose of having a null hypothesis and a straw man
model.

In the past, it has been difficult to provide such a straw man because
climate models have required either a specified SST or heat flux distri-
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bution as input. Thus, attempts to answer the question of what main-
tains the temperature and heat flux distributions become entangled in
circular reasoning. In these models (summarized in DeConto et al.,
2000), the surface freshwater balance is also not given a self-consistent
treatment because realistic ocean-atmosphere interactions are not in-
cluded. Uncoupled modeling efforts have been hampered by the fact
that they must explicitly incorporate either assumptions based on mod-
ern-day relationships (e.g., modern ocean heat flux) or existing proxy-
derived data (e.g., fixed SSTs) into the model because of the lack of in-
teraction of the model components. Both approaches have deficiencies.
The first ignores the potential for very different conditions in the past.
The second raises issues of circularity in the experimental framework. In
addition, the potential for an inconsistency between the ocean and at-
mospheric implied circulations is a fundamental challenge to uncou-
pled modeling techniques (Huber et al., 2001). Model simulations that
do not treat atmosphere-ocean interaction or have a highly simplified
atmosphere (or ocean) cannot adequately address the magnitude of the
net surface energy and momentum fluxes because they do not properly
represent changes in wind, temperature, precipitation fields, current
structures, and modes of variability. 

Although it has its own deficiencies, a fully coupled general circula-
tion model (CGCM) permits us to avoid these pitfalls and provide a rel-
atively independent model to compare climate proxy interpretations
against. Fully coupled general circulation paleoclimate modeling is a
new and rapidly evolving field, so it is important to understand the ca-
veats. I discuss the difficulties and my methods in this paper, Huber and
Sloan (2001), and Huber et al. (in press).

Most CGCMs require “flux corrections” to maintain a stable steady-
state climate for modern conditions because of weaknesses in the
model formulation. Without these corrections, the modeled climate
drifts toward unrealistic values for important climate parameters. These
models are not convergent on a realistic climate state even for perfectly
known initial and boundary conditions and, consequently, cannot be
used for paleoclimate modeling in the deep past. It is critical, therefore,
to use a CGCM that does not require flux corrections for modern-day
climate conditions when attempting to model the early Paleogene. The
model used herein does not require flux corrections.

The model, the National Center for Atmospheric Research (NCAR)
Climate System Model (CSM), is described below and by Boville and
Gent (1998). The results presented here are produced with an updated
version, 1.4, described for a modern and a Cretaceous experiment in
Boville et al. (2001), Otto-Bliesner and Brady (2001), Otto-Bliesner et al.
(2002), Large et al. (2001), and briefly below. The atmospheric and land
models are Community Climate Model [CCM] 3.6 and Land Surface
Model [LSM] 1.2 at T31 (~3.75° by 3.75°) resolution. These are coupled
to NCAR’s Ocean Model and the Community Sea Ice Model. The latter
models are on a stretched grid with 0.9° equatorial and 1.8° high-lati-
tude meridional grid spacing; zonal resolution is 3.6°. The ocean model
is integrated with anisotropic horizontal viscosity (Large et al., 2001).
As described in the references above, the major differences from CSM
version 1 are (1) better-resolved tropical ocean circulations and ther-
mocline structure and (2) improvements in conservation properties of
flux coupler interpolation between component models. 

It is not sufficient, however, to use a CGCM to model the early Paleo-
gene ocean circulation; the model should be able to simulate tropical
ocean circulations and tropical atmosphere-ocean interactions such as
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the El Niño Southern Oscillation (ENSO). CSM version 1 has this capa-
bility (Large et al., 2001; Otto-Bliesner and Brady, 2001). Importantly,
this version incorporates very small values of vertical diffusion and an
implementation of anisotropic horizontal viscosity, providing excellent
resolution of tropical current systems. The paleoposition determined
during Leg 199 for the Paleogene suggests that it is the structure and
properties of the thin (100–300 km), vigorous (100 cm/s), and variable
eastward flowing North Equatorial Countercurrent (NECC) and North
Subsurface Countercurrent (NSCC) that are likely to be critical.

