Numerical Evidence Against Reversed Thermohaline Circulation

in the Warm Paleocene/Eocene Ocean
Karen L. Bicé and Jochem Marotzke
IDepartment of Geology and Geophysics
Woods Hole Oceanographic Institution
Woods Hole, MA 02543
2School of Ocean and Earth Science
Southampton Oceanography Centre

Southampton, SO14 3ZH, United Kingdom

submitted to JGR-Oceans 7/14/00

Revised 3/6/01

Bice, K. L., and J. Marotzke, J. Geophys. Res., 106, 11529-11542, 2001



Abstract

Thequestionof whetherdeepwaterformationmighthave occurredn subtropicalatitudesin
the early Cenozoic iskamined through use of a global ocean model forced bgdroundary
conditions. Zonal mean saxfe temperatures and wind stresses areadefiom an atmospheric
general circulation model GCM) simulation of the wrm Raleocene/Eocene boundary intdrv
(~55 Ma) and are held constant for a series of seigitests. The control case for moisture flux
(evaporationminusprecipitation E-P),alsodervedfrom the AGCM, is perturbedsothatthe sub-
tropical eaporation increases and high latitude precipitation increases. A dramatic response is
seen in the temperature and salinity structure of the model oecgdhelperturbation does not
resultin deepcorvectionin subtropicalatitudes.n all casesbottomwateris formedin thesouth-
ernhighlatitudesandtheglobalmeridionaloverturningis characterizethy a stronglyasymmetric
circulation. No multiple equilibria ve been found for gnparticular E-P configuration. In the
most etreme case (5 x the control E-P), the model oscillates between meridiertaloing cir-
culation “on” and “of.” Shorterlived thermohaline slaing and reimigoration is obsemd as a
transient response under legg@me E-P perturbations. Despite the higap®ration implied in
the perturbationyx@eriments, mean m@d layer salinities in the subtropics do not rise much
above the control case due tdieilent rem@al of salt (and heat) through deepened subduction
beneath the subtropical gyres. The sensjtof the results to the parameterization of continental
runoff and the specified digpnal mixing codficient (K,) are also xamined. Distrilating runof
purely zonally rather than globallyhas approximately the saméeet as a 50% increase in the
strengthof the hydrologiccycle. Decreasin&, to 0.3 cn? s1 from the standard/alueof 1.0 cn?
slincreaseshesensitvity to anincreasedydrologiccycle considerablybut in no casedoeslow
latitudedeepwaterformationoccut indicatingthatsubtropicabottomwaterformationis implau-
siblein amodelwith somedegreeof realism.Theseaxperimentsupporichanges$n moistureflux
as a mechanism for oceamanming (lagely in the thermocline through intermediatater
depths), bt the process wolved is deepened subtropical subduction and not subtropical deep
water formation.
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1. Intr oduction

1.1. The “WSBW" Hypothesis

The potential for a significant subtropical bottorater sourceBermer, 1979;Brass et al.
1982a, bRailsbad et al, 1990] frequently referred to as &wm saline bottom ater” (WSBW),
during warm climate periods has beettensvely debated since itas first suggested iyham-
berlin [1906]. Chamberlin proposed that dense, salin@sarfaters in the netvaporatve lati-
tudes'slowly descendedndcreptpoleward, ... substantiallymaintainingtheirtemperatureantil
they rose to the suatce in polar rgions and gve their varmth to the atmospheté meridional
overturning system such as thiswd resemblé&tommeB [1961] second case, in which salinity
dominates the density difference between low and high latitudes and deep flow is from the
“warm” to the “cold” regionBerger [1979] noted that, during times o&mn poles, salinity may
have played a more important part inuing deep circulation. He questioned the feasibility of
such a reersed circulation, hweever, noting that the most Ity source of dense salinater
(largemaiginal seaspppeato have beenbrackishin mostareasn the Cretaceousxceptperhaps
small rggions of the €thys Seavay (Figure 1).

In the past seeral decades, aever, mid- to late Cretaceous (~100-65 Ma) and early Ceno-
zoic (~65-49 Ma) geochemicagunal and sedimentological recordsdén&requently been inter-
pretedasreflectingchangesn therelatve importanceof highlatitudedeepwatersource(spndan
inferred subtropical arm, saline source, sometimes with abrupt climate changeutdttito a
sudderreversalof themeridionaloverturningcirculation[ Sha&leton 1982;0berhansliandHs(,
1986;Prentice and Matthew4988;Kennett and Stqtt 990, 1991Rea et al.1990;Thomas
1990;Mountain and Miller 1992;Pak and Miller 1992;Zacdhos et al.1992; 1993Kaiho et al,
1996;Thomasand Sha&leton 1996;Barrera etal., 1997]. This hasoccurreddespitethefactthat
thetrue natureof thevertical structureof any earlyCenozoicoceans poorly constrainegndthat
no direct gidence &ists to indicate formation of avm saline bottom ater in a subtropical sea-
way [Pak and Miller 1995;Crowley, 1999]. The geologicvedence cited byBrass et al[1982b]
as indicatve of low latitude bottom \ater formation is the benth&®0 data that reflect bottom
water cooling from ~1%C in the Cretaceous to the modeaiues of less thar’€. Havever,
without consideration of the accomparg decrease in high latitude upper ocean temperatures,
the inference of a decreasingvitatitude bottom \&ter source from the oxygen isotope trend is
subject to debate.

Potentially themostreliableindicatorof relatve bottomwaterageandproximity to sources
the carbon isotopic composition of benthic foraminife@urfy and Lohmann1982]. Havever,
the utility of this proxy record is limited in mgintervals because of remal of calcareous sedi-
ments through dissolution, uncertaintiegareling the isotopic composition of end-member car-
bon sources, uncertainty in the fractionation of carborxbget benthic species, and data that
may yet be too sparse to reliably reconstruct global de¢grwirculation patterns for the Creta-
ceous and early Cenozoic. Some limited berdft€ data has been interpreted as suppodf
the istence of a subtropical bottorrater source for a brief inteal/of time at or near theake-
ocene/Eocenkoundaryat~55.5Ma [Miller etal., 1987;Thomas1990; Thomasand Shackleton
1996]. The rgion most often cited as the locus for potential WSBW formation isetigsISea-
way (Fig. 1). In the early Cenozoic, thetflys Seavay occupied 25% more sade area in the
subtropical eaporatve latitudes thanxasts in the northern hemisphere today

Thetheoreticabasisof WSBW restsin parton the supposediecreasegotentialfor high lat-
itude cowection gven warm polar temperatures. Becausensgar density decreases with
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increasing temperatureanm early Cenozoic high latitude saceé vaters might hee been less
dense than those of the modern ocean, with deegction there potentially less &ky. The
existence of anxdensve seway in the net\eaporatve subtropics might va alloved for the
developmentf a substantiahigh salinity low latitudesurfacewatermassOwingto thenonlinear-

ity of the equation of state of seawater, salinity influences on density generally are smaller in
warmer climates and at low latitudes (e.g., Gill, 1982). This adds to the difficulty of creating a
salinity-dominated HC. While the densitycontrastetweerhigh andlow latitudesurfacewaters
may well have been reduced during intervals of extreme high latitude warmth, it would have
requireda substantiathangdn salinitiesto reversethe meridionaldensitygradient. New exper-
iments described here attempt to impose such a contrast through substantial changes in moisture
flux distribution.

