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Abstract. We present results of a Last Glacial Maximum (LGM) wind stress
sensitivity experiment using a high-resolution ocean general circulation model of
the tropical Pacific Ocean. LGM wind stress, used to drive the ocean model, was
generated using an atmospheric general circulation model simulation forced by
LGM boundary conditions as part of the Paleoclimate Modeling Intercomparison
Project (PMIP) [Broccoli, 2000]. LGM wind stress anomalies were large in the
western half of the basin, yet there was a significant hydrographic response in the
eastern half. This ocean model experiment hind casts changes that are in close
agreement with paleoceanographic data from the entire region, even without the
explicit modeling of the air-sea interactions. Data and model both predict that the
annual average thermocline tilt across the basin was enhanced. Data and model
are consistent with a stronger equatorial undercurrent which shoaled to the west
of where it does today, and stronger advection of water from the Peru Current
into the east equatorial Pacific and across the equator. Paleoproductivity and sea
surface temperature (SST) data are interpreted in light of the modeling results,
indicating that paleoproductivity changes were related to wind-forced dynamical
changes resulting from LGM boundary conditions, while SST changes were related
to independent, possibly radiative, forcing. Overall, our results imply that much of
the dynamic response of the tropical Pacific during the LGM can be explained by

wind field changes resulting from global LGM boundary conditions.

1. Introduction

Continuity requires the loss by advection of wind-
driven surface waters to the western tropical Pacific
be, in part, compensated in the eastern equatorial Pa-
cific (EEP) by upwelling and replenishment via the
nutrient-enriched equatorial undercurrent. One ramifi-
cation of this dynamic is that roughly 25-50% of modern
day global "new” production via phytoplankton growth
could occur in the EEP [Chavez and Barber, 1987]. On
geologic timescales, variation of the trade wind-driven
circulation may be of fundamental importance to the
regulation of greenhouse gases and/or global ocean nu-
trient levels (through denitrification in the EEP) [Tans
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et al., 1990; Toggweiler et al., 1991; Toggweiler and
Carson, 1995; Ganeshram et al., 1995; Sarnthein et
al., 1988]. Higher productivity of Last Glacial Max-
imum (LGM, 20,000 years ago) tropical Pacific wa-
ters along the equator and particularly in the EEP
is well documented [e.g., Pedersen, 1983; Lyle et al.,
1988, Lyle, 1988; Pedersen et al., 1988, Pedersen, 1991;
Sarnthein et al., 1988; Paytan et at., 1996]. There
have been suggestions that this enhanced productiv-
ity (and lower sea surface temperatures (SST)) is di-
rectly related to enhanced wind-driven divergent up-
welling [Arrhenius, 1952, 1988; Moore et al., 1980; Cl:-
mate: Long-Range Investigation, Mapping, and Predic-
tion (CLIMAP) Project Members, 1976, 1981; Lyle et
al., 1992; Murray et al., 1993]. This seems to be sup-
ported by a steeper than modern E-W tilting thermo-
cline [Andreasen and Ravelo, 1997; Patrick and Thunell,
1997] which lead to the canonical view that enhanced
southeast trades and Walker circulation existed at the
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LGM. Enhanced Walker circulation should have been
accompanied by a stronger zonal SST gradient, but
there is still considerable controversy regarding tropical
SSTs [e.g., CLIMAP, 1976, 1981; Rind and Peteet, 1985;
Guilderson et al., 1994; Bush and Philander, 1998].
Therefore, the conclusion that enhanced EEP paleo-
productivity in the LGM is a result of stronger Walker
circulation which forced stronger divergent upwelling is
circumstantial. In addition, phase differences between
SST and productivity proxies, which we will detail be-
low, and their direct relationship to local winds are not
clear cut.

In this study we synthesize and reconcile known chang-
es in hydrography, productivity, and wind patterns in
the tropical Pacific to understand conditions during
a glacial extreme (the LGM). Our study uses winds
predicted by an atmospheric general circulation model
(AGCM) simulation of the LGM to investigate hydro-
graphic sensitivity to those winds applied to a high-
resolution ocean general circulation model. Our ap-
proach is to use LGM observations of thermocline depth
changes which are very sensitive to wind stress changes
to evaluate our model results. This model-data compar-
ison aims to put observations of conditions during the
LGM into an oceanographically consistent basin-wide
framework.

2. Background

Tropical Pacific thermocline depth structure arises
due to a westward surface pressure force which is main-
tained by persistent easterly trade winds. At a depth
of ~200 m the water column depth integrated pressure
gradient compensates for the westward intensifying sur-
face pressure gradient and results in a westward deepen-
ing thermocline [Meyers, 1979] (Figure 1). Variations in
the zonal pressure gradient in the western Pacific drive
intraannual equatorial thermocline depth variability at
140°W, whose maximum range is roughly 50 m[Levitus
and Boyer, 1994]. Furthermore, variability at 140°W is
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correlated to winds at 165°E but is uncorrelated with lo-
cal winds [Murray et al., 1994]. Interannual thermocline
excursions can exceed 180 m at 140°W and much like
the La Nina mode today, a steeper E-W thermocline tilt
is estimated for the LGM [McPhaden and Hayes, 1990;
Andreasen and Ravelo, 1997]. However, intraannual
variability involves tropical dynamics whose timescales
are too short to serve as analogs to LGM thermocline
depth excursions, and intensified trade winds of a La
Nina involve strong intratropical air-sea feedbacks and
internal ocean dynamics whose tropical cause may be
very different from those of global LGM forcing factors.

The equatorial undercurrent (EUC) flows eastward
confined in a narrow band (2°N to 2°S) roughly within
the main thermocline bounded by 24 and 26 kg m~3
isopycnals [Wyrtki and Kilonsky, 1984]. This conduit
serves as an important source of trace elements to the
EEP and as a source of nutrients both from within the
EUC core and via entrainment of nutrient rich deeper
EUC waters into the mixed layer [Barber and Chavez,
1991; Coale et al., 1996a; Toggweiler and Carson, 1995;
Guilderson and Schrag, 1998; Wyrtki, 1981]. Given the
importance of the undercurrent in greenhouse gas reg-
ulation and productivity, variations in EUC transport,
sources, or nutrient content either within its core or
off of Peru, could have substantial ramifications on the
Central Equatorial Pacific (CEP) and EEP sedimentary
record.