Today the Pacific NECC and Equatorial Undercurrent (EUC) are, on
average, vigorous eastward-flowing tropical currents, originating in the
western Pacific warm pool, set up by pressure gradients associated with
the across-Pacific thermocline tilt; the latitude of the NECC appears to
be related to the Intertropical Convergence Zone (ITCZ) (Donguy and
Meyers, 1996; Johnson et al., 2001, and references therein). These cur-
rents’ magnitudes are tied to that of the Walker cell, which is related to
the tilt of the thermocline (Rowe et al., 2000). The NSCC occurs at sev-
eral hundred meters depth between 4° and 8° latitude and is linked to
the 13°C thermostad in the eastern Pacific (Marin et al., 2000). As a
consequence of their intimate ocean-atmosphere coupling, these cur-
rents change strength and depth extensively over the course of seasonal
and ENSO cycles (Johnson et al., 2000). Overall, these currents usually
provide a broad region of relatively fresh eastward flow at depths be-
tween 100 and 400 m, which I refer to as the NECC/NSCC complex.
The dynamics of these currents were not well resolved in any previous
Paleogene ocean-modeling investigation. 

The details of the method developed to perform deep paleoclimate
CGCM integrations are described in Huber and Sloan (2001). The to-
pography and vegetation distributions used are described and exten-
sively referenced in Sewall et al. (2000). Description of how the initial
SST distributions were created can be found in Sloan et al. (2001). The
creation of a bathymetric data set for the early Paleogene began with
land-sea distributions created by Sewall et al. (2000), which were modi-
fications to those described in Sloan and Rea (1996). Those land-sea dis-
tributions were then remapped from the 2° × 2° distribution, described
in Sewall et al. (2000), to the stretched grid of the ocean model. Isoch-
ron maps created by Royer et al. (1992) were then used to identify the
paleolocations of Chron 25 and other late Paleocene–early Eocene iso-
chrons in order to constrain the location of mid-ocean ridges during
the early Paleogene. Further description of the creation of the bathyme-
try is found in Huber et al. (in press). The solar constant, orbital param-
eters, and all trace gas concentrations (excluding carbon dioxide) were
set at preindustrial values.

Early Paleogene climate proxies that might be used as initial condi-
tions for a modeling experiment are sparsely distributed in time and
space, have inherent uncertainties associated with them, and may not
constrain quantities that are important for climate modeling (e.g., sa-
linity). There is also a good deal of uncertainty in boundary conditions,
such as topographic or bathymetric reconstructions. I have preliminar-
ily assessed the sensitivity of my spin-up method to uncertainty in ba-
thymetry and initial conditions using an approach called “degradation”
(covered in Huber and Sloan, 2001, and Huber et al., submitted) and
demonstrated that there is little sensitivity to these features. Beginning
with zonally constant ocean temperatures close to the proxy estimates
of Zachos et al. (1994) for the early Eocene, the simulation has been in-
tegrated for over 3200 yr in the deep ocean with the accelerated, par-
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tially asynchronous spin-up described in Huber and Sloan (2001). The
simulation was then integrated in fully coupled mode for an additional
150 yr; averages over the last 50 yr are described herein. Trends in tem-
perature and salinity were negligible (similar to values in Huber and
Sloan, 2001). The tropical ocean properties produced in the simulation
described here are nearly identical to those produced in the Huber and
Sloan (2001) study despite the fact that the specified initial SST distribu-
tions were 4° cooler at low latitudes and 4° warmer at high latitudes,
and deep ocean temperatures were 4° warmer than in the former study.
This demonstrates that the modeling framework used here is robust.