1.2. Previous Attempts to Simulate WSBW

The typothesis of WSBW recegd support from the numericatperiments oBrass et al.
[1982a, b] andarron and terson[1990, 1991]Brass et al[1982a] described a simple steady-
state model for one or more tutbnt plumes. A plume, dren by an imposedusyang/ source,
would entrainoceannterior water increasen volumetransportanddecreasan densityasit sank.
By assuming that the strength of a deafaw source (theolume flux times the density anomaly
of the turlulent plume) geerns its gentual depth and geographic distition and that thisumy-
ang flux depend®nly on basinareaandevaporatiorrate,Brassetal. hypothesizedhattimesof
large seas in netvaporatve regions (e. g. the Cretaceous and early Cenozoic) were times during
which the dominant global bottomater was warm as a result of kang been formed in these
regions.

In coarse resolution ocean general circulation model (OG@pBranents forced by output
from the CCMO atmospheric general circulation modé& CM), Barron and Rterson[1991]
concluded that Eocene (40 Ma) paleogeogyagaiie rise to deep cerction in the subtropical
northern Bthys Seavay while modern geograpland those reconstructed for 20 Ma and 60 Ma
predicted only polar ocean deep eection. Thg achieved a similar result for a mid-Cretaceous
(100 Ma) paleogeogragtwhen atmospheric CQwas increasedarron and Rteison 1990].
However, the simulations of Barron and Petersogleeted continental runbin deriving the
salinity forcing for the model ocean, resulting in a nefatiee moisture balancever the global
ocean.

Addressinghis problem Biceetal. [1997] shavedthatwhile corvectionmightstill occurin
theearlyEocenenorthernTethys, dependingon how continentakunof is distributedto themodel
oceanthemostrealisticparameterizatioof runoff (usinga crudereconstructiorof Eocenedrain-
age basins) results in deepter formation only in the high latitudes. When rdn®distributed
evenly to all ocean model cells or is ignored in the calculation of moisture flux to theesurf
oceangshallav mid-latitudecorvectionoccurs but theflux of warmsalinewateris small,extends
to depths shallwer than 1500 m, does not causaming much bgond the E€thys basin, and
doesnotresultin thereversalof meridionaloverturningenvisionedby Chamberlin[1906] andby
Kennett and Stoftl990]. In fact, numerous early Eocene global model seitgitiests using
improved, higher resolution atmosphere and ocean GCMs resulted in the prediction of only high
latitude deep ater sourcesHice, 1997;Bice et al, 1998, 2000]. Bottom aters were &rmer
than modern because the high latitudeaxngfforcing temperatures were highésing the same
ocean model, similar results were obtainedBbgdy et al.[1998] for the mid-Cretaceous, with
bottom water produced in the Cretaceous southern high latitBdady et al.distributed conti-
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nental rundfevenly to all ocean model cells and obgeavrgion of shallev corvection that
agreesith the Tethyanbottomwatersourceregion simulatedoy Barron and Peterson[1991], as
did Biceetal. [1997]whennotusingareconstructiorof continentaldrainagebasins.The correct
explicit treatment of continental rurfaé important in terms of its role in dee@ter formation,
but it is a boundary condition about which there is a higjrekeof uncertainty for past intes.
Becausef thisimportancethe questionof whetheAW WSBW wasformedin the Tethysor another
evaporative region during the Eocene or any other interval, or how it was formed, remains unan-
sweredWhile globalnumericalsimulationgperformedo datedo not supportthe WSBW hypoth-
esis, the gperiments oBice et al.[1997] point to an increase in salinity in thetfys Seavay as
a plausible mechanism for initiation of or increase in the flux chrenvwsaline lav latitude inter-
mediate to deep atermass, if one is ldty to have occurred.

1.3. Previous Thermohaline Circulation Modeling

Beginning with the pioneering work &fryan[1986] who demonstrated the existence of
multiple equilibria of the thermohaline circulation (THC) under identical assumed atmospheric
forcing, much modeling work has been devoted to THC dynamics in general (see review in
Rahmstorf et al.1996).Manabe and Stouff¢988] found two stable quasi-equilibria of the
THC (and hence of climate) in a global coupled atmosphere-ocean iadetzke and Wille-
brand[1991] identified four stable equilibria in an idealized global THC model and argued that
there were unlikely to be more, a picture that was largely confirmed by the more extensive inves-
tigation ofHughes and Weav¢t994].

Past investigations of THC sensitivity to external parameters that are particularly relevant to
the present study have focused on the strength of the freshwater flux forcing, relative to thermal
and wind forcing. In a single-hemisphere sector model with no wind fordiagtzke[1989,

1990] found a “collapsed” THC state, that over 7000 model years displayed weak shallow low-
latitude sinking and a warm, saline deep ocean. However, this was not an equilibrium solution.
Eventually, extremely strong convection occurred at middle and high latitudes, a process later
termed‘flush” by Weaverand Sarachik{1991]. Thisled to extremeTHC strengthandcooling of

the deep ocean to near high-latitude surface temperatures within about 100 years. This was fol-
lowed by low-latitude sinking again, and the collapse-flush cycle repeated itself. With wind
forcing presentMarotzke[1990] did not find the low latitude sinking (or “warm saline bottom
water” state). However, under stronger freshwater flux foravgaver and Sarach{d991]

obtained a similar collapse-flush cycle even in the presence of wind forcing and in a two-hemi-
sphere sector model. Subsequentigaver et alf1991, 1993] showed, again in a one-

hemisphere sector model, that increasing the freshwater forcing yielded, in turn, steady high-lati-
tude sinking, unsteady high-latitude sinking, and the collapse-flush cycle (also termed “deep-
decoupling oscillations” byinton and Sarachjkl993].Wang et al[1999a, b] used an ideal-

ized global model to investigate the sensitivity of the THC to changes in freshwater flux forcing.
However, they analyzed only the strength and stability of the “conveyor belt” equilibrium (deep
sinking in the North Atlantic but not in the North Pacific), and, while they repeatedly found col-
lapsed THC states, they did not investigate the issue further.

The crucial point that arises from these studies of THC stability is that, in model runs domi-
nated by salt forcing, a steady-state solution with WSBW was never achieved. Low-latitude sink-
ing asasteadysolutionoccurredonly with weak,purehalineforcing (nothermalor wind forcing)
[Huang 1994]. W& emphasize that the nature of the unsteadinassot a smallariation about
somemean but the completereversalof the THC asexhibitedduringa“flush.” Thus,thereis the
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following, nontrvial, zero-order question for paleoceanogsapt a WSBW steady-state condi-
tion (a THC equilibriumwithout high-latitudesinking) dynamicallypossibleatall, underrealistic
geometries, and if so, s a flush preented from occurring?

Thepurposeof the presenpaperis to re-examinethe THC of awarmpolarinterval utilizing
experience from THC studies outside paleoclimate applications. Our approach is intentionally a
“constraining” one, where we attempt to force subtropicavection in the model. In a global
model with realistic paleogeographnd mixed boundary conditions, weamine the sensiity
of the THC to changesn thedistribution of moisturein thesalinity forcing. Doesapplicationof a
dramatically increased freslater flux at high latitudes and decreased subtropical flux allo
“reversal” of meridional werturning circulation? By selecting the boundary conditions appropri-
atefor ~55.5Ma, aninterval of someof thewarmestigh latitudetemperaturesf the past90 mil-
lion years, we are maximizing the potential for WSBW formation in terms of temperatire. W
imply by this that if the moisture flux conditions required to produce subtropical sinking in the
modelareunrealisticor if subtropicakinkingdoesnotoccurgivenary moistureflux profile,then
WSBW is not supported for the early Cenozoic and is also not supported foalstHreooler
polar temperatures with similar geographies.