Debate exists about the relative roles of local and
remote wind stress forcing on the zonal momentum
balance in governing EUC variability observed in the
central Pacific (~140°W) [Philander and Pacanowsksi,
1980; McPhaden and Taft, 1988; Philander and Chao,
1991; Yu et al., 1997, Wacongne, 1989, 1990]. In terms
of local zonal winds, many studies have investigated the
relative importance of linear (vertical mixing) versus
nonlinear (vertical advection) terms of the momentum
balance equation (at 140°W) in modulating the intraan-
nual eastward momentum of the EUC [e.g., Philander
and Pacanowski, 1980; Halpern, 1980; Knauss, 1966;
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Figure 1. Contour plot of annual average thermocline (18°C isotherm) depth (in meters) in the
tropical Pacific. Thermocline depth is derived from the world ocean atlas of Levitus and Boyer
[1994]. Arrows show the circulation of the four major Tropical Pacific Ocean currents: the South
Equatorial Current (SEC), the North Equatorial Current (NEC), the North Equatorial Counter-
current (NECC), and the Equatorial Undercurrent (EUC). Dashed lines show the latitudes which

bound the easterly flowing currents.
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Figure 2. Zonal wind stress anomaly (i.e., monthly wind stress departure from the annual mean)
equatorial transect in the Pacific Ocean show the westward propagation and the out of phase
relationships between winds in the east and west [Meyers, 1979; Philander and Chao, 1991; Yu
et al., 1997]. Positive (negative) values indicate wind stress was anomalously westerly (easterly)
(climatological wind stress from Hellerman and Rosenstein, [1983]).

McPhaden and Hayes, 1990; Yu et al., 1997]. In terms
of remote effects it has been proposed that the advection
of eastward subsurface momentum is nearly balanced by
the zonal pressure gradient in the western equatorial Pa-
cific. Across the equatorial Pacific, wind anomalies are
not uniform but partitioned within meridional westward
propagating bands (Figure 2) [Meyers, 1979; Lukas and
Firing, 1985]. Thus in the boreal spring when the un-
dercurrent is maximal, a westerly wind anomaly in the
east can be out of phase with a coeval easterly anomaly
west of 140°W [Philander and Chao, 1991]. By the lat-
ter half of the year, anomalous easterlies prevail in the
east-central Pacific, while anomalous westerlies prevail
in the west. Modeling studies have attributed the accel-
eration of undercurrent and its springtime intensifica-
tion to the large fetch in the western equatorial Pacific
[Philander and Chao, 1991]. Despite a lack of consen-
sus about whether local linear processes in the central
Pacific or zonal extent and magnitude of the pressure
force of winds further west are dominant in determining
undercurrent speed, both processes appear important.

3. Model Description and Experiment

This study used the Geophysical Fluid Dynamics
Laboratory (GFDL) Modular Ocean Model (MOM2)
covering the world oceans within 50° of the equator
[Philander and Pacanowsk:, 1986a, 1986b]. Spatial res-
olution for longitude is 1° (100 km at the equator) and
33 km (3°) for latitude within 10° of the equator, lin-
early increasing to 100 km by 20° and remains 100 km
between 20-50° in both hemispheres. Realistic ocean
topography is used except for islands and continental
shelves which are set to 300 and 50 m below the sea

surface, respectively. The model has 27 levels down to
4919 m, 10 of which are in the upper 100 m of the water
column. Heat fluxes at the surface are defined accord-
ing to Rosati and Miyakoda [1988] who use bulk for-
mulas at the ocean surface for determination of surface
temperature and salinity. A surface mixing scheme to
compensate for higher frequency variability in the wind
stress than monthly averages used here was formulated
by Pacanowski and Philander [1981].

The experimental design involved two simulations.
The surface momentum field for the standard model
run (SMR) was the Hellerman and Rosenstein [1983]
mean monthly wind stress monthly climatology (Fig-
ure 3a). Monthly surface freshwater fluxes, tempera-
ture, and relative humidity came from the Comprehen-
sive Ocean-Atmosphere Data Set [cf. Slutz et al., 1985;
Woodruff et al., 1987]. Initially, the model temperature
and salinity fields were set to mean January climatology
[Levitus, 1982] and zero currents. The model was spun
up for 4 years at a 40-min time step, and the presented
results are from model year 5. Our LGM ocean model
run (LGMR) used the wind stress field anomaly pre-
dicted by the GFDL coupled atmospheric-mixed layer
ocean general circulation model (A-MLO, R30 version)
simulation of the LGM [Broccoli, 2000] (Figure 3b).
The LGM A-MLO simulation is the GFDL contribution
to the Paleoclimate Modeling Intercomparison Project
(PMIP) which used standardized boundary conditions:
(1) atmospheric CO; concentrations were reduced by
28% below preanthropogenic levels, (2) LGM recon-
structed ice sheet [Peltier, 1996], (3) sea level was low-
ered 105 m, and (4) 21 kyr orbital parameters. A-MLO
model calculations of SST are based on the simulated
heat fluxes at the air-sea interface [Broccoli, 2000]. The
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Figure 3. (a) Climatological wind stress [Hellerman and Rosenstein, 1983], (b) GFDL atmo-
spheric model wind stress predicted for the LGM, and (c) wind stress anomaly (LGM predicted

minus climatological winds).

LGMR was driven by the LGM A-MLO model wind
stress anomaly (the difference between the LGM A-
MLO model predicted wind stress field minus the A-
MLO model standard “present-day” wind stress field)
added to the climatological wind stress of Hellerman
and Rosenstein [1983] (Figure 3c). Thus the only dif-
ference between the LGMR and SMR is the added
wind anomaly of the LGM A-MLO simulation. All
other boundary conditions are the same in both sim-
ulations. The LGMR used the spun-up (year 4) SMR
as initial conditions and was run for 4 years. Equilib-
rium of equatorial dynamics for the 4-year integration
occurs rapidly (within a year), though dynamics with
longer time constants such as tropical-subtropical ex-
change [e.g., Liu and Philander, 1995] have not reached
equilibrium. Anomalous SST cooling observed in the
LGM experiment (3.5°-4°C in the western warm pool)
1s an artifact of the ocean model calculations, resulting
from a zero relative humidity setting in the heat flux
module resulting in a substantial heat loss by evapora-
tion. Despite the anomalous cooling, the model hydro-
graphic response to the perturbed winds remains faith-
ful to those winds and reveals robust, valuable insight
into LGM surface ocean sensitivity.

Coupled ocean-atmosphere interactions are integral

to tropical Pacific climatology and dynamics and un-
doubtably remain so at the LGM [Dugkstra and Neelin,
2000; Bush and Philander, 1998; Liu et al., 2000]. Cou-
pled modeling studies show easterlies spawned via ex-
tratropical processes cause the tropical ocean to tend
toward cooler SST in the east, but these easterlies are
nonlinearly modified in a chain of intrabasin feedbacks
involving the trade winds and upper ocean dynamics
which affect the E-W SST gradient [ Dijkstra and Neelin,
1995]. The main results of our uncoupled LGM ocean
model simulation reflect extratropical forcing and hence
important intrabasin feedbacks and adjustments to this
remote forcing are not explicitly modeled. However,
our LGM results indicate the spatial structure of the
winds, thermocline, and SST gradients in the tropical
Pacific Ocean was (slightly) modified by LGM extrat-
ropical factors, but in general these patterns are similar
to today. This is consistent with the idea that intrabasin
coupled feedbacks control the climatology [Dijkstra and
Neelin, 1995].