RESULTS

NCAR’s CSM has been used to simulate early Paleogene climate with
realistic boundary conditions including 560 ppm pCO2. At ~3500 m
depth in the Pacific, temperatures are ~8°C, which is much warmer
than modern values but in the cooler end of the range of values pre-
dicted from benthic foraminiferal calcite (closer to middle Eocene val-
ues). The meridional SST gradient within 30° of the equator is very sim-
ilar to the modern value. The meridional SST gradient is much smaller
than the modern one in the extratropical regions, which is consistent
with the phenomenon of high-latitude amplification noted in many
previous climate-change studies. Although the mean state of the simu-
lation shows a strong Walker cell and associated warm pool (cold-
tongue structure), the tropics do not collapse onto a steady La Niña or
ENSO mode, and the ITCZ in the eastern Pacific is in approximately the
same location as it is today. 

To set up the context of this simulation, the annual average global
upwelling distribution and Pacific Ocean current vectors at ~100 m
depth are shown in Figure F1. There is clearly a large body of upwelled
water in the eastern Pacific, and westward spanning tongues of up-
welled water associated with the equator, the ITCZ in the Northern
Hemisphere, and a probably spurious southern branch associated with
a southern ITCZ. This latter feature is further discussed below. The cur-
rent structure clearly reveals vigorous NECC and EUC currents as well
as the larger-scale gyre structures throughout the Pacific (Fig. F1). 

The net freshwater flux distribution is close to modern distributions;
the locations of net precipitation (i.e., the ITCZ and warm pool and
South Pacific Convergence Zone [SPCZ]) are at near-modern locations
and magnitudes (top of Fig. F2). The seasonal cycle of net freshwater
flux at 115°W (bottom of Fig. F2) is similar to that produced by the cou-
pled models for modern day, as well as being close to observed values
with the exception of a brief period (April–May) when the ITCZ is
placed south of the equator.

In Figure F3, quantities are averaged through the upper 30 m of the
model, which corresponds roughly to the Ekman layer and the mixed-
layer depth. In Figure F3A, annual average temperature, salinity, and
currents in this layer are shown. There is a large east-west gradient in
Ekman layer temperature (7°C) along the equator, and the warm pool is
displaced southward in the west. A tongue of warm (30°C) water is dis-
placed north of the equator in the east. Salinity gradients are predomi-
nately zonal (east-west), and low salinity values are largely associated
with the precipitation in the warm pool. The currents in this layer are
very similar to those observed today and are quite vigorous (~30 cm/s). 
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welling into the thermocline, 
p. 14.
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Because of current and upwelling variability over the seasonal cycle,
there is an impressive degree of seasonal variation in temperature, salin-
ity, and flow streamlines, despite the fact that the tropics are sometimes
considered homogenous (e.g., Barron, 1995). I will mostly discuss and
contrast the seasonal extremes which in the tropics are approximately
April-May-June (AMJ) and October-November-December (OND). In
AMJ, the western Pacific warm pool is at its extreme in terms of temper-
ature and southward displacement and there is substantial cross-
equatorial transport in both the east and west Pacific in the Ekman
layer (Fig. F3B). During OND, flow is much more zonal and vigorous
(Fig. F3), and upwelling of cold water in the eastern Pacific and a North-
ern Hemisphere ITCZ is best developed (Fig. F3C). 

In Figure F3D, annual average upwelling, streamlines of the flow,
and an estimate of seawater δ18O (hereafter δw) are plotted. The δw distri-
bution in Figure F3D is calculated from the empirical relation between
seawater salinity and δw proposed by Fairbanks et al. (1997) for the
equatorial region. Fortunately, this modern correlation is (1) excellent
(R2 = 0.92), (2) was developed for this specific region, and (3) is accurate
for the kind of variations in temperature and precipitation that occur in
this region over ENSO cycles. In keeping with the model-produced sa-
linity distribution, the calculated δw shows little meridional variation;
therefore, there should be little need to correct for δw variations along
the tropical transect when foraminiferal oxygen isotope ratios derived
from Leg 199 are eventually processed (provided suitable foraminifers
are found). 