2. Model Description

Atmospheric boundary conditions for ocean modgkeiments are tan from an A&ACM
simulationrun usingthe GENESISv. 2.0 model[ Thompsorand Pollard, 1997]. Topograply con-
sists of a 2 resolution reconstruction of 55 Ma paleogeogyafthg. 1) Bice et al, 1998]. The
model atmospheric composition (6© 800 ppm; CHH = 16.5 ppm) and poleard heat parame-
terization(7 timesthemoderncontrolvalue)weretunedto producea qualitatvely goodmatchto
published estimates of ~55 Ma sea aceftemperatures: approximatelyCtat the poles and
32°C at the equator (Fig. 2a). The simulate@2urbice temperature gradient yields arfid.8
surface temperature at paleolatitudé$3a \alue within the uncertainty in the 2D estimate for
Maud Rise at ~ 55.5 M&]ott et al. 1990].

Surfaceair temperatureandeastvardwind stressestthe surfacewereaveragedzonallyfor
thelastfive yearsof a27-yeamrmodelrun (Fig. 2). To obtaina moistureflux forcing (Fig. 3) to the
ocean model, a more sophisticated treatment@&EMN output vas required. FirstvMaporation
minus precipitation (E-P) rate (m¥rwas calculated and then interpolated thdrizontal reso-
lution, with a small global correction applied as necessary to maintain a net zero global moisture
flux. The resulting 2-dimensional E-P fieléisvthen compared aigst the 4-dgree resolution
land/sea mask prepared for the ocean model. Net precipitatigatieeE-P) @er the continents
was summed and redistuited eenly to all ocean areas and the resulting fiedd weraged zon-
ally. This“global correction’representanunrealistictreatmenbf continentakunoff, but assures
aglobalmoistureflux balanceTheimplicationsof this parameterizatiowereconsideredy Bice
et al.[1997] and are alsoxamined in the present study

The ocean model used is the GFDL Modular Ocean ModeRP(MOM2) Pacanowski
1996]. Themodelgrid configuratiorhas4® horizontalresolutioneverywherewith 15verticallay-
ers, the first nine layers comprising the uppermost 1500 m of the model ocean. The uppermost
layeris 25 m thick. The55 Ma paleobatlimetricreconstructiorof Biceetal. [1998] wasmodified
to beconsistentvith the 2° resolutioncontinentakeconstructiorspecifiedto the AGCM. The pri-
mary diferences between this reconstruction and the modern ocean are a closeEhBsale
(less than 100 m deep), closed Australia-Antarctic passage, a smaller Atlantic basin and open (to
various depths) le-latitude gtavays (Indo-Rcific, India-Asia, Eastern Mediterranean, and Cen-
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tral American passagays). The tectonicvelution of a high latitude seay(s) between South
America and Antarctica is unsettled wewver there is nowadence to support a deeptgvay as
early as 55 Ma. The recent reconstructionawver and Gahgan[1998] of a narra, shallav
passage in this geon in the early Cenozoic forms the basis for our 100 m-deep “closed.Drak

All ocearrunsareforcedby “mix edthermohalinesurfaceboundaryconditions’[e.g.,Bryan
1986;Weaver and Sachik, 1991;Marotzle and Wilebrand 1991; also used [arron and
Peterson 1990, 1991Bice et al, 1997]. W& assume that saide air temperature, sade winds,
and the sugce freshwter kchange are controlled by the atmosphere. E-P calculated from the
AGCM is specified to the model, where it is wverted to a salt flux assuming a globally constant
reference salinity of 35 psu.

A simple relaxation condition for sea saté temperatures (W&nian damping tward zon-
ally averaged sutce air temperature) is used as an approximation to the more complidéated b
formulaethatuseseasurfacetemperaturesurfaceair temperatureywind speedandstaticstability.

A Newtoniandampingtimescaleof 50 daysis specified.Simplerelaxationis appropriateén these
experiments since we wish to address a first-order questiam:skfong a salinity forcing is
needed, compared to thermal forcing, to induce WSBWfatbns stemming from zonal depen-
dence of sudce air temperature, or from spatial dependence of the relaxation timescale, will be
exploredin futurework. In asimilar vein, theassumptiorof annualmeanconditionsallows usto
pose as simple a problem as possible. While the seaga@iimportant in w&ater mass forma-
tion, omitting it constitutes a quantitedi rather than a qualitaé, simplification (Myers and
Weaver, 1992).In theoceanwatermassropertiesaresetin latewinter, whencorvectionreaches
deepest. Omitting the seasongtle from the thermal forcing, therefore, is best interpreted as a
“perpetualatewinter” scenarioratherthanforcing with theannualmean Giventheuncertainties

in the forcing of ap paleo-ocean model, we consider this idealization minor

The acceleration technique Bfyan[1984] is used, with different timesteps for temperature/
salinity (1 day) and momentum/vorticity (1 hour), but without the acceleration with depth.
Whether the steady-state results are sensitive to the integration technique is tested by appending
to Experimentl anintegrationperiodwith equaltimestepsafteranequilibriumhadbeenreached
[e.g.,Marotzke 1991]. The model solution does not diverge from the accelerated run during a
400-year integration with equal timesteps (1 hour).

Because warm bottom water temperatures and abnormal salinities are expected given the
warm polar forcing and the extreme E-P perturbation forcings, the coefficients used in the third
order polynomial approximation to the equation of state are interpolated between minimum and
maximum T and S values that encompass the range of values expected in these experiments. Ini-
tially, the entire suite of experiments was run using 1@3shd 28-39 psu as the limits for T
and S in the MOM2 density coefficient routine. The results were seen to be insensitive to the
range of values chosen by repeating four runs (Exps. 2-5) with a wider range of values specified
(2-33C and 0-43 psu) as bounds for the polynomial fit.

The effects of mesoscale eddies are parameterized accor@egtand McWilliams
£1990]. The along isopycnal diffusivity and isopycnal thickness diffusivity are set to 1.6e¥ cm

, andthe maximumisopycnalslopeis 0.01.Thehorizontalandvertical viscositycoefficientsare
1.0e9 cri st and 20.0 cris®, respectively. A constant vertical diffusivity coefficient of 1.0
cn? st is used. The sensitivity of the model to the specified diapycnal diffusivity is examined in
an additional series of experiments in whighequals 0.3. The MOM2 fullconvect option is
enabled, which completely removes static instabilities in the water column in one mixing pass at
every timestepRahmstorf1993]. Exp. 1 was initialized from a motionless state with uniform
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layer salinities from modern observatiohgyitus 1982], and uniform layer temperatures
warmerthanthe modern startingat 32°C in the uppermostayeranddecreasingxponentiallyto

15°C at the bottom layer. The solutions were seen to be insensitive to the initial velocity and
temperature structure by repeating Exps. 1-5 initialized with modern layer average temperatures
and a motionless state.