General model-data agreement (detailed below) im-
ply the wind field driving the ocean model may be close
to accurate. As such, we outline factors in the LGM A-
MLO simulation [Broccoli, 2000] which are important to
changes in the tropics. Two factors of the A-MLO simu-
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Figure 4. (a) Thermocline (18°C isotherm) depth climatology (derived from Levitus and Boyer,
[1994]). (b) Standard ocean model predicted thermocline depth (meters). (c) Thermocline depth
anomaly (model LGMR-SMR), as reflected in changes in the depth of the 18°C isotherm. For
Figure 4c, positive (negative) contours indicate the thermocline depth deepened (shoaled) for the

LGM simulation.

lation are responsible for north and western tropical Pa-
cific intensification of LGM winds, relative to the SMR
(Figure 3c). First, LGM intensification of northeast
trades results from an extratropical cooling asymmetry
between hemispheres. Greater extratropical Northern
Hemisphere cooling resulted from a radiative inhomo-
geneity of surface albedo forcing reflecting the presence
of large North American and Euroasian continental ice
sheets. Second, northeast trade wind intensification was
greater in the west, in part because strong SST gradi-
ents in the east tend to inhibit Intertropical Conver-
gence Zone (ITCZ) movements relative to weaker SST
gradients over the warm pool. In addition, lower sea
level resulted in intensified maritime continent convec-
tion over exposed land in the Timor Strait-Arafura sea
region. Thus the LGM tropical winds calculated using
the A-MLO model [Broceoli, 2000] and used to drive the
OCGM 1in this study result from both extratropical and
tropical conditions.

4. Results
4.1. Standard Model Run

How well does the standard model run (SMR) re-
produce observed thermocline (18°C isotherm) depth?

In general, smooth thermocline depth contours [Levitus
and Boyer, 1994] (Figures 1 and 4a) reflect monthly av-
eraging of temperature data from many years, whereas
the structure seen in the model simulations (Figure 4b)
are more representative of real oceanographic gradi-
ents observed in any particular time [see Ravelo et al.,
1990]. For thermocline depths shallower than 100 m
the model agrees with observation. In regions where
the thermocline is deeper than 100 m, the model over-
estimates thermocline depth by roughly 25 m. One re-
gion of notable exceptions is in the northeast tropical
Pacific where model estimated thermocline is deeper by
>75 m than observation (Figures 4a and 4b). GFDL
ocean model mixing parameterizations tend to under-
estimate thermocline depth [Richardson and Philander,
1987, while the wind stress climatology of Hellerman
and Rosenstein [1983] are overestimated by about 20%-
25% in the tropics [Harrison, 1989]. However, since
we are primarily concerned with anomalies and not ab-
solute values, discrepancies between model and clima-
tology should not bias our interpretations significantly.
The SMR resolves modern surface currents well and re-
alistically reproduces conditions in the tropical oceans
[Philander and Pacanowski, 1986a, 1986b; Philander et -
al., 1987]. The SMR has maximum EUC speed (>120
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Figure 5. (a) Ocean model results of upper surface ocean (0-400 m) zonal (u) velocity (cm s™1)
contour map along the equator. Dashed contours indicate westward flow. (b) Ocean model zonal
velocity anomaly map of Last Glacial Maximum run minus the standard model (LGMR-SMR).
Note the outcropping and strengthening of the equatorial undercurrent in the central equatorial

Pacific and weakening further east.

cm s~!) and transport (45 Sv) in May at 140°W, in rea-
sonable agreement with observation (Figure 5) [ Wyrtk:
and Kilonsky, 1984].

4.2. LGM Simulation

4.2.1. Thermocline response. The LGMR
demonstrates the response of the thermocline (Figure 4c)
to the wind stress anomaly (Figure 3¢). LGMR winds
at 0.5°N and 5.5°N in the west (165°E) are uniformly
and substantially stronger (on average 0.15 dyne cm™2,
~20%) than modern climatological winds, with the ex-
ception of October at 0.5°N (Figures 6¢, 6d, 6h and 61).
A stronger local surface pressure gradient over the west-
ern Pacific is compensated by an increase in water col-
umn depth integrated pressure [Meyers, 1979] and re-
sults in the western deepening of the thermocline. In
the east, along the equator at 105°-155°W | there is a re-
gion of substantial thermocline shoaling by as much as
28 m, even though the local wind stress is only slightly
stronger during part of the year (Figures 3c and 7).
The steepening of the cross-basinal thermocline tilt is
most likely due to the higher cross-basinal pressure gra-
dient resulting from the dramatically enhanced easterly
winds in the western half of the basin (Figures 3c and
7).
Another notable feature of the LGMR, which will be
discussed in more detail in the context of the paleo-
ceanographic observations, is a local wind-driven deep
thermocline depth anomaly in the central Pacific along
the region of off-equatorial divergence between the North
Equatorial Current (NEC) and North Equatorial Coun-
tercurrent (NECC) (Figure 4). In addition, east of
100°W the thermocline depth anomaly in the LGMR

is small (<10 m), with the exception of the southeast
Pacific. In the southeast Pacific the LGMR thermo-
cline depth anomaly is up to about 50 m shallower,
roughly centered at 20°S -102°W and extending to the
northwest to 10°S and 140°W. However, the model did
not reach equilibrium in this region; through the model
simulation there was progressive shoaling of the 18°C
1sotherm by over 100 m at 19°S-110°W as part of a sub-
stantial subsurface cooling in this region (see discussion
below).

To understand the climate mechanisms responsible
for the mean annual conditions described above, it is
useful to consider the seasonal hydrographic response
to wind forcing in our model simulations. We focus
on 140°W, an area of intense physical and biological
study in the modern ocean [e.g., McPhaden and Hayes,
1990; Murray et al., 1994]. While slightly enhanced lo-
cal winds (<8% stronger) in the LGMR at 140°W in
the early and late part of the year (Figure 6f) are syn-
chronous with local shoaling of the thermocline during
those months (Figure 6g), weaker winds in July and
August are not accompanied by a discernible thermo-
cline response. Rather, remote wind stress anomalies
at 162°E (Figure 6h and 6i) appear to be associated
with vertical migrations of the thermocline at 140°W
(and the entire CEP). Minima in the LGM wind stress
anomaly occurring in July through October (Figures 6h
and 61) correspond (with approximately 1 month lag)
to the minimum in the thermocline depth anomaly at
140°W (Figure 6g). This west-to-east connection is due
to the eastward propagation of the western thermo-
cline adjustments to LGM wind stress changes. This
mechanism also explains the modern seasonal cycle in
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Figure 6. (a-¢) Monthly plots are of standard and LGM model run thermocline depth, wind
stress and zonal velocity (cm s™!) (SMR values are in triangles and LGM values are diamonds).
(f-}) Anomalies (LGM-SMR) for these parameters. For Figure 6b, thermocline depth (meters)
at 140°W including values derived from the Levitus climatology [1982] (solid circles) are also
included. Units are in dyne cm™2 for wind stress, meters below sea surface for thermocline

depth, and cm s™! for zonal velocity.

which seasonal variations in wind-driven thermocline
depth in the west initiate the eastward propagation of
Kelvin waves which modulate the thermocline depth
in the CEP [Philander and Pacanowski, 1980, 1981;
McPhaden and Hayes, 1990; Murray et al., 1994]. Thus,
paleoceanographic records should be interpreted in con-
sideration of the notion that both local and remote wind
forcing can explain changes in thermocline depth and
other associated conditions such as biological produc-
tivity in the CEP [Murray et al., 1994].