The streamlines in Figure F3D highlight the overall current structure
(de-emphasizing the current strength) and show the correspondence
between gyres and expected upwelling (both are a result of the Ekman
transport divergence). The mean annual depth of the 24°C isotherm,
which corresponds to the mid- to upper thermocline in this simulation,
shows the same east-west tilt characteristic of the present and a similar
seasonal cycle of this quantity as produced in a modern-day simulation
along the equator (Fig. F3E, F3F, F3G). The relationship between the
thermocline distribution and the upwelling distribution is clear, and
thermocline depth can therefore be considered an indicator in the sim-
ulation of upwelling changes as well (Fig. F3E, F3F, F3G).

Since this simulation is meant to be a straw man, I have made a pre-
diction of the δ18O ratio that should be expected from two different
depth levels, mixed-layer dwellers (top of Fig. F3H), and above-
thermocline dwellers (bottom of Fig. F3H) based on these model results
(hereafter δc). To do this, I used the calculated δw and model-predicted
temperatures and inverted the Bemis et al. (1998) temperature (δc – δw)
to produce an estimated relation for δc (in a manner similar to Schmidt,
1999). I chose the Bemis et al. (1998) equation as the estimator for two
reasons. Most importantly, this relation produces the same results as
the commonly used Erez and Luz (1983) relationship within this tem-
perature range, so my results are directly comparable to previous proxy
data studies. Secondly, because the relationship is linear and has the
same slope as their equation, it is simple to immediately assess the pos-
sible effects of different light levels (and possibly alkalinity) and depth
habits by subtracting 0.333 from the values here. It is clear that the pre-
dicted values show substantial structure and variability, which remain
to be tested against data. Importantly, these results indicate that the
vast majority of the signal recorded by foraminiferal δc in this region is
due to temperature variations and not salinity (δw) variations. Addition-
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ally, depth habit will be a crucial factor to constrain, as it generates vari-
ations in predicted δc of over 1.0‰. More details on that issue follow in
the discussion of the meridional transects.

As shown in the annual averages in Figure F4A, at a mean depth of
~100 m, upwelling in the east is associated with cool temperatures and
the downward-dipping thermocline in the west (Fig. F3G) is associated
with warm temperatures. At this level, the EUC is still quite vigorous
(20 cm/s). Over the seasonal cycle, there are large changes in the magni-
tude of the EUC and NECC/NSCC complex (Fig. F4B, F4C).

In the region below the upper thermocline (190–550 m), where the
seasonal cycle is less evident (not shown), the tracer properties are rela-
tively homogenous (12°C; 34.6 ppt), but the current shows interesting
structure (Fig. F5). The presence of a deep NECC dominates the deep
tropics and is responsible for transport water from the western Pacific
north and eastward at 3 cm/s. This pattern is pronounced in deeper wa-
ters (900–2000 m) (Fig. F6), where variations in temperature and salin-
ity are due to the deep and vigorous (1 cm/s) NECC.

In keeping with the straw man approach, specific predictions are pre-
sented in Figure F7 to be tested against the results of Leg 199. This fig-
ure presents a transect along 115°W from 15°S to 20°N of the seasonal
extremes of east-west (zonal) velocity and temperature and my estimate
of δc. Upwelling clearly plays an important role within 4° of the equa-
tor. Similarly, the importance of zonal advection of plankton and water
mass properties from the warm pool or from the Atlantic must not be
neglected. As this figure shows, the currents are extremely vigorous and
variable. Again, it should be noted that the structure of the results
south of ~5°S is probably spurious given the fact this model (and all
CGCMs) produce a spurious Southern Hemisphere ITCZ. This makes it
likely that the currents and water mass properties in that region are not
correct in the simulations of the past. Not clearly visible on Figure F7 is
that fact that benthic conditions at 115°W may reflect input of a
“young” Atlantic water mass entering into tropical current systems via
the Panamanian Seaway (Huber and Sloan, 2001; Huber et al., submit-
ted).