Some further comments regarding the forcing technique used are appropriate here, which
superficially might appear to be technical detail, but in fact reflect something fundamental about
ocean-atmosphere interaction as pertinent to THC dynamics. The use of mixed thermohaline sur-
face boundary conditions means that the atmosphere is assumed to control the exchange of
freshwater with the ocean and is assumed to have an unchanging temperature structure, resultant
from which is a surface heat exchange proportional to the temperature difference across the
ocean-atmosphere interfadégney 1971]. While a mixed boundary condition formulation
leaves out some feedbacks, particularly the one between atmospheric water vapor transport and
the THC Nakamura et a).1994], it does reasonably parameterize air-sea interaction to lowest
order, and is, under highly simplified circumstances, rigorously derivable from a coupled model
[Marotzke 1996]. The numerical value of the air-sea thermal coupling coefficient in the Newto-
nian damping law reflects implicit assumptions about atmospheric heat tranRatmsstorf
and Willebrand 1995;Marotzke 1996], and is crucial for the stability of the THZhjng et al.
1993;Mikolajewicz and Maier-Reimefl994;Rahmstorf and Willebrand 995]. We expect this
coefficient to play an important quantitative role in these simulations. However, we do not
expect the choice of coefficient to have any qualitative consequences. Largely, this expectation
arises from previous experience that has shown that the THC behavior differs quantitatively, but
not qualitatively, between coupled and uncoupled models Bryan 1986;Manabe and
Stouffer 1988;Marotzke and WillebrandL991;Marotzke 1996].

While fully coupled ocean-atmosphere simulations are desirable, robust paleoclimate model
studies require that numerous sensitivity tests be performed, an issue we will address here with
regards to the vertical mixing and continental runoff parameterizations. These tests are essential
in order to produce a spectrum of plausible solutions within the limitations of the model parame-
terizations (e.g. diapycnal diffusivity), uncertainty in initial conditions, and uncertainty in
climatic boundary conditions (e.g. continental runoff, evaporation and precipitation patterns,
paleobathymetric reconstructions, to name a few). The utility of existing fully coupled models in
a study such as this is therefore severely limited by their speed.

3. Results

3.1. Control Case and the Response to E-ReRurbations

In all runs, temperature and wind stress forcing are identical. The ocean ragdelwirst
with the E-P forcing predicted by the&5&M and corrected to account for continental rtiasf
described abe (Exp. 1). The standard case (1 x E-B¥wun for 3000 years, by which time it
had nearly reached steady-state. Then, in order to test thevaigrsitine model solution to the
strengthof thesurfacefreshwaterforcing, E-Pwasmultiplied, uniformly, by factorsof from 2to 5
(Tablel). Thesemultiplicative factorsincreasehe amplitudeof the zonalE-Pforcing while keep-
ing its spatial structure constant. The increase in multipleddictor represents a linear increase
in the subtropical-tropical moisture flux gradient and simulates an increase in the strength of the
atmospheric ydrologic g/cle. (Additional &periments were performed usiragtors of 0.5 and
1.5x E-P. Thesedataarenotshavn on Figure4, but areincludedin Fig. 6 andin Tablesl and2.)
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Figure 4 illustrates both the model igtation procedure and an important response to the pro-
gressve change in E-P

The equilibrium state of the standard run has a northern hemisphere intermetiat®mw
mationrateof 17 Svat44°N, andglobaldeepwateris formedin thesoutherrhemispheratarate
of 65 Sv (Fig. 5). Despite theeky warm subpolar temperatures, the maximumasigrfdensities
occur in the high latitudes and global intermediate and bottatargvare formed there, in agree-
ment with preious early Eocene ocean simulatioB&E et al, 1998, 2000]. In the northern
hemisphere, significant ceection (to ~1800 m) is restricted to the Nor#t#ic, near the Alas-
kan magin. This water is carried southwesaind by a north &ific boundary current. Intermedi-
ate depth corection (to ~1500 m) also occurs in theddell Sea ggon and this \ater flavs
northwardinto the Atlantic basinsTruedeepcorvectionoccursin thesoutherrhemispheralong
the Antarcticmamgin betweerCampbellPlateatandthe AntarcticPeninsulaThis bottomwateris
carriedwestandnorthwardalongthe CampbellPlateaitandNew Zealandmamgin tofill thePacific
deep basin. It flws westvard along the Ne Guinea magin into the Indian Ocean, and is turned
southvard around Ninetyeast Ridge andrfuelen Plateau. Thisater is preented by topogra-
phy from flowing directly into the Atlantic basins, Wwaver, abose ridges south of Africa, this
water mies with intermediate ater formed in the \Adell Sea.

Subtropical covection occurs only in small sites and only ewshallev depths, rcept in
the Tethys. Minor cowective mixing occurs in the subtropics of the western Atlantic auifie
basins in the ggons of the western boundary currents, in the western Indian Oceathe
Madagscaropographicigh, andin threesmallregionsin the subtropicalSouthAtlantic. These
corvective sites do not produce discretatermasses. In the subtropicatfys basin, covective
mixing occurs in one grid cell on the western basingmaiT his mixing entilates the basin,
which has a maximum depth of 1900 m. Bottoatewvs in the &thys therefore deve their prop-
ertiesfrom near38°N andarewarm(~25°C) andsaline(35-35.5psu). Thedensestvaterover the
200-m deep sills auld be neutrally boyant at a depth of 300 m outside the silled basin. This
localized,weaksubtropicakornvectionis similarto thatobsenedby Biceetal. [1997]in ahigher
resolution Eocene model with a full seasoryale and longitudinal ariability in the ocean forc-
ing. Globally Exp. 1 ocean temperatures decrease from a mean 6€2i.the uppermost layer
to 14.5°C below 2500m. This bottomtemperatureralueis a qualitatvely goodmatchto tempera-
tures estimated from latealeocene/early Eocene benthic foraminiferal oxygen isotopes.

In Experiment-5,asthemultiplicative factoron E-Pincreaseshemeanoceantemperature
increasegFig. 4). Warmingis mostpronouncedn thethermoclineandupperintermediatalepths,
betweert00and1200metersandsalinity alsoincreasestthesedepthgtheglobalmeansalinity
is unchanged). In the sade ocean, the nature of the forcing change is tersalt from the
extra-subtropics to the subtropics. As the E-P forcing increases, surface salinity increases at the
latitudes of maximum Ekman pumping (subtropical downwelling). This response alone explains
some of the subsurface salinity increase: water injected into intermediate depths following an
isopycnal surface is more saline.

Themechanisnior thewarmingobserveds lessstraightforwardbecausehe surfacetemper-
ature forcing is unchanged. The increase in salinity in the subtropics causes deepening of isopyc-
nals and any particular density surface then conveys water to a deeper depth. Ventilation of the
thermoclinethroughsubductiorfLuytenetal., 1983;Pedlosky1984]therebycarrieswarm, salty
water to greater depths, resulting in the obsg@marming and contrilsting to the obseed salin-
ity increase. Onwerage, isopcnals surdces deepen by 50-80 m between Exp. 1 and Exp. 2.
Becauseéhis subductedvatercontributesto intermediatevaterthatis transportegbolevardbelow
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themixedlayer, thechangdn waterpropertiegesultingfrom theincreasen E-Pis notrestricted
to the subtropicathermoclinelt is importantto notethat, despitethe very large subtropicalevap-
oration and ery high precipitation at high latitudes, subtropicalvemtiive mixing does not

increase and in noxperiment does subtropical deep sinking (WSBWa “haline” mode) occur

The global mean steady-state temperature increasasthogically with the increase in mul-
tiplicative factor on E-P (Fig. 6). The temperatures resulting fractofs of 0.5 and 1.5 x E-P
forcing fit this response pattern as well. In the thermocline the salinity increase is linear in direct
responséo thelinearchangean E-P. Flatteningof thetemperatureesponseo theincreasinge-P
gradient (Fig. 6) occurs because salinityeni displacement of the outcropping latitude of sub-
tropical isoycnals eentually reaches the limits of thegren of Ekman pumping. Anfurther
increase in salinity cannot produce increased thermoatinglation. At a multiplicatre factor
greater than 4, therefore, the subduction response becomes saturatedperiheesats.