In response to increased zonal wind stress, both ther-
mocline shoaling along the equator and off-equatorial

thermocline subsidence are expected due to off-
equatorial mass accumulation via Ekman drift [Cane
and Sarachik, 1981]. At 6.5°N, in a zone between
130°W and the dateline, this general relationship holds
true both in the SMR and the LGMR where thermo-
cline subsidence increased (Figure 8). West of the date-
line however, the off-equatorial response to stronger
trade winds along the equator is quite different. Here
our results support previous analytical and model re-
sults, which indicate the ocean’s momentum balance
is dominated by linear (vertical mixing), rather than
non-linear (horizontal advection) processes [ Wacongne,
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Figure 7. Model results of (a) zonal wind stress and (b) thermocline depth (April, diamonds;
September, triangles) along a meridional transect at 120°W from the equator to 20°N. Anomalies
for (c) wind stress and (d) thermocline depth of the model LGM minus the control (SMR).

1989, 1990; Philander and Chao, 1991]. In the face of
stronger LGM simulated zonal winds the off-equatorial
thermocline in general shoals relative to the SMR, sea-
sonality is shifted in phase, and is offset by an increase
in downward vertical mixing along the equator (Fig-
ure 8; see also Figures 9 and 10). SMR results indicate
a phase lead of thermocline subsidence by ~2 months
prior to the maxima in zonal winds (Figures 8a and
8b). This phase lead differs from analytic calculations
which predict the thermocline response west of 180°W
lead equatorial wind stress by roughly 5 months [Cane
and Sarachik, 1981]. Furthermore, this phase lead dis-
appears for the LGMR such that off-equatorial thermo-
cline subsidence is in phase with equatorial winds.

4.2.2. Equatorial undercurrent. The annual
average undercurrent velocity is stronger in the LGMR
than in the SMR throughout the interior of the cen-
tral Pacific (Figures 6e and 6j). Enhanced eastward
velocity of the EUC retards the westward surface flow
and concentrates it in the upper 100 m between 170°W
and 120°W within the shallower thermocline. East of
110°W the progress of the EUC in the upper 75 m
is slow in the LGMR relative to the SMR and con-
sequently surface advection within the South Equato-
rial Current (SEC) is strengthened and advection of the
Peru current into the equatorial region is enhanced in
the LGMR. In the lower portion of the EUC, between
120 and 200 m depth, transport is moderately intensi-
fied in the EEP (Figure 5).

Seasonal variability in the EUC anomaly (at 140°W)
(Figure 6j) appears to be a result of both local and
remote wind forcing. Higher velocity of EUC through
most of the year in the LGMR is related to generally
stronger remote winds in the west Pacific (Figures 6h
and 6i) which set up a stronger pressure gradient and

eastward subsurface flow. However, the superimposed
influence of seasonal variations in local wind help to ex-
plain the seasonality of the EUC anomaly (Figure 6f).
In the boreal winter (December, January, and Febru-
ary), enhanced local wind forcing inhibits EUC east-
ward flow. Slower EUC flow at this time is not due
to wind forcing in the western Pacific which is stronger
throughout the year. In boreal summer (July, August,
and September) anomalously strong eastward momen-
tum of the EUC is related to weaker local wind forcing
(Figures 6f and 6j). However, the strong anomaly in
March and April is not associated with a similar weak-
ening of local winds at that time and must be attributed
to a stronger pressure gradient due to enhanced remote
(western Pacific) winds (Figures 6h and 61). In sum,
the LGMR demonstrates that, as with the thermocline
depth in the CEP, the EUC responds to changes in
both remote and local wind forcing. This aspect of the
dynamical response of the CEP to basin-wide changes
in wind forcing is taken into account in the following

sections in order to explain paleoceanographic observa-
tions.

5. Discussion

5.1. Regional Thermocline Depth Changes

The LGMR is designed to isolate the hydrographic re-
sponse to the LGM wind stress anomaly; LGM bound-
ary conditions have implicit but no direct influence on
the outcome of the perturbed run since ocean-atmosph-
ere feedbacks are not modeled. Comparison of data-
based (transfer function) estimates of LGM thermo-
cline depth [Andreasen and Ravelo, 1997] to those in
the perturbed run are used here to evaluate if the re-
gional response to the LGM wind anomaly is of pri-
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mary importance to LGM tropical ocean dynamics (Fig-
ure 11). Despite discrepancies at a few sites, modeled
and observed thermocline depth anomalies are in excel-
lent agreement (of the same sign and of similar mag-
nitude). Both the model and the transfer functions
predict an increased equatorial thermocline tilt in the
LGM relative to today, about 15 to 20 m shallower in
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the east (between 120° and 140°W) and about 15 to 20
m deeper in the west (between 160° and 180°E), little
or no change east of 110°W along the equator, and a
deeper thermocline north of the equator. Although, as
described earlier, the model had a drift in the thermo-
cline depth in the region south of 8°S, between 115°W
and 125°W, both model and transfer functions predict
that the LGM thermocline was approximately 30 m
shallower in this region, with anomalies increasing to-
ward the east. Overall, the model-data agreement is re-
markable (Figures 11 and 9). Interestingly, calculations
of thermocline depth response to LGM boundary condi-
tions using a coupled model [Bush and Philander, 1998]
both overestimate the magnitude and distort the zonal
distribution of thermocline shoaling in the east and the
deepening in the west (Figure 9). LGM distribution of
the 18°C isotherm of the coupled model simulation sug-
gest Walker circulation was too strong [Bush and Phi-
lander, 1998], though it remains unclear as to why this
is so. This comparison indicates that the observed ther-
mocline depth changes are best explained as a response
to tropical wind forcing resulting from glacial bound-
ary conditions which (slightly) modify existing tropical
ocean-atmosphere interactions. In addition, the subtle
changes which emerge in our LGMR result are from in-
teractions between currents which are well-resolved in
our model but poorly resolved in the coupled model.
Below we present a more detailed analysis of what is
driving hydrographic changes in the LGMR in the con-
text of explaining sedimentary records of tropical pale-
oceanographic conditions.