DISCUSSION AND SUMMARY

The properties predicted by this simulation are probably incorrect in
a number of respects, but this section will not be used to hedge and
stipulate because that would be counter to the goal of having a straw
man. It is where the model and data meaningfully disagree that the
most new information will be learned. I will discuss the most likely
weaknesses and strengths of the model and some ways in which the
model predictions might be compared productively with the climate
proxies and the arguments embodied in the Leg 199 drilling proposal
and the “Leg 199 Scientific Prospectus.”

The most important weakness of this model and all CGCMs is the
tendency to have a split ITCZ, that is, an overly strong Southern Hemi-
sphere ITCZ in the central and eastern Pacific. In the modern day, the
Northern Hemisphere preference of the ITCZ leads to a cross-equatorial
asymmetry in flow and water mass properties, with a strong NECC but
no substantial SECC in the eastern Pacific. The atmospheric GCM used
in this study accurately reproduces the ITCZ position and seasonal
movement when driven by modern SSTs. It has been proposed that the
bias in the coupled simulation is due to some error in the feedback be-
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tween the ocean currents, upwelling, stratus clouds, and wind fields in
the eastern Pacific (more below).

This brings us to an important point, with regard to both the defi-
ciency of CGCMS in modeling the eastern Pacific ITCZ and an underly-
ing assumption in the Leg 199 drilling proposal. The theory, widely
used in the Leg 199 drilling proposal and the “Leg 199 Scientific Pro-
spectus,” postulates that the Northern Hemisphere preference for the
ITCZ is due to the larger land area in the Northern Hemisphere, which
drags the “thermal equator” across the geographic equator (espoused
originally by Flohn, 1981). The theory that the ITCZ responds to hemi-
sphere-wide land-sea fraction differences is not currently accepted by
the climate community and may not be the best conceptual model for
paleoclimate investigations either. 

In fact, there is no general theory that is completely successful in ex-
plaining the location of the ITCZ. Current work on this subject, exem-
plified by “Why is the ITCZ Mostly North of the Equator” (Philander et
al., 1996), takes into account the fact that the Northern Hemisphere
preference for the ITCZ is a regional feature (i.e., in the eastern Pacific
and Atlantic) and caused by regional features. For example, the western
Pacific warm pool and the largely ignored South Pacific Convergence
Zone do not have a Northern Hemisphere preference. Thus, the key
question is, “What sets the location of the ITCZ in the eastern Pacific?”

Although no full explanation currently exists, the orientation of the
coast of South and Central America with respect to the western Pacific
warm pool appears to be very important because of the impact of feed-
back involving near-coastal wind-driven upwelling and downwelling.
As summarized in Thuburn and Sutton (2000), the asymmetries thus
created are enhanced by and, in turn, enhance the regional warming of
the ocean north of the equator and ocean cooling south of the equator.
Some role for the Central American summer monsoon has also been
suggested (Mitchell and Wallace, 1992). Stratus cloud albedo feedback
further enhances the cross-equatorial temperature gradient and associ-
ated large-scale circulation patterns. Because of the complexity of the
feedback and the fact that we still do not have a full theory for the
ITCZ, CGCMs do not reproduce the seasonal cycle of the ITCZ in the
eastern Pacific correctly. These factors are just as likely to have con-
trolled the eastern Pacific ITCZ behavior in the past as they do today.
Indeed, there is support for such linkages already in the early Neogene
record (Tsuchi, 1997). Hopefully, a major contribution of Leg 199 will
be in increasing our understanding of these ITCZ processes, but that re-
quires dealing with all of the possible factors involved.

