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ABSTRACT 

An idealized box model of the Indian Ocean forced by steady winds and Haney-type surface heat 

fluxes is used to examine the importance of the warm fresh throughflow from the equatoriaJ Pacifie on 

the climate of the Indian Ocean. In particular, the hypothesis proposed by Godfrey and Weaver 

(1991) that the buoyancy-forced Leeuwin Current off the west coast of Australia is a manifestation of 

a basinwide thermohahne Circulation driven by the Indonesian throughflow is examined. 

The stronger Sverdrup circulation dominates the thermohaline circulation in most of the model 

ocean except near th!'! eastern boundary. The effects of the throughflow can however be determined 

by comparing two runs forced by a Pacifie Ocean with either the warm, fresh profile of the western 

equatorial Paclfic or a eooler, more saline profile more typieal of the eastern equatorial Pacifie. It IS 

found thal heat imported from the Pacifie is transported zonally ail the way aCrQSs the Indlan Oeean 

to the western boundary by the South Equatorial Current. The enhanced meridlonal stene helght 

gradient south of the SEC dnves an eastward return t10w baek to the eastern boundary, where it turns 

south to form the polewarrl Leeuwin Current. The reverse path is traced out by the waters 

immediately below the thermocline. None of these features are observed when the Pacifie has the 

cooler profile typical of the eastern boundaries of other oceans. 

The western boundary currents apparently play a very minor role in this basinwide thermohaline 

circulation. This dltfers from the warm water route propœed by Gordon (1986), and supports the 

alternative hypothesls that the heat from the equatorial Pacifie is returned ta the South Atlantic via the 

eastwarcf-flowing Antarctic Crrcumpolar Current rather than past the Agulhas Retroflection. 

The Indonesian throughflow is shown to significantly affect the surface heat fluxes and the 

meridlonal heat transport in the Indian Ocean. The role of the throughflow in maintaining the very 

warm climate of the Indian Or,ean (a net exporter of heat) is descnbed. 

Large-scale, fairly long penod (> 100 days) barotropic eddies are found in the western :x>rtion of 
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the basin for sorne solutions. The generation mechanism for these eddlcs appcars to be bJlotroptc 

instability in the model South Equatorial Current. 
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RESUME 

Un modèle idéalisé, sans relie~, forcé par des vents constants et un échange de chaleur avec 

l'atmosphère du type Haney (1971), est utilisé pour établir l'importance pour le climat de l'océan 

Ind,en du flux d'eau chaude et relativement peu saline provenant du Pacifique équatorial. En 

particulier, on désire vérifier l'hypothèse de Godfrey et Weaver (1991) selon laquelle le courant de 

Leeuwln longeaf1t la côte ouest de l'Australie serait une manifestation d'une circulatIOn thermohallne 

à l'échelle du bassin causée par le flux océanique à travers l'archipel indonésien. 

La circulation due aux vents domine la circulation thermohaline dans la plus grande partie du 

domaine, sauf à proXllnlté du httoral est. On peut cependant déterminer l'effet du flux Indonésien en 

comparant deux simulations différant par le profil de densité dans l'océan Pacifique, qUI revêt SOit les 

caracténstiques du Pacifique équatorial ouest (donc des températures relativement élevées et des 

salinités relativement basses) ou SOit un profil plus typique du Pacifique équatonal est (où les 

températures sont plus basses et les salinités plus hautes). On constate que la chaleur importée du 

PaCifique est transportée zonalement par le courant sud équatorial (SEC) Jusqu'à la limite ouest de 

l'océan Indien. L'ampllflcallOn du gradient méridlonai de hauteur stérique au sud du SEC prodUit un 

écoulement parallèle au SEC mais dans la direction opposée, qUi est dévié vers le sud en 

s'approchant de la frontière est, formant ainsI le courant de Leeuwln en direction du pôle. Le trajet 

Inverse est adopté par l'eau immédiatement sous la thermocllne. Ces propriétés ne sont pas 

reprodUites lorsque les températures plus froides caractéristiques du PaCifique est sont utilisées. 

Les courants à la frontière OCCidentale de l'océan semblent Jouer un rôle très mineur dans cette 

CIrculation thermohallne. CecI diffère du trajet proposé par Gordon (1986) et appuie l'hypothèse 

alternative que la chaleur en provenance du PaCifique équatorial est transmise à l'Atlantique sud dans 

la direction est par le courant antarctique circumpolaire plutôt que dans la direction ouest en 

contournant la pointe de l'Afrique. 