5.2. North of the Equator

North of the equator, generally within the confines
of the NECC and southern portion of the NEC, the
LGMR predicts a deepening of the thermocline (Fig-
ures 4 and 7). While other studies have inferred a
southward shift in the ITCZ [Romine, 1982; Rea et al.,
1986], the stronger NE trades centered at about 10°N
(Figures 7a and 7c) in the A-MLO-LGM simulation
are a result of more intense momentum transfer from

Figure 8. Off-equatorial thermocline depth response
to equatorial winds. Equatorial Ekman drift driven
by southeast trades should be associated with accumu-
lation of off-equatorial mass and a thermocline subsi-
dence. (a) Monthly departure of the zonal wind stress
along the equator from the annual mean [Hellerman
and Rosenstein, 1983]. (b) Monthly SMR departure
of off-equatorial thermocline depth at 6.5°N from the
SMR annual mean value. (c¢) Monthly LGMR departure
of off-equatorial thermocline depth at 6.5°N from the
LGMR annual mean. Positive values indicate a deeper
thermocline than the mean. (d) Anomaly (LGMR-
SMR) of the mean departures of thermocline depth
from their respective annual means. Positive values in-
dicate a relatively deeper LGMR thermocline than the
SMR thermocline at a particular month and position.
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Figure 9. Ocean model LGM annual average annual thermocline depth anomaly along the

equator for this study and for the LGM coupled

model simulation of Bush and Philander [1998].

Diamonds are foraminiferal transfer function estimated thermocline depth [Andreasen and Ravelo,
1997] using sediment samples of LGM age from within 6° latitude of the equator. A negative
thermocline depth anomaly indicate the LGM thermocline was shallower than either the model
control run or Holocene thermocline depth estimate. An anomalous thermocline depth estimate
next to the question mark is discussed in the text.

the western Atlantic across Central America into the
Pacific (Figure 3c) and would be expected to result in
a weakening of the NECC [ Wyrtki and Kilonsky, 1984].
As expected, in the LGMR during the season (Septem-
ber) of maximum NECC flow, the velocity of the NECC
(at its core at about 8°N) is reduced, divergence at its
northern boundary is diminished, and the thermocline
is deeper (centered at 10°N) (Figure 7d). The core of
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the NECC and the convergent downwelling at its south-
ern boundary are actually shifted south (between about
8°-4°N) resulting in a deepening of the thermocline at
these latitudes as well. In the opposite part of the year
(April) the strongest winds in the LGMR are centered
at 11°N as they are today (Figure 7a), but the largest
anomaly is at 6°N. Thus deepening of the thermocline
both north and south of the maximum NE trades and
the core of the NEC results from the decrease in wind
stress curl to the south and the increase in wind stress
curl to the north.

Available data on past thermocline depth changes
from this region are from sites located on the southern
edge of the deep LGMR thermocline depth anomaly
(Figure 4c). Isotopic analysis of multiple species of
planktonic foraminifera at Ocean Drilling Program site
851 (2.46°N, 110.34°W) [Ravelo and Shackleton, 1995]
indicates that the thermocline deepened in the LGM,
consistent with the LGMR results. However, transfer
functions estimate the thermocline depth shoaled by 42
m (at 3.2°N, 117.5°) 700 km to the west of ODP site 851

Figure 10. (a) Vertical velocity contours (at 200 cm
d~! intervals) along the equator for the SMR. Note
that the downwelling between 95°W and 130°W is part
of a strong meridional cell which upwells south and
downwells at and to the north of the equator due to
a strong cross-equatorial meridional wind stress com-
ponent here (Figure 3) [Philander and Delecluse, 1983].
Strong equatorial upwelling is displaced south of the
equator at ~3°S in this region. (b) Vertical velocity
anomaly contour plot (LGMR-SMR, 200 cm d=! con-
tour interval). Positive contours indicate stronger up-
welling. Increased LGMR entrainment from the deeper

. portions of the equatorial undercurrent are evident in

the central equatorial Pacific between 150 and 160°W.
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Figure 11. Thermocline depth anomaly for LGM-modern (discrete numbers) predicted by the
foraminiferal transfer function. Positive (negative) values indicate thermocline depth deepened
(shoaled) during the LGM. Background contours overlain are 4-year averaged model predicted

thermocline depth anomalies (as in Figure 4).

[Andreasen and Ravelo, 1997] (Figure 11). This mis-
match could be due to tropical instability waves arising
from barotropic instability caused by shear between the
NECC and SEC [Coz, 1980; Hansen and Paul, 1984],
and resulting in episodes of high surface nutrient con-
tent and productivity [Murray et al., 1994] that could
support anomalous foraminifera production. In fact,
in a set of cross-equatorial plankton tows (at 140°W),
Watkins et al. [1996] found a unique assemblage con-
taining relatively high abundances of Neogloboquadrina
dutertre: in the surface water associated with a con-
vergent front north of the equator. Other possible al-
ternatives include partial dissolution which would re-
sult in higher abundances of this resistant species in
the sediment sample. Transfer functions generally pre-
dict shallower thermocline depths when assemblages
contain relatively high abundances of Neogloboquadrina
dutertrer, whereas isotope-based estimates are not di-
rectly dependent on relative abundances of species. Or,
because this region has high interannual variability, fau-
nal assemblages could reflect a higher frequency of cold
events [Clement et al., 1999]. Overall, this one trans-
fer function estimate (predicting 42 m shoaling of the
thermocline) is the only data point that significantly
contradicts, while nearby data support, the LGMR re-

120°E 140° 160°
24°N L

L

180°

sults. Thus we believe that the deep thermocline depth
anomaly north of the equator represents LGM condi-
tions accurately.

In the far east and north of the equator, the LGMR
predicts a reduction in the intensity of upwelling (deep-
ening of the thermocline) within the Costa Rica Dome
(Panama Basin region) due to a dynamic response of
the circulation to the wind stress anomaly. Deepening
of the thermocline is supported by LGM observations
of increased faunal SST [Pisias and Mz, 1997], a re-
duction in carbon accumulation [Sarnthein et al., 1988]
and a reduction in denitrification (depleted LGM §'°N)
[Ganeshram and Pedersen, 1998] in this region.

5.3. Southeast Tropical Pacific (Between
100°-130°W and 10°-25°S)

Hydrographic data and modeling studies demonstrate
that there are modes of meridional transport between
the subtropics and tropics along characteristic path-
ways. There is a low latitude-western boundary cur-
rent (LLWBC) pathway with a transit time of >5 years
and transport of roughly 14 Sv, and a more rapid (<5
years) ”interior pathway” linking the eastern subtrop-
ics to the CEP thermocline with transports of roughly

100°
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Lt 24°S
80°W
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Figure 12. Model thermocline (18° isotherm) depth anomaly (LGM - standard model run)
contour plot with shaded circles outlining the “low-latitude western boundary current” pathway
linking the subtropics to the tropical thermocline [after Gu and Philander, 1997]. Shaded circles
qualitatively reflect depth in the water column with darkest/(lightest) shades reflecting about
180/(25) m depth. Thermocline depth shoaling patterns in the northest and southeast tropi-
cal Pacific are matched by patterns seen in both the model and foraminiferal transfer function

estimations.