In a related vein, although frequent attempts have been made, there
is some difficulty in attributing a special relationship between the loca-
tion of the ITCZ and a sediment bulge. This difficulty becomes espe-
cially apparent when trying to make specific predictions about the
proxy record from a quantitative climate model, as I do in Figure F7.
Clearly, there are many aspects of productivity and accumulation and
their relationship to ocean circulation that are still poorly understood
(e.g., Ragueneau et al., 2000; Friedrichs and Hofmann, 2001), and these
present practical difficulties but also exciting opportunities for Leg 199
researchers. However, there are specific questions about variations in
accumulation rates in the Pacific that may need to be considered. Today
there is enhanced sedimentation at the equator in the western Pacific
warm pool (Higgins et al., 1999; Broecker et al., 1999), which is very
poorly understood, and it raises questions about our understanding, in
general, of the mechanisms that might focus (or unfocus) sediment in
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the equatorial Pacific, even in the absence of an ITCZ. Furthermore, the
presence of enhanced accumulation rates at the equator in the western
and central Pacific during much of the Cretaceous (Ogg et al., 1992)
(another extreme “greenhouse” climate interval) is difficult to reconcile
with the conceptual picture laid out in the Leg 199 drilling proposal
and the “Leg 199 Scientific Prospectus.” It should also be remembered
that the warm pool is also a region of productivity and upwelling (al-
though the upwelling arrives at a deeper level [Helber and Weisberg,
2001]).

In general, the model results do not predict dramatic changes in the
major features of the tropical ocean or atmosphere circulation in equi-
librium with realistic early Paleogene conditions. It should also be ac-
knowledged that the winter-season extratropical continental tempera-
tures are colder than terrestrial proxies, so the simulation does not
reproduce “equable climates.” Other model results indicate ~2000 ppm
pCO2 would be required to produce equable climates, although mean
tropical SSTs would then be at or above 34°C (C.J. Shellito, L.C. Sloan,
and M. Huber, unpubl. data). 

The fact that simulated equator-to-pole and surface-to-deep tempera-
ture gradients are substantially less than modern gradients has little im-
pact on the results shown here because the tropical thermocline, ITCZ
precipitation, and tropical wind fields are all controlled by the tropical–
subtropical temperature gradient (Huber and Sloan, 2000). The tropi-
cal–subtropical meridional temperature gradient produced by the simu-
lation is very close to modern (e.g., Huber and Sloan, 2001). There are,
however, many important regional features of the eastern Pacific that
would have been difficult to predict without the modeling framework
used in this study. According to the model, the mean location of the
ITCZ should be in about the same place as today, as should the major
upwelling regions. The seasonal cycles of temperature, precipitation,
and current variations are similar to those simulated for today but with
potentially important second-order differences, including somewhat
broader seasonal swings of these characteristics (~3° of latitude) and a
stronger Walker cell. Thus, on a seasonal basis, the region of upwelling
(and productivity?) is broader than in modern cases. If major differ-
ences are found between the model results presented here and the re-
sults of Legs 198 and 199, a unique opportunity might present itself for
understanding the failure of the model with regards to both key cli-
matic features.

It bears mentioning that the response of tropical circulations in
CGCMs to increased greenhouse gas concentrations (in modern-day
simulations) is still very sensitive to details of model parameterizations.
There is currently a significant debate as to whether or not increased
greenhouse-gas concentrations should lead to a mean state in the trop-
ics that bears more of a resemblance to La Niña or ENSO conditions or
whether there should be no change in the mean state at all (Cane et al.,
1997; Timmerman et al., 1999; Fedorov and Philander, 2000; Jin et al.,
2001). Although the simulation presented here produces a tropical sys-
tem that is similar to the modern system, it is slightly skewed toward a
permanent La Niña state. If the “correct” state is more skewed toward a
permanent ENSO state, as has been suggested by Sun (2000), Liu and
Huang (1997), and Fedorov and Philander (2000), the difference may be
noticeable in the Leg 199 results. The notable difference, according to
Sun (2000), Liu and Huang (1997), and Fedorov and Philander (2000),
is that the eastern equatorial upwelling zone should not exist in past
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warm climates. Instead, it should be replaced by a broad, warm, and
well-stratified region more similar to the warm pool of today.