Il est montré que le transport indonésien affecte les flux de chaleur à la surface et le transport 
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méridional de chaleur dans l'océan Indien. La contribution au climat particulièrement ChilUd de 

l'océan Indien (un exportateur de chaleur) est décnte. 

Dans la partie ouest du bassin, on retrouve des tourbIllons barotropes de grandes dllnenslollS et 

à période relativement longue (> 100 jours) dans plusieurs solutions. Le mécamsl11e pour la 

génération de ces tourbillons dans le modèle semble être une instabilité barotrope dans le courllnt 

sud équatorial. 
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1 
1. INTRODUCTION 

The Indian Ocean is the smallest and the warmest of the world's three major oceans. Wlth the 

Red Sea and the Persian Gulf, it occupies nearly 15% of the globe, but most of its ama IS in tlle 

southern hemisphere (Fig.1.1). The Subtropical Convergence at roughly 400 S is often taken as the 

southern boundary, although the Indian Ocean does exchange water with the Antarctic Clrcumpolar 

Current. The ocean floor is very fiat over large reglons but as in the AtlantiC, the bed is scarrod by 

a fairly prominent mid-ocean ridge, as weil as by a number of submanne canyons, sorne relatod to 

the three large rivers dlscharging into the basin in tre north, the Ganges, the Indus and the 

Brahmaputra (Ross, 1988). The Indlan subcontlnent divides the northel n ocean mto the Arablan Sea, 

noted for its high surface sahnity due ta evaporation, and the Bay of Bengal, with a frosh surface layer 

caused by river runoff (Pickard and Emery. 1982). In the east, the only fairly deep passages II1to the 

Indian Ocean through the Indonesian Archipelago are two channels 1200 to 1500 metres deep on 

either side of Timor Island, although water from the E:anda and Arafura Seas may al 50 pass over the 

broad shallow northwest shelf of Australia. The temperature and salinity profiles in the Indoneslan 

seas have been found to be Vlrtually homogeneous wlth those of the western equatorlal Pacifie 

(Levitus. 1982). 

The Irdian Ocean is fascinating to physical oceanographers first and forûmost because o~ Its 

season:.llly rev'ersing eCjuatorial circulation driven by the monsoon wmds. In the subtroplcs, the 

counter-clockwise gyre CirculatIOn is similar to that in other southern oceans, and dunng the 

North-East Monsoon (November to March), the westward North Equatorial Current (NEC), the 

eastward Equatorial Countercurrent (ECC) and the westward South Equatorial Current (SEC) are 

analogous ta those in the Atlantic and Pacifie Oceans, If a bit further south. But during the 

South-West Monsoon (May to September), the NEC and the ECC are replaced by the eastward 

Monsoon Current and the fast northward-flowing Somali Current appears along the coast of Somalia 
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(Fig. 1.2). A persistent double eddy circulation has repeatedly baen observed in the coastal circulation 

off Africa during this season. 

Numerical modellers have been successful in reproducing many of these features (reviewed ln 

Knox and Anderson, 1985, and LLlther, 1987), however the emphasis has usually beûn on the 

dynarrucs of the western bou:ldary currents or the Equatorial Undercurrent, and the role of ttle 

throughflow from the P aClflc has not been fully considered. For example, Woodborry et al. (1989) 

presented a realistic simulation of the large scale surface circulation in tho Indlan Ocean Wlllcll 

captured many of the observed seasonal variations; however, the model faiJad to ,eproduce the 

eastern boundary currents (Leeuwin Cu/rent and Undercurrent, South Java Current) in part bC'cause 

an Indonesian throughflow was not Imposed. 