It shouldbenotedthatthe subtropicalgyre meansalinity increasehatinitiatesincreasecub-
ductionof warm, salinewateris relatvely small. As subtropicalevaporationincreasegy afactor
of 4, the maximum grid point subtropical salinity increases fgraépsu, bt the areaseraged
subtropical salinity increases by less than 0.7 peuihe Exp. 1 &lue (ble 2, Fig. 7). This
dampened response of the meanaagfsalinity to laye, widespread increases wraporation
occurs because salt idiefently remaved through deepened subduction anaelosalinity vater
is immediately adected horizontally into the geon by suréce currents.

Northern hemisphereverturning is shut éfoy increasing E-P from the standard case to 2 x
E-P (Fig. 8). This occurs in response to the increase in net precipitation and decreaaeean surf
salinity over the high latitude Northaeific. Although the southern hemisphere high latitude pre-
cipitationalsoincreasessoutherrhemisphereneridionaltransporis notshutdown. Salinitiesare
maintainedn the southerrhigh latitudesby theincreasegolevardadwectionof saltthroughsub-
surface layers from the subtropics. The meridiovalrturning circulation established in Exp. 1
therefore maintains itself by bringing salt to the high southern latitudesMdn as will be
shavn in the mixing gents seen in Exps. 3, 4 and 5, this southern sinking is easily reestablished
after being shut éfBoundary current transport of salt pebrd and shallwed meridional ver-
turning may therefore be as important as deep meridiamealurning in initiating and maintain-
ing southern hemisphere deep sinking.

The southern hemisphere transport increase (+1 Sv) in Exp. 2 is not clearly significant and
does not compensate for the loss of northern hemisphere intermeafietgomduction (17 Sv)
seen in Exp. 1. Exps. 3 and 4 algbibit no northern hemisphere intermediai®ev source, and
thechangen the strengthof southerrhemispher@verturningis not predictablejncreasingo 68
Sv in Exp. 3, then decreasing to 52 Sv in Exp. 4.

A strong interbasin longitudinal asymmetry is seen in the model response to changes in the
zonalE-Pforcing. Warmingandsalinity increasesregreatesbn thewesterrsideof thenorthern
hemispherdacific basin(Fig. 9). In Exp. 2, ataboutl000m waterdepth,for example ,Kuroshio
Current vaters varm ~3-4C relatve to Exp. 1, and California Currenaters cool by ~1-17%.

The asymmetric response is similat bmaller in magnitude in the North Atlantic. The South
Atlantic basin varms throughout the thermocline/subthermoclimggore with greater wrming in
the polevard-flaoving western boundary current. Subtropical eastern SadiidPwarming is 1-
2°C greater than arming on the western basin mga.

The strongly asymmetric response in the northern hemisphere, which is most pronounced in
thePacificbasin,is relatedto theshutdown of theintermediatedepthoverturningthatoccurredn
the control case (Exp. 1). Theigtence of this cell requires an eastern boundary densgigr lo

Bice and Marotzke



11

than the western boundary denss#y that the THC is in thermal wind balanb&afotzle, 1997].
Wealeningthis cell requiresgheeasterrboundaryto cool, relative to thewesterrboundaryresult-
ing in the cold tongue in the Easddific (Fig. 9). If we consider going from Exp. 2 to Exp. 1,
turning on the sinking in the high latitude eastern Nodtifie tales with it the relately warm
mixedlayerwaterandformsa classicalventilatedthermoclinetongue.In the SoutherrPacific,on
theotherhand high latitudesinkingpersistgegardlesof the E-P perturbationandsothetemper-
ature response is not asgarthere. Because of the navravidth of the South Atlantic basin,
warm,saltywatersubductedo greatedepthsan thelow latitudesis largely trappedn the Atlantic
subtropical gyre, resulting inasming on both sides of the basin. Thisrming is strongly
enhanced by the shutdo of the \tddell Sea intermediate depth eection with the change
from 1x to 2x E-P forcing.

3.2. Slaving of the Meridional Overtur ning and Transient THC Events

In addition to the strong sensity of temperatures to perturbations of the moisture flux dis-
tribution, the quasi-periodic mixingzents that occur also deserglose gamination. These
events are apparent as rapiemming/cooling gcles in Figure 4. Theare most pronounced in
Exp.5 (whichshavedno signsof equilibratingafter8,000modelyears)out werealsoobsenedat
the bginning of Exps. 3 and 4.

Experiment 3 s initialized from year 1000 output of Exp. 2, which had a southern hemi-
sphere deep ater formation rate of ~66 Sv with deep wection restricted to the Antarctic mar-
gin between Campbell Plateau and the Antarctic Peninsula. When the salinity faasing w
instantaneouslincreasedo the 3 x E-P casedeepwaterformationremainedabore 60 Svfor less
than 80 years and ocean temperatures increasely.sidhen, within one decade, meridional
overturningcirculationdecreasetb 35 Sy, thenslowvedto asmuchas20 Sv over the next several
decadesDuring this slowing, no deepmixing occurredbelov 2000m andwarmingproceededt
a faster rate at all model depths. Then, within 20 years, deep sinésgeestablished in the
southerrhighlatitudesandthe overturingrateincreasedo avalueslightly greatethanthe Exp. 2
steady-state.

The thermohaline sWing and reimigoration is caused by high latitude southeacifc
salinity changes. In the primarygien of deep sinking, near Campbell Plateau anaralinities
decrease rapidly with the introduction of the 3 x E-P forcing, decreasing sinking ainthioe
meridional @erturning. At the same time, atveeal hundred meters depth, salinitiegibgo
increasalueto increasedubductiorof warmsalinewaterin thelow latitudesandpolewvardtrans-
port of this entilated thermocline ater to the Australian/Antarctic ngan region. A density
instability eventually deelops, diving deep sinking and the return to strongrturning circula-
tion. In Exps. 3 and 4, one ordvef these flushingvents mix the Bcific sector southern ocean
sufficiently to allow a persistensinkingstate.ln otherwords,in the southerrhemispheréacific,
thesubsuracetransporiof saltfrom the subtropicsovercomeshelocal effectsof thelow salinity
capcausedy verylow E-Pforcing.In the5 x E-P case however, thecompetingeffectsof precip-
itation at high latitudes and strong psbed salt transport appear to be roughly balanced when
averaged wer a thousand years or more, so that mixin§/daf events occur repeatedigome-
where between attor of 4 and 5 x E;Phe model, configured as described in Section 2, can no
longer equilibrate and oscillates between an “on” anti taindition in the meridional\erturn-
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ing circulation. No haline circulation mode igee achieed.