890 ANDREASEN ET AL.: TROPICAL PACIFIC LGM REMOTE FORCING

12-16 Sv [Johnson and McPhaden, 1998; Huang and
Liu, 1999]. As stated previously, the southeast tropi-
cal region is the only place where there is a drift in the
LGMR over model run years 5-8, with the 18° isotherm
shoaling by over 100 m. A LGMR thermocline depth
anomaly pattern (Figure 12) occurs along the ”LL-
WBC pathway” from the southeastern region (100°W
and 25°S) where water parcels are subducted, advected
to the northwest along isopycnal surfaces, and into
the equatorial thermocline [Gu and Philander, 1997].
Subduction and transport of cooler subtropical waters
may be responsible for the gradual shoaling of the 18°
isotherm along the transport pathway. Shoaling of the
18° isotherm in the southeast during the LGM is actu-
ally predicted by foraminiferal transfer functions (Fig-
ure 11) and implies that subducted waters transported
along the subtropical-tropical ” LLWBC pathway” were
indeed cooler in the LGM. A recent LGM simulation us-
ing a coupled ocean-atmosphere model [Bush and Phi-
lander, 1998] suggests that subtropical-to-tropical ex-
change accounts for &1-2°C tropical cooling. The trans-
fer function estimate of significant thermocline depth
shoaling west of Hawaii (Figure 11) and cooler SST
in the North Pacific subtropical gyre [Lee and Slowey,
1999] may also indicate that meridional subsurface ad-
vection in the Northern Hemisphere was a contributor
to tropical cooling.

While it seems that advection of cool water into the
tropical thermocline may induce subsequent feedbacks
on tropical climate, our results indicate that they are
not a critical factor in determining thermocline depth.
Except for in the southeast region as described above,
our LGMR is not strongly influenced by the longer term
effects of changes in the temperature of thermocline
source water and does not include any subsequent feed-
backs on the winds. However, because the model in
still adjusting in the southeast region, the final equi-
librium result is unknown. Nevertheless, there is ex-
cellent agreement between the pattern of observed and
LGMR thermocline depth anomalies (Figure 11) indi-
cating that much of the change in tropical thermocline
structure and EUC strength in the LGM is due to in-
tratropical wind forcing. This implies that extratrop-
ical oceanic exchange into the tropics may primarily
alter thermocline and surface temperatures, while not
resulting in significant changes in thermocline depths or
EUC speed. This idea is consistent with process model
experiments of Liu and Philander [1995].

5.4. Central Equatorial Pacific

In the equatorial Pacific, fluxes of organic carbon to
the deep ocean are dependent on biological processes
such as phytoplankton production, grazing, and export,
and on physical processes that influence nutrient supply
such as upwelling and advection [Murray et al., 1994].
At the equator, upwelled water comes from a depth
of 50 to 100 m. This source water reaches the equa-

tor along isopycnal surfaces from the north and south
[Wyrtki, 1981] as part of vigorous meridional recircula-
tion cells which occupy the upper water column within
5 degrees of the equator [Philander et al., 1987]. Source
water thermal and nutrient properties are influenced by
the impingement and mixing of thermocline waters on
these cells [Murray et al., 1994] and by the advection of
major and trace nutrients into the thermocline via the
EUC [Coale et al., 1996a]. For example, iron entrained
within the EUC into the mixed layer of the CEP can
produce large chain diatom blooms capable of increas-
ing carbon export fluxes potentially influencing climate
change [Coale et al, 1996b]. Thus biological produc-
tion can be influenced not only by local wind forcing
through its effects on subsurface mixing with nutrient
sources but also by remote wind forcing through its ef-
fects on the thermocline depth and the strength and
compositional character of the EUC.

We compiled organic carbon accumulation records
and transformed them into estimates of new produc-
tivity in the LGM, relative to today, using the equation
of Sarnthein et al. [1988] (Figure 13). We reproduce
the well-known band of higher than modern productiv-
ity across the equatorial Pacific (Figure 13b). In the
LGMR the thermocline is shallow relative to today in
the CEP (between 160° and 110°W), and consequently,
the EUC outcropped to the west of where it does to-
day (Figure 13c) and entrainment of water from the
relatively nutrient rich deep EUC increased by ~50%
(Figure 10). Thus in the LGM the CEP surface wa-
ter nutrient content could have been significantly en-
hanced by increased entrainment of nutrient-rich EUC
water into the wind-mixed layer because of a shallower
thermocline position without changing local winds. In
sum the LGMR has a hydrographic response which is
consistent with the observed enhanced LGM CEP pro-
ductivity.

Wind anomalies in the western Pacific drive the hy-
drographic changes in the CEP during the LGM just
as they drive the seasonal cycle of productivity in the
CEP in the modern ocean [Murray et al., 1994]. There-
fore geologic records of productivity changes in the CEP
are not necessarily expected to be coherent with local
wind forcing. In the CEP (at 140°W), Pisias and Rea
[1988] show that their radiolarian-based ”equatorial di-
vergence index” 1s coherent with changes in eolian grain
size (wind strength) at a period of 31 kyr, a combina-
tion tone of Milankovitch variability. However, neither
the percentage of ”divergence” species [Pisias and Rea,
1988] nor CEP SST [Lyle et al., 1992] is related to local
wind strength at Milankovitch periods (100 kyr for ra-
diolaria and 23 kyr cycles for both). Because the CEP
is sensitive to remote forcing and its influence on ther-
mocline depth and the EUC, it is not surprising that
biological and physical changes in the CEP could be
decoupled from changes in local wind strength as doc-
umented by these studies.
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Figure 13. (a) Summary of eastern equatorial Pacific paleoceanographic hydrographic, produc-
tivity, and nutrient studies. Contour lines are the model-predicted thermocline depth anomalies.
Note the area displayed focuses on a limited equatorial geographic regions outlined by the box in
Figure 13c. Symbols group a variety of proxy data. Proxies of thermocline depth (triangles) are
open when they agree with the model estimates and shaded when they do not agree (data from
Andreasen and Ravelo [1997], Ravelo and Shackleton, [1995], Farrell et al., [1995]b, and Patrick
and Thunell, [1997{)‘ Higher nutrients proxies are from estimates of pCOs of bulk organic matter
[Jasper et al., 1994], boron isotopes of planktonic foraminifera [Sanyal et al., 1997], and nitrogen
1sotopic studies of bulk sediments [Farrell et al., 1995b]). (b and c) Summary of LGM minus
Holocene new productivity estimates, based upon organic carbon burial as formulated by Sarn-
thein et al. [1988]. Circles (centered on pluses) reflect greater LGM new production than the
Holocene, whereas squares (centered upon a triangle) reflect lower new production. The size
of the symbol (circle or square) indicates the magnitude of difference between the LGM and
Holocene. In the background is the LGMR-SMR surface anomaly contour plot of thermocline
depth. (b) is a subset of Figrure 13c and focuses on the same eastern equatorial Pacific region
as Figure 13a. Data are from Sarnthein et al., [1988, and references therein], Rea et al., [1990,
1991], and Emeis et al. [1995]. (d) Anomaly contour map of LGMR minus standard model run
zonal (u component) velocity (contours in cm s™!).
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Figure 14. (a) Model surface current velocity (cm s™!) vector plots for the SMR. (b) Surface
current anomaly vector plot (LGMR-SMR) in the far eastern equatorial Pacific. Note the in-
creased advection of Peru upwelled water in the the equatorial region at the expense of direct
westward Ekman transport off Peru. Also note the increase in cross equatorial advection into the

northern hemisphere.