If data from Leg 198 and 199 can either confirm or rule out the pres-
ence of a warm-pool cold-tongue (downwelling-upwelling) dichotomy
pattern in the Pacific, the impact on controversies in modern and fu-
ture climate change theories will be substantial. Romero et al. (2001)
present clear evidence from the early 1990s that ENSO largely controls
the temporal and spatial variability in export production in parts of the
Pacific, with up to 75% decreases in production during ENSO events
and a tendency for diatoms to be much more sensitive to such fluctua-
tions than radiolarians. On the face of things, it appears that the pat-
tern of extreme radiolarian productivity in the East Pacific (found dur-
ing Leg 199) is in keeping with the model results presented here,
contrary to prediction that there should be no thermocline tilt and
much reduced upwelling in past warm climates.
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Figure F1. Global land-sea distribution and annual average map of upwelling into the thermocline. Red =
regions of vigorous upwelling, green to blue = regions of weak upwelling, white = areas of mean down-
welling. Current streamlines at ~100 m are shown for the Pacific. All map views are projected on a Moll-
weide projection.
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Figure F2. Net freshwater flux (centimeters per month) (top) and the seasonal cycle at 115°W (bottom).
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Figure F3. Quantities averaged through the upper 30 m of the model, which correspond roughly to the
Ekman layer and the mixed layer depth (with exceptions as noted below). A. Annual average temperature
(top) and salinity and current vectors (centimeters per second) (bottom) in this layer. (Continued on next
seven pages.)
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Figure F3 (continued). B. AMJ average temperature and streamlines (top) and AMJ salinity and current vec-
tors (centimeters per second) (bottom) in the Ekman Layer (upper 30 m).
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Figure F3 (continued). C. OMD average temperature and streamlines (top) and OMD salinity and current
vectors (centimeters per second) (bottom) in the Ekman Layer (upper 30 m). 
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Figure F3 (continued). D. Annually averaged upwelling into the upper 30 m (Ekman Layer) (top) and
streamlines (bottom) are shown. Green to blue = regions of weak upwelling, white = areas of mean down-
welling. Estimated seawater δ18O‰ VMSO (Fairbanks et al., 1997)
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Figure F3 (continued). E. The mean annual depth (24°C isotherm) (top) and seasonal cycle of the ther-
mocline (bottom).
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Figure F3 (continued). F. Thermocline depth of the 24°C isotherm at 115°W.
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Figure F3 (continued). G. Transects of temperature along the equator at 5°S and 10°N for two seasons. AMJ
= April, May, June; OND = October, November, December.
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Figure F3 (continued). H. Estimated δc averaged annually, averaged in the upper 30 m (top), and averaged
between 60 to 160 m (bottom).
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Figure F4. A. The annual average temperature and streamlines (top) and salinity and current vectors (bot-
tom) for the thermocline layer (60–160 m). (Continued on next two pages.)
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Figure F4 (continued). B. AMJ temperature and streamlines (top) and AMJ salinity and current vectors
(bottom) at 60–160 m.
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Figure F4 (continued). C. OND temperature and streamlines (top) and OND salinity and current vectors
(bottom) at 60–160 m.
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Figure F5. The annual average of temperature and streamlines (top) and salinity and current vectors (bot-
tom) for 190–550 m.
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Figure F6. The annual average temperature and streamlines (top) and salinity and current vectors (bottom)
for 900–2000 m.
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Figure F7. A. The AMJ meridional transects along 115°W showing the east-west velocity (in centimeters per
second) (top) vs. seasonal average temperature and estimated δc‰ relative to Peedee Belemite (PDB) (bot-
tom). (Continued on next page.)
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Figure F7 (continued). B. The OND meridional transects along 115°W showing the east-west velocity (cen-
timeters per second) (top) vs. seasonal average temperature and estimated δc per milliliter relative to OND
(bottom).
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