The flow of fresh western tropical Paciflc water through the relatively shallow passages 01 1110 

lndoneslan Archlpelago may be tracked as strong tongues of low sahlllty water üxtenulng zonally I1lUle 

than halfway across the Indlan Ocean (Godfrey and Golding, 1981). The magnitudr 01 the net 1113SS 

transport has unfortunately not baen clearly estabhshed. The directIOn of the througllllow IS agrood 

upan, as is the seasonal cycle (minimum during the southern hemlsphere summer and maxImum ln 

winter), but estimates of the annual me an transport range from 2 Sv to 18 Sv (see Table 1). Tlle 

Indonesian throughflow IS thought ta be dtrectly responsible for the weaknoss of the East Austrahan 

Current in the Pacifie and the strength of the South Equatorial CU/rent ln tlle Indlan Ocean (Godfrey 

and Golding, 1981), and indireetly responslble for the anomalous Leeuwtn Current off tlle west coast 

of Austrp1ia. It is a cruciallink in the "warm water route' proposed by Gordon (1986) as part 01 a 

global thermohaline circulation connecting the world's oceans. Gordon speculated ttlat deep waler 

formed in the North Atlantic is transported into the Pacific (and to a lesser ex/ent, the Indlan Ocean) 

via the Antarctlc Circumpolar Current and rises through the thermochne Some of tlle warmcd waler 

then passes Into the Indlan Ocean and ïs advected right across it by the South Equato/lal Curront to 

jaïn the rapid poleward Agulhas Current along Afrlca. The thermocIJne water that escapes the 

Agulhas Retroflection al the southern tlp of Afriea flows into the South Atlantic, contnbutlng to the 
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Fig.1.2. Observed large scale surface circulation from ship drift data during a) the 
North-East Monsoon and b) the South-West Monsocn (taken from Wood
berry et aL, 1989). 

4 



1 TABLE 1 

Estimates of the Indonesian Throughflow 
(taken from Gordon, 1986, Kindle et al., 1986 and Godfrey, 1989) 

Wyrtki (1961 a) 1 to 25 Sv season~ surtncetrnnsport 
based on dynarnlc helghts 

Cox (1975) 18 Sv GCM 

Godfrey and Golding (1981) 10 Sv based on clepth-integmtod 
stene heigtlt P 

-------
Gordon and Piola 14 Sv advectlve box model 

(1983) 

Fine (1985) 5 Sv box model of tntlum 
dlstnbutlons 

---
Fu (1986) 7 Sv Inverse motllod app!led ta SIX 

Indlan Ocean stations 

Gordon (1986) 8.5 Sv assumlng 20 Sv production 
rate for NADW, umform 
upwelling ln the world ocean 
and ·cold water route· IS 

Inslgnlflcant 

--
Kindle, Heburn and 2 ta 12 Sv seasonal reduced-gravlty 

Rhodes (1986) model 

Godfrey (1989) 16 Sv P 

10·13 Sv Lev/tus data, assurntng 
geostrophlc balance for the 
throughflow 

-=-
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unique northward heat flux there. 

However, the intention here is not to follow the mass transported through the Indonesian 

Archipelago but to examine the raie of the throughflow as a means of purely thermohaline forcing. 

The traf1sport of heat Into the Indian Ocean by the inflow of warm western equatonal Paclflc surface 

waters and the subsequent release 01 the heat to the atmosphere may be found to contribute to the 

climate 01 the Indian Ocean even neglecting the raie of the net mass throughllow. This hypothesis 

was flrst proposed by Godlrey and Weaver (1991, hereafter referred to as G-W), who, in modelling the 

Leeuwin Current along the eastern bounr1ary, found it to be part of a basin-wlde thermohaline 

circulation, dnven by cooling of warm west Paclfic waters. 

The Lceuwln Curront is very dlHerent frorn eastern boundary currents in other oceans. For 

example, the equatorwé'lrd Peru Current at the same latitude off South America IS a typicaJ broad slow 

eastern boundary current, carrylng cool water northward trom higher latitudes to complete the 

anticyclonic subtropical gyre in the South Paciflc. (Pickard and Emery, 1982) Equatorward winds 

dnve upwelhng at the coast. QUite the opposite is seen off Australia, where the fast narrow Leeuwin 

current actually accelerates poleward into the prevalhng winds. In lall and winter (for the southern 

hemlsphere), the current IS a shallow « 300 m) stream of warm low-salinity water centred at the shel! 

break, with speeds of up ta 1 8 rn/s, as described by Church et al. (1988) The current deepens 

poJeward, and Ils wldth shnnks Irom about 200 km to less than 100 km. A deep thermochne (> 50 

m) and downwelling are associated with low biological productivlty (Satteen and Rutherford, 1990). 

ln summer, the flood of fresh tropical water over the Northwest Shelf is partlally blocked by a local 

reversai 01 the flow there, but current meters at the shelf edge west of Australla 5tlll measure poleward 

veloclties (Boland et aL, 1988). The coastal CJrculatJon IS however weaker and the TS charactenstlcs 

are closer to those of the interior, where northeastward flow (known as the West Austrahan Current) 

is observed (Church et aL, 198B). The net mass transport by the Leeuwln Current is probably 

nefliJgible, because of the presence of an equatorward undercurrent (Godfrey and Ridgway, 1985); 

however, large amounts of heat must be translerred southward by the surface flow, whlch can be 
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traced ail the way into the Great Australian Bight in infrared satellite photos (Church et al., 1988). 