3.3. Thermohaline Response todtturbation Relaxation

In order to &amine the stability of the thermohaline solutions actdehere, “relaxation”
experimentsavereperformedn which,for example Exp. 1 wasrepeatedisingExp. 2 steady-state
output as the initial condition. The same proceduae performed for Exps. 2 and 3 (Fig. 10).
These relaxationperiments required that the global ocean cool and, in the case of Exp. 1 forc-
ings, that northern hemisphere sinking be re-established. In each case, the mock dohie
same equilibrium state as the runs first forced with that particular E-P case.tl& prescribed
model configuration and forcing profiles, and within the perturbation conditkphsred, this
model appears to ti@ one stable mode of equilibrium. This conclusion is supported bgadhe f
that, early in our stugyExperiments 1-5 were each initialized from a motionless state aiiti v
cal temperature and salinity structuresstakrom modern obseations. These runs obtained the
same steady-state solutions as those described here. This same stability (also with dominant
southern hemisphere sinking andylely asymmetric meridionalberturning) was also obseed
in mixed boundary condition runs using the modebemtner and Chervii992] and a higher
resolution ersion of the early Eocene paleohatietry Bice, 1997;Bice et al, 1997, 1998].

3.4. Model Sensitrity to Diapycnal Diffusivity

The strength of the meridional circulation and, therefore, the model climate state are highly
sensitve to the diapcnal difusivity (vertical mixing) codicient chosen. The sensity of the
circulationto changesn themoistureflux forcing is alsoexpectedo vary with the specifiedverti-
cal diffusivity [Zhangetal., 1999].In all the experimentsdescribedibore, auniformvalueof 1.0
cn? st was used. Although estimates of the actadiies ary and spatialariability certainly
exists,in themodernoceandiapycnalmixing is lowestin theupperthermocline(o.1-0.15cmzs'1;
Ledwell et al. 1993] and can be 1 to 2 orders of magnitudgelain the deep oceamdole et al,
1994;Polzin et al, 1997]. W& have no way of knaving the actual mixingalue for the early Cen-
ozoic ocean. A uniformalue much higher than 1.0 is not clearly defensible &edtene and
earlyEocenexperimentsThe highestestimate®f verticalmixing ratesin themodernocearare
thosefor the Antarctic Circumpolamregion andfor speciatopographideaturesuchasthe Brazil
Basin.While roughtopograply andoceartloor basinstructuresreaslik ely to have existedin the
early Cenozoic ocean as yhare todayno Antarctic Circumpolar Current couldvesexisted
prior to the opening of the Australia-Antarctiad3ageay and the Drak Rassage.

In order to @amine the sensitity of the model solution to a smalleerntical mixing coefi-
cient,we repeatedExperimentdl, 2, 3 and4 usinga uniform valueof K,=0.3 cn? s Themodel
wasintegratedin afashionsimilarto thatdescribedabore. Time seriesof themeanoceantemper-
aturesareshowvn in Figurell. Thesmallerverticalmixing coeficientresultsin acontrolE-Pcase
thatis cooler(primarily in thedeepoceanthanExp. 1 and,asexpected hasa wealer meridional
overturning circulation in both the south and north. In addition, the soutkertuming is shal-
lower, with transport of less than 5 Sv b&l8000 m. Vith the laver mixing codficient, the
model shavs a higher dgree of sensiity to perturbations of the salinity forcing. The change in
temperaturdetweerthecontrolcase(1 x E-P)andthe 2 x E-P casds greatetthan+2.3°C, nearly
1.5°C greatetthanthewarmingobsenedbetweerExps.1 and2 (Tablel). A northernhemisphere
intermediate \ater source is @jn shut dan by the increase to 2 x E-P forcing.eBwvith a &c-
tor of 4 x E-P applied to th€,=0.3 cn? st model, havever, no reversal in thermohaline circula-
tion occurs. Bottom water is formed in the high latitude southern hemisphere and only scattered
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shallav convectionoccursin the subtropicsasit did in experimentslescribedn Sec.3.1. At fac-

tors of 2, 3 and 4 x E;fhe laver K, model ehibits weak stabilityMeridional werturning grad-
ually slavs producing, forxeample, the gradualavming trend obseed in the 2 x E-P case.
Eventually a high latitude density instability ekdops (as described for Exp. 3 and 4 in Sec. 3.1)
and flushing occurs with strengthened Southern Oceamction. The runs do not oscillate
between thermohaline “on” and fvmodes or between thermohaline and haline modes of circu-
lation. Theinstability is in the strengthof the southerrmemisphereneridionaloverturning,which
varies by as much as 20 Sv in a decade. In all casesje@meerturning is dsren by increased

high latitude cowection. The temperature dominated model solution therefore appears to be
robust e/en with a ‘ertical mixing \alue of 0.3 cris®, but the model stability is greatly reduced.

Given uncertainty in all boundary conditions (geogsapémperature, moisture flux, winds)
applied to a model of the early Cenozoic (oy past time period) it isary difficult to knav
which value of \ertical mixing results in a “better” paleoceanographic simulatiatues of 1
cn?st and 0.3 crfs ! may brackt a reasonablealue, lut we hae no vay of \erifying this.

Using such a small vertical diffusivity with uneven vertical grid spacing raises the question of
spurious diffusionYin and Fung1991]. But, as later shown Byeguier et al[1996] and dis-
cussecdextensivelyin Marotzke[1997], the problemis lessseverghanwasoriginally thought.In

our experimentswe seea clearinfluenceof reducingK,, in keepingwith generakxpectationput

no suspicious behavior.

Another important result to note here is that the radagsponse of the model to changing
moisture flux distribition does not change and that thedo\alue of \ertical mixing enhances
thesensitvity of themodelto E-P perturbationsThedifferencedetweerthetwo modelsolutions
given identical boundary conditionstidifferent mixing codfcients should seesas a warning
that paleoclimatic studies emplag ocean models can only define the range of solutions plausi-
blewithin the spaceof thepoorly constrainesnodelparameterdn theabsencef sensitvity tests
suchasthis, no oneexperimentshouldbe assumedo provide areliablepictureof pastoceancon-
ditions.

4. Discussion

In the control case, despite thery warm subpolar temperatures, the maximumas@fden-
sities occur in the high latitudes and global bottoatewis formed there, resulting in a qualita-
tively good match to bottomater temperatures estimated froald®dcene/Eocene boundary
intenval benthicforaminiferaloxygenisotopesThis indicateshathigh latitudedeepwaterforma-
tion aloneis sufficientto accountfor thebottomwatertemperaturesf theearlyCenozoicaslong
asfossilandgeochemicatlatasupportwarmhigh latitudes . Considerablencertaintyexistsin the
true nature of the ancientagoration, precipitation and ruriafistribution, kut subtropical deep
sinking never occurs in grE-P forcing casexamined here, indicating that WSBW is umlik.
An additional experiment was performed in which continental runoff was parameterized by a
“zonal correction,” i. e. net precipitation was assumed to go into the ocean at the same latitude at
whichit falls overthecontinentln thatcasethezonalE-Pforcingresemblesfactorof 1.2t0 1.5
times the Exp. 1 E-P (Table 2), but with much higher precipitation at high latitudes. The steady-
statesolutionwith this zonalrunoff correctionresemblesinexperimenin which a 1.5factorper-
turbation was applied to E-P, but deep convection is less widespread on the Antarctic margin, no
northern hemisphere intermediate water source is present, and the southern hemisphere meridi-
onaloverturningrateis weakerby ~4 Sv. Thefactthata differentparameterizationf continental
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runoff hasapproximatelythe sameeffectasa 50%increasen the strengthof thehydrologiccycle
emphasizes the difficulty and importance of this poorly-constrained boundary condition.