5.5. Eastern Equatorial Pacific (East of 100°W)

In the LGMR the large eastward flow anomaly in the
CEP and large westward flow anomaly in the far-EEP
in the upper 100 m is a consequence of a westward shift
in the shoaling of the core of the EUC (Figure 5). Drag
of the EUC by overlying easterly surface currents in the
CEP curtailed the EUC’s influence in the far-EEP. Re-
duced EUC strength is compensated by stronger equa-
torward advection by the cold, turbid Peru Current into
the equatorial zone to 105°W and westward along the
equator (Figure 14).

In addition, cross-equatorial flow is greater in the
LGMR because of a weakening of the salinity front lo-
cated just north of the equator today. In the modern
ocean, Peruvian coastal upwelled water is advected west
as evidenced by a nutrient maximum (”tongue”) south
of the equator at 7°S [Philander et al., 1987; Toggweiler
and Carson, 1995]. This nutrient tongue is constrained
to the north by a front between cool saline Equato-
rial Surface Water originating from the Peru Current
and EUC, and warm, fresher Tropical Surface Water
north of the equator [ Wyrtki, 1966] originating from the
NECC, continental runoff, and excess precipitation over
evaporation in the Costa Rica Dome region [Dietrich,
1957]. This salinity gradient limits cross-equatorial

mass exchange despite strong cross-equatorial winds in
this region today. Since the LGMR does not incorpo-
rate hydrological (E-P) changes, it cannot be used to
accurately predict the influence of hydrologic changes
on the LGM surface salinity field. However, a reduc-
tion of the NECC results in higher than modern salinity
north of the equator, a more ephemeral equatorial front,
and greater cross-equatorial advection of high nutrient
water derived from the Peru Current.

Data-based paleoceanographic studies of LGM condi-
tions in the far EEP indicate that SSTs were cooler than
today [CLIMAP, 1981; Pisias and Miz, 1997; Patrick
and Thunell, 1997; Miz et al., 1999] while the thermo-
cline depth was relatively unchanged [Andreasen and
Ravelo, 1997; Patrick and Thunell, 1997; Faul et al.,
2000]. Our model results substantiate the notion that
hydrographic changes in the far-EEP were constrained
to the sea surface and were related to advection of cool
waters rather than from shoaling of the EUC or ther-
mocline in the far-EEP.

How does the proposed and modeled hydrographic
changes (Figure 14) explain enhanced paleoproductivity
throughout the EEP in the LGM (Figure 13)7 While
the cause remains unclear, changes in the delivery of
nutrients to the far-EEP must be considered. In the
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modern ocean, the EUC encroaches upon and bifur-
cates about the Galdpagos Islands [Lukas, 1986] and
part of the southern branch is entrained into the south-
ward Peru-Chile Undercurrent [ Wyrtki, 1963] becoming
an important component of source waters upwelled off
of Peru [Wyrtki, 1963; Brockmann et al., 1980; Togg-
weiler et al., 1991]. Because nutrient rich water within
the deep EUC are thought to originate from Subantarc-
tic Mode Water (SAMW), changes in the nutrient com-
position of Mode Water have been proposed as an ex-
planation for increased productivity in the far-EEP at
the LGM [Toggweiler et al., 1991; Toggweiler and Car-
son, 1995]. Indeed surface ocean carbon isotopic records
might link the Subantarctic Pacific and EEP presum-
ably via SAMW, though preformed §'3C air-sea over-
prints complicate establishing a nutrient link between
the two regions [Shackleton et al., 1983; Ninnemann
and Charles, 1997]. Our results, in combination with
data-based evidence for no change in the thermocline
depth in the EEP, are consistent with this idea. Al-
ternatively, there may have been stronger near-coastal
upwelling (where we have no thermocline depth recon-
structions) and advection of nutrient-rich waters into
the EEP. Most importantly, the breakdown in the cross-
equatorial salinity gradient could explain the cross-
equatorial advection of nutrient rich waters resulting in
enhanced paleoproductivity throughout the EEP rather
than only within the modern cool nutrient tongue (Fig-
ure 13).

The idea that enhanced biological productivity in the
LGM was stimulated by iron seeding from increased
aluminosillicate deposition [Boyle, 1983; Molina-Cruz,
1977] due to drier conditions along the west coast of
the South American continent [Heusser and Shackleton,
1994] is not supported by a number of other studies.
For example, the LGM was a period of lower nutrient
utilization in the EEP [Farrell et al.,1995b; Sanyal et
al., 1997] and CEP [Jasper et al., 1994], rather than
higher nutrient utilization as would be expected from
iron fertilization during the LGM. Higher LGM major
nutrient concentrations in surface waters [Farrell et al.,
1995a, 1995b; Ravelo and Shackleton, 1995; Faul et al.,
2000] resulted in higher net carbon export [Sarnthein
et al., 1988; Pedersen, 1983; Lyle et al., 1988], while ef-
ficiency of nutrient utilization actually decreased [Far-
rell et al., 1995b]. Furthermore, even subnanomolar
additions of trace nutrient iron concentrations in equa-
torial Pacific waters lead to substantial phytoplankton
response, particularly in diatoms [Coale et al., 1996b].
Yet in the LGM, as in the modern ocean, biological pro-
ductivity in the EEP was a tightly coupled production-
grazing-regeneration community dominated by small
nanoplankton and picoplankton [Murray et al., 1994;
Lyle et al., 1988; Farrell et al., 1995b].

Overall, observed paleoceanographic conditions in the
LGM are consistent with modeled hydrographic changes
in which the EUC was weaker in the EEP and east-
erly and cross-equatorial flow was enhanced. The EEP
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had enhanced nutrient concentrations resulting from a
stronger supply of nutrients from the Peru Current, ei-
ther because of an increase in nutrient concentrations
in upwelled waters or because of stronger advection
throughout the EEP. Neither regional upwelling in the
EEP nor the supply of trace nutrients relative to major
nutrients were enhanced in the LGM. Thus, the LGM
conditions in the EEP were different than the CEP
where the thermocline was shallower and higher paleo-
productivity could be explained by greater upwelling of
nutrient-enriched EUC water.