Numerous investigations into the unique large meridlonal stenc height gradient off wèstern 

Australia and !ts reversai wlth depth, forming the Lo('uwln Current-Undercurrent system, have led 

researchers to dlscard the Indoneslan throughflow as the dlfect source of the distinctive eùstern 

boundary regime, as most of thls water contim.es westward across the ocean. Il IS tlle warrn 

temperatures of the west Paclflc whlch are communlcated to the equatonal Indlan Ocean, v.lllcll are 

of utmost importance. Godfrey and Golding (1981) flrc;t speculated that the eXistence of the Leeuwln 

Current depended on the plûsence of the througllflow whlle Godfrey and Ridgway (1985) 

subsequently suggested that the longshore stenc height gradient was also related to tlle througllf10W 

Kundu and McCreary (1986) found that, in a model wlthout vertical mixlng, no Leeuwll1 Current could 

be produced. Wlth vertical mixlng, a small part of the model througllf1ow could be II1duced io bend 

southward but the resultll1g coastal circulation did not conform to observations of the Leeuwln Current 

The first successful model of the current was that of McCreary, Shetye and Kundu (1986) who used 

a mendional density gradient to force a geostrophlcally balanced onshore flow at the surface Tile 

reversai of the density gradient at a deeper level produced the undercurrent. They also gener aled 

seasonal vanabllity by modulating the longshore wind. Anotller aspect of the problem was solved 

by Thompson (1987), who showed that If the wind-mlxed layer near an easlern boundary IS deep 

enough, the long shore pressure gradient can force downwelhng desplte an upwelhng-Iavourable wlnd 

He modelled the Leeuwll1 Current as a surface-trapped flow braked by offshore transport ln a lJüllürn 

frictionallayer. The expenments of Weaver and Middleton (1989, : 990) conflrmed that the seasollal 

warm water flood over the Northwest Shelf served to enhance ttle current locally but that the 

fundamental cause of the poleward-Intensifying current W:1S the geostroptlically-balanced ons haro flow 

They described a linear analytlc model that demonstrated the balance bctwcen the pressure gradient 

forcing and bottom friction, and they noted the Importance 01 the shelf break ln trapplng the lonoshore 

current. 

Most l'ecently, simulations by G-W have shown that the Leeuwin Gurrent IS hnked to convective 
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processes. as first suggested by Godfrey and Ridgway (1985). South of about 200S. heat is lost to 

the atmosphcre at the surface. causing the vertical density profile to become unstable. This is very 

dlfferent from the eastern boundaries of the Paclflc and Atlantic OC(!êlns. where annual mean heat flux 

maps show a net heat gain between about 400 N and 400 S (Flg.1.3). G-W found that in their model 

the convectively mlxed layer deepened poleward as the temperature of the overlymg atmosphere 

decrcased. The mendlonal gradients of temperature and denslty that developed ln the upper model 

layers drove the onshore zonal geostrophlc flow. whlch turrJed south at the boundary. in keeplng wlth 

mass continuity. G-W also demonstrated that. in the absence of both a Sverdrup circulation and a 

nr 1 mass throughflow, the replacement of the Paclfic I"teat source by a reservoir whose temperatures 

and salinltles were closer to those off South America could change the eastern boundaly reglme from 

a Leeuwln Current-Iike behaviour to a flow more remlOiscent of the peru Current, a more typlcal 

equatorward eastern boundary current. 