The model shes that global mean ocean temperature and thermocline through intermediate
watertemperaturearehighly sensitve to changesn the moistureflux distribution. Theresponse
is logarithmicwith theincreasinge-P gradientandthe strengthof theresponséecomesaturated
at very high E-P forcing. Despite the weak pole-to-equator temperature gradient, vigorous merid-
ional overturning circulation is predicted with all moisture flux forcings tried, although the abso-
lute value of the overturning is strongly a function of the chosen diapycnal mixing coefficient. A
northern component @eific) intermediate source that occurs in the control case is turiniegl of
an increase in high latitude precipitationf the dominating southern hemisphere bottcstew
sourceis not, becaus®f subsuracetransporof saltto southerrhigh latitudes It shouldtherefore
not be assumed that increased precipitationlvhare necessarily resulted in a shutathoor
evenwealeningof deepwaterformationat high latitudesin the Paleocene/Eocengceanconfigu-
ration. In the simulations described here, strong subduction and sudestreinsport of arm
salty water to high latitudes dres continued strong deegt&r production rates there.

One of our original objectives was to perform at least one model run dominated by salt forc-
ing in orderto seeif asteady-statgolutionwith WSBW couldbeachievedHowever,despitethe
extreme E-P forcing applied and the low subtropical-to-high latitude surface density gradient
resulting (Fig. 12), subtropical deep water formation did not occur. Because of increased subduc-
tion of salt and horizontal advection of lower salinity water by currents, high salinities did not
develop in the subtropics. With no dramatic widespread increase in subtropical salinities and no
change in the temperature forcing, then, it was not possible to achieve a haline mode of circula-
tion, aresultconsistentvith Huang[1994]. Subtropicadeepcorvectionandareversedhermoha-
line circulation (Stommet second case) are therefore not supported by tkpsgaraents.

Even in the most extreme case (Exp. 5), although the meridional overturning frequently col-
lapsed, it never “turned on” with subtropical sinking, although the subtropical-to-high latitude
surface density gradient was very low. This may occur because, even during years when deep
convectionis notoccurring,thewatercolumnis moreweakly stratifiedin the high latitudesouth-
ernPacificthanin the subtropicof eitherhemisphereln asensegarlierstrongmixing therepre-
conditionstheregionandonly arelatively smalldensityperturbations neededo re-initiatehigh
latitude deep convection. It should be noted, however, that early in our study Exp. 5 forcing was
applied to a motionless initial condition with a globally uniform, stable stratified T, S structure,
and the model achieved the same oscillating solution with deep convection that, when “on,”
occurred only in the high latitude Southern Ocean, not in the subtropics. This suggests that pole-
wardsalttransporienhancedby subtropicakubductionimay bejust asimportantasthe existing
circulation in favoring a high latitude deep water formation mode.

Under what model conditions notgored here might subtropical deep eection and
“reversed’meridionaloverturningbe predictedor the Paleocene/Eocen&meanswemaylie in
the Stomme[1961] model itself. If we makour model resemble the Stommel model by kemo
ing bottomtopograply andsurfacewind forcing, we mightattaina salinity-dominatedlow under
some combination of temperature and salinity forcing used hergcaf mixing &en wealer
than 0.3 crAs?! might also allav a haline mode (see the discussion of Permian simulations
below), but our xperiments suggest that some moisture flux perturbatiponidethe control
valuewouldlik ely still berequiredandthatthemodelsolutionis unlikely to bestable(Fig. 11). A
flattened meridional temperature forcing (no gradient) might be carediccdeep corection
under the rgions of highest E;Rut a flat temperature gradient implies infinite paed heat
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transport and the resulting oceaauld be isothermal. As long asyavertical temperature gradi-
ent is inferred for the ancient ocean, some meridionacaigradient must alsaist. Hovever,
these changes me us &en further from realism than thg&teeme moisture flux perturbations
already tested.

Ourlack of a“haline mode”solutionstandsn contrasto recentwork by Zhangetal. [2001]
who achieved a haline mode (weak and unstable) with mixed boundary conditions and an ideal-
ized Permian (~250 Ma) geography. Their study includes a subset of experiments in which tem-
perature and wind stress where unchanged and E-P (converted to a salt flux, as in our
experiments) was increased by at least a factor of 5. With a diapycnal mixing coefficient of 0.5
cn? s, they achieved a haline mode at a factor of 5 x E-P. With a smaller vertical mixing value
(K,=0.1c s, the haline mode occurred at 2 x E-P. As was showZhiayg et al[1999] the
lower verticalmixing valueusedby Zhangetal. [2001] enhancethemodelresponséo achange
in the salinity forcing. However,evenwith amixing valueof 0.3cn? st (Fig. 11), our modeldid
not result in a reversed circulation, while Zhang and colleagues observed a haline mode with a
valueof 0.5cm? st A significantdifferencebetweerour studyandthatof Zhangetal. [2001]is
the paleogeography used and our use of a complex or “more realistic” bathymetry for the Pale-
ocene/Eocend@.hepresencef seafloortopographyallowsfor thedevelopmenof deepstratifica-
tion [Vallis, 2000], a condition that makes it more unlikely that a surface salinity gradient can
dominatethemeridionaldensitygradientandforceareversedhaline)meridionaloverturningcir-
culation.Theresultsof Vallis [2000] indicatethatthis topographyneednotbecomplex butthatit
be present in the region of deep water formation. Since we can nokpioari where deep
water formation occurred in the ancient ocean we wish to study, this result argues for use of a
“realistic” reconstruction of topography in paleoclimate ocean modeling, as opposed to flat bot-
tom oceans. Unfortunately, the reconstruction of sea floor topography prior to the Cretaceous is
almost entirely unconstrained by daBade et al.,1998].

Another result with important implications for paleoclimatic studies is thasaigalinity
responsén theocearcirculationmodel. Theassumptions often madethathighly salinesubtrop-
ical surfaice vaters vould be indicatre of likely paleogeographic sites of deep\axgtion in sub-
tropical reions, if such covection occurred. d@ that end, sedimentologic, isotopic auhal
evidence of saline conditions is sometimes sou8ttrhitz et al. 1996]. Havever, our eperi-
ments indicate thagven gven \ery high @aporatve fluxes, high sudce salinities can be sup-
ported only in ery small rgions and that widespreadyiens of abnormally high subtropical
salinitieswould not occur if subtropicakurfacewaterpropertiesarebeingmixedinto the subsur-
face (in this case through subduction/thermoclemilation) and if the basin is in communica-
tion with the global ocean, allong through-going wind-dvien currents to mix the sade
waters. Once a more restricteetfiyan basin was formed, it is more Iy that widespread high
salinities would develop and that a Med &terlike “Tethyan Component” atermass of interme-
diate depth might he eisted. It should be noted, Wwever, that widespreadvaporites (deposits
of primarily gypsum anhydrite andhalite) suchasthoseof thelower Eocendn northernPakistan
[Meissner et a).1974;Pivnik and Wlls, 1996] would indicate that such aatermass did notxé
the basin and that salaw instead renved through eaporite mineral formation.