5.6. Mechanisms of tropical SST and
paleoproductivity change

Paleoceanographic time series of near-equatorial SST
and organic carbon burial (paleoproductivity) [Peder-
sen, 1983; Lyle et al., 1992] indicate that changes in
SST and paleoproductivity were out of phase [Lyle,
1988; Lyle et al., 1992; Rea et al., 1991; Emeis et al.,
1995]. Minima in SST lead maxima in organic car-
bon burial at all orbital periods (23, 41, 100 kyr) (Fig-
ure 15). Since nutrients do not limit phytoplankton
production in the equatorial Pacific Ocean [e.g., Chavez
et al., 1990], Lyle et al. [1992] argued that maxima in
biogenic particle flux might reflect increases in nutri-
ent utilization unrelated to upwelling/advection while
minima in SSTs might reflect upwelling or advection of
cool waters. However, as discussed above, higher sur-
face nutrient concentrations and therefore higher pale-
oproductivity in the LGM resulted from hydrographic
changes: a shallower position of the EUC in the CEP
and greater lateral advection of nutrient rich waters in
the EEP. Thus we suggest that tropical SST minima
are primarily forced by early radiative changes in the
tropics [Imbrie et al., 1992; Broecker and Henderson,
1998] rather than by circulation changes. Alternatively,
tropical SST minima may be related to cooling of the
thermocline [e.g., Gu and Philander, 1997; Bush and
Philander, 1998] without a concomitant change in nu-
trient flux into the CEP and EEP. The lag of organic
carbon burial maxima relative to SST minima reflect
the tropical Pacific wind-driven hydrographic adjust-
ment to peak glacial conditions such as ice sheet size
and North Atlantic SST (which also lag tropical SST
minima [Imbrie et al., 1992]).

One further implication of the fact that SST changes
are out of phase with hydrographic/productivity changes
is that mechanisms that alter SST are decoupled from
the dynamical forcing of the cross-basinal tilt of the
thermocline. Generating long records of thermocline
depth, paleoproductivity, and SST at locations across
the Pacific would confirm this fundamental idea. Given
the strong coupling between cross-basinal SST gradi-
ents, Walker circulation, and cross-basinal tilt in the
thermocline that exists in the modern ocean, how might
we explain that SSTs in the EEP were decoupled from
thermocline depth changes? The most obvious possi-
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Figure 15. Phase wheel diagrams and position maps of
sea surface temperature and organic carbon accumula-
tion time series studies illustrating Milankovitch cycles
in the tropical Pacific for (a) eccentricity, (b) obliquity,
and (c) precession. The phase wheel diagrams illustrate
relative cyclic leads/lags at Milankovitch periodicities.
Vectors rotated clockwise of maximum ice volume (ver-
tical dashed line) lag ice volume. Note that minima in
SST typically lead maximum ice volume and maxima in
organic carbon accumulation (paleoproductivity). Data
are from 1, Rea et al. [1991], 2, Lyle et al. [1992], 3,6,
Pisias and Miz, [1997], 4, Emets et al., [1995], 5, Lyle,
[1988].

bility is that alterations in Walker circulation did not
occur, otherwise tight coupling/synchronism between
changes in SST and cross-basinal thermocline tilt would
be expected. Liu and Huang [1997] determined that
the zonal SST gradient is presently at or near satura-
tion (i.e., intensifying winds or currents cannot further
increase the gradient). Kinematics (i.e., stronger equa-
torial currents) act to cool the warm pool and thus the
tropics as a whole which thereby act to regulate cou-
pling strength by reducing differential latitudinal heat-
ing. Thus, an initial change, whether it be radiatively
forced or due to cooler waters being subducted into the
thermocline outside the tropics, might result in cooling
of the entire tropics, but not of the cross-basinal SST
nor thermocline gradients. Afterward, the tropical wind
field response to high-latitude glacial conditions could
have forced the dynamical response of the thermocline

and altered paleoproductivity without significant addi-
tional changes in SST.

Maintenance of the coupling strength of Walker cir-
culation, as suggested above, requires that the east-
west temperature gradient in the LGM was similar to
today. Is there evidence for this? Open ocean pa-
leoceanographic SST proxies give different answers to
this question. Some oxygen isotopic data from surface
dwelling planktonic foraminifera LGM indicate that
cross-basinal SST gradients were generally very simi-
lar to today with perhaps a slight cooling in the east
[Broecker, 1986; Farrell et al., 1995a], while others
suggest the gradient was slightly reduced [Patrick and
Thunell, 1997]. Faunal-based estimates indicate a strong-
er cross-basinal SST gradient [Moore et al., 1980; CLI-
MAP, 1976, 1981; Thunell et al., 1994; Pisias and Mz,
1997; Muz et al., 1999]; however, fauna may not be sen-
sitive enough to SST to make precise SST estimates in
the warm pool [Prell, 1985; Le and Shackleton, 1994;
Andreasen and Ravelo, 1997]. Finally, Mg/Ca analyses
of planktonic foraminifera predict only a slightly greater
(0.5°C) cross-basinal temperature gradient during the
LGM while none is implied by U3If7/ alkenone paleother-
mometry [Lea et al., 1998; Emeis et al., 1995a, Lyle et
al., 1992, Rosell-Melé et al., 1998].

Overall, given the problems with faunal-based es-
timates particularly in the western warm pool, the
existing data mostly indicates that in the LGM, the
cross-basinal SST gradient was very close to modern.
Certainly, future studies that indicate uniform cooling
across the tropical Pacific would help to support the
idea that the enhanced paleoproductivity and cross-
basinal thermocline tilt was a response to remotely
forced winds in the LGM, rather than to enhanced
Walker Circulation.

6. Conclusions

1. High-resolution ocean model estimated thermo-
cline depth display general agreement both in space
and amplitude with thermocline depth estimates by
foraminiferal transfer function for the LGM. This in-
cludes replicating the increased east-west thermocline
slope along the equator reminiscent of an La Nifa style
circulation during the LGM. However, wind anomalies
are remote, and unlike La Nifia, the ocean model simu-
lation replicates this pattern while maintaining winds
similar to today over the southeastern, central, and
eastern Pacific Ocean.

2. Our model results indicate the LGM EUC influ-
ence on productivity was redistributed in the tropical
Pacific. In the CEP the EUC outcropped further west
than today. In the EEP the EUC weakened which al-
lowed for increased advection of the Peru Current in
the far-EEP and a reduction of Peruvian upwelled wa-
ter transported due west into the SEC. Comparison of
our model results with existing paleoceanographic stud-
ies are favorable. Inferred higher LGM salinity north of
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the equator in the far-EEP results from a weaker NECC
and reduced continental runoff and allows for greater
cross-equatorial flow of high-nutrient Peru Current wa-
ters in the far-EEP, potentially fueling increased LGM
productivity observed in this region.

3. Adjustment of Walker circulation cannot explain
the synthesis of paleoceanographic data, particularly

the lag of paleoproductivity changes behind SST changes.

In fact, lack of major changes in SST gradients imply
Walker Circulation stasis. More SST data are needed
to substantiate this idea.

4. Changes in atmospheric circulation simulated by
an AGCM coupled to a slab ocean, occurring in re-
sponse to LGM ice sheets, greenhouse gases, and orbital
forcing, can explain much of the observed regional vari-
ability, even in the absence of explicit air-sea feedbacks.
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