In some respects, the short-lived changes in the meridional overturning circulation observed
atthestartof Exps.3 and4 resemblagheresponsesbservedn previousstudiesof THC stability
[Marotzke 1989, 1990Weaver et a).1991, 1993Weaver and Sarachik991;Winton and
Sarachik 1993].A “collapsed"THC stateis achievedit occursin thepresencef wind forcing, it
is not an equilibrium solution and subsequent flushing occurs. The deep-decoupling oscillations
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appeaito betransientresponseanddo not persistunlessanextremekE-Pforcingis applied(Exp.

5). Although abrupt, short-lived thermohaline events are inferred from the paleoclimate record
[e.g. the Late Paleocene Thermal Maximuwuiller et al., 1987;Thomas 1990;Thomas and
Shackleton1996],it is notyet clearto uswhetherthe modelthermohalineoff/on oscillationsrep-
resenplausibleeventdor therealoceanCertainlya several-foldncreasen thehydrologiccycle

can be considered implausible. Resolution of the question of whether transient events at lower E-
P perturbations are realistic will require more extensive model testing, including experiments

with longitudinal variability in forcing conditions and further experimentation with the model
configuration, especially mixing parameterizations.
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Figure Captions

Fig. 1. Reconstruction of the 55 Ma geognaphtwo degree resolution. The solid line indicates
the shoreline. The dashed contours indicate ocean depths of 1, 2, 3, 4 and 5 km.

Fig. 2. () Bmperature°C) and (b) wind stress forcing (dynes @mwsed in all Rperiments.

Fig. 3. Exaporation minus precipitation (m 9y forcing used in Experiments 1-5. The control
case(Exp. 1) predictedby the AGCM (Exp. 1) is indicatedby thedashedcurve. Solid curvesindi-
cate the 2x, 3x, 4x and 5x E-P cases, with progrelgsilecreasing tropical and high latitude .E-P

Fig. 4. Time series of global ocean temperatures for Experiments 1-5.
Fig. 5. Global werturning streamfunction (8wdrups) for Exp. 1.

Fig. 6. Global ocean temperature (open symbols) and 400-12008raga temperature (solid
symbols) as a function of the multiplicaifactor on E-P

Fig. 7. Zonal salinity eeraged wer the upper 100 m of the model for Experiments 1-5. The con-
trol case(Exp. 1) is indicatedby thedashedurve. Solid curvesindicatethe 2x, 3x, 4x and5x E-P
cases, with progressly decreasing tropical and high latitude salirityperiment 5 (the lgest
curwe) is shavn during one of the mixing “6fintervals of the run.

Fig. 8. Global werturning streamfunction (8wdrups) for Exp. 2.

Fig. 9. Temperaturelifferencefor Exp. 2 minusExp. 1, at~1000m depth.Thecontourinterval is
0.5°C. The only rgion in which cooler alues are predicted in the 2 x E-P casefithef west
coastof North America.Warmingasgreatas6°C occursalongthe easterrNorth Atlantic mamgin
and in the W¥ddell Sea.

Fig. 10. Tme series of global ocean temperatures for Experiments 1-4 and the relaxpéion e
ments in which 1x, 2x, and 3x E-P forcing runs were initialized from Experiments 2, 3, and 4,
respectrely.

Fig. 11. Tme series of global ocean temperatures for Experiments 1-4 (thin lines) and runs in
which the same forcings were usedt the \ertical difusivity parameter &s set to 0.3 cfs’
(bold lines).

Fig. 12. Zonal eeraged density for the uppermost 100 m of the model for Experiments 1-5. The
controlcase(Exp. 1) is indicatedby thedashedcurve. Solid curvesindicatethe 2x, 3x, 4x and5x

E-P cases, with progressly decreasing tropical and high latitude aad densities. Experiment

5 (the lavest cure) is shavn during one of the mixing “&fintervals of the run.
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Table 1. Mean ocean temperature and thermocline temperature and. salinity

Mean ocean Thermocline (~600 m)
Experiment T (°C) T¢C) S (psu)
0.5x E-P 16.4 18.7 34.98
1 1xE-P 17.0 194 35.02
1.5xE-P 17.5 20.5 35.14
2 2xE-P 17.9 214 35.25
3 3xE-P 18.2 221 35.45
4 4 x E-P 18.3 22.7 35.66
5 5xEP | - does not equilibrate -----
zonally 18.1 20.9 35.10
distributed
runoff

Table 2. Subtropical swa€e salinity maxima and zonal means (upper 100 m).

Maximum Maximum Zonal mean
subtropical E-P (m y¥) | subtropical salinity (psu) subtropical salinity (psu
Experiment
SH NH SH NH SH NH
0.5x E-P 0.368 0.281 36.07 36.02 35.54 35.52
1 1xE-P 0.736 0.561 37.16 36.94 35.95 36.03
15xE-P 1.104 0.842 37.46 37.56 36.13 36.26
2 2XxXE-P 1.472 1.123 37.56 38.21 36.15 36.17
3 3xE-P 2.208 1.684 37.64 39.41 36.21 36.12
4 4 x E-P 2.943 2.246 37.66 39.73 36.27 36.19
5 5x E-P 3.680 2807 | - does not equilibrate -----
zonally 0.862 0.873 37.25 37.52 36.03 35.71
distributed
runoff

Bice and Marotzke




,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

v I - p NSy | s X S
o ) R y :
= & N 7 _Lim PR ———
S8 e - 3 L
! ~o~ y! P
AN i Z

— 4 Indo-Pacific Seaway
f <o 2 . :

77777777777777777777777777777

Campbell
Passage ‘ Plateau




(D,) @4nresadwa]

60 80

40

20

-60 -40  -20

-80

Latitude

0.8 (b)
A~

o o o
(z- wo saukp) ssans puim

Latitude



E-P(myr‘l)

4.0

2.0 B

Il ~ -~ - - B
0.0

~ o = - - - .

B N Y -
-2.0 B
-4.0 - |

I I I I I I I I I I I I
-80 -60 -40  -20 0 20 40 60 80

Latitude



Temperature (°C)

22.0 —

21.0 —

20.0 —

19.0

18.0

17.0 —

\ \ \
6000 8000

Model Year

\
10000

\
12000



Depth (m)

-80 -40 0 40
Latitude

50
40
30
20
10

-10
-20
-30
-40
-50



(D,) @inresadwa )

4.0

3.0

2.0

1.0

0.0

Factor



(nsd) Anuies

Latitude



Depth (m)

Latitude

40




80°N

40°N

OO

40°S

80°S




Temperature (°C)

20.0

19.0 —

17.0 —

Exp. 3 (relaxed)

Exp. 2 (relaxed)

Exp. 1 (relaxed)

\ \ \
6000 8000

Model Year

\ \ \ \ \
10000 12000 14000



Temperature (°C)

21.0

20.0

19.0

18.0

16.0

15.0

Exp. 1

Exp. 1 forcing

Exp. 4 forcing

Exp. 3 forcing

Exp. 2 forcing |

\ \ \ \ \ \ \
0o 2000 4000 6000 8000 10000 12000 14000

Model Year

\
16000

\
18000



(} 0) Ausuag

Latitude