The purpose of this study is to folfow up on the observation of G-W tllat the heat Imported from 

the warm Paclfic cou Id be tracked ail the wa'y around the reduced Indian Ocean basin ln their model. 

ln much of the reallndian Ocean. the Sverdrup relation is thought to give the best flrst approximation 

to the circulation (Godfrey and Golding. 1981; Godfrey. 1989). whilf' the weaker thermohaline flow 

wou Id manlfest itself most clearly in the Leeuwin Current at the ea~,tern boundary where the Sverdrup 

forcing is weak. Sy comparing the advection of heat in an Ideahzed Indlan Ocean basin, forced by 

a near-equatorial throughflow frlJm elther a warm reservolf resembling the western tropical Pacifie or 

a cooler one representing the equatonal waters off South America. we hope to determlne the 

importance of the heat transport through the Indonesian Archipelago, in the presence of an average 

wlnd stress and a simphfied heat exchange wlth the atmosphere over a realistic surface area. The 

rcsults of G-W suggest that the eHects on the surface heat flux fields of changing the temperature and 

salinlty profile of the Paclflc are not confined to the neighbourhood of the eastern boundary but may 

affect the entire Indlan Ocean. 

The oU1line of thls the sis is as follows. In Chapter 2, a brief qualitative review of the pertinent 
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Fig.1 3. Annual mean net downward heat flux from Oberhuber (1988). The contour 
interval is 25 W/m2 and shaded areas indlcate Insufficient data. 
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thoories of the wind-dnven and thermohahne components of the ocean circulation is glven. In 

Chapter 3, tne numencal modDI is presented, followed by a descnption of the basin configuration and 

the sequence c: runs. The model resufts are discussed in Section 4: the wind-driven component, 

which IS common to ail runs, IS described first, th en the thermohaline circulatIOn, and especially the 

dlfferences ln the circulatIOn as forced by elther a warm or a cool throughflow. The effects on the 

heat budget are examined and a companson is made with the results of G-W. In Chapter 5, the 

shortcomings of the model and two additlonal runs that were done to resolve some of these dlfflculties 

are mentioned, and in Chapter 6, a summary and the conclusions are given . 
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2. OCEAN CIRCULATION THEORIES 

The purpose of thls chapter IS only to give a bnef qualitatIVe description of the ocean circulation 

theories invoked in later chapters. the full development can be found in Gill (1982) or Pond and 

Pickard (1988) among others. 

The response of the ocean circulation in the upper one thousand metrE'S IS tllougllt to be 

governed by the wlnd drivmg (Pond and Plckard, 1983). The frictlonal stress by tlle sur1ace wlnd 

directly forces the surface E~man current that dies away over a charactenstlc depth of arder one 

hundred metres. The COriolis force due to the Earth's rotation causes the current to spiral vertlcJlly; 

although thls IS :-,early Impossible ta observe outslde a labor ,1tOry, It has tlle consequence that Hw 

transport III the shallow Ekman layer is rotated 90 degrees to Ule flght (Ieft) ln the northorn (southern) 

h3misphere. The convergence or divergence of the Ekman Circulation also croates pressure 

gradients and downwelling or upwelling to depths ten tlmes greater. The total mass transport above 

the depth of no motion can be calculated from tlle Sverdrup equation, whlch estabhshes tlle 

proportionallty between the depth-Integral of the northward transport and the wmd stress curl. The 

inclUSion of fnction allowed Stommel to SflOW that, on a rotatlng planet, the pnnclple of conservation 

of vorticlty could only be satlsfled by an asymmetrlc circulation wlth Intenslfled curronts and lateral 

shear on the western side. The first comprehensive solution for the wmd-dnven circulation ln a 

flat-bottomed ocean was given by Munk ln 1950. He IIlciuded rea1151\(. wlnds. a mendlonally varylrlg 

Coriolis parameter (13-plane approximatIOn) and Loth lateral and vertical fnctlon, however he left out 

the density-dnven contnbution, as weil as the Inerlial effects wtlrch are important ln the rntenslfred 

western boundary currents. 

The large scale upper-ocean circulation in the world ocean IS in general very weil desc,nbed by 

the barotropic streamfunctlon calculated from the wlnd stress dlstnbutlon. But the ClrculallOn IS also 

modlfied in important ways by the surface fluxes of heat and salt which drive the deep barochllic 
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thermohahne circulation. A desCription of the purely thermohaline overturning induced by the 

dlfferential solar healing on a hemlsphere IS glven by K Wyrtkl (1961 b). A shallow layer of water is 

warrned ln equatonal reglons and travels poleward in elther hemlsphere. As it approaches the high 

latitudes, heat IS lost ta the rapldly coo:lng (because of rts lower heat capaclty) atmosphere and the 

donsltylng water may be compelled to sink If Its sahnlty is hlgh or If the surface winds are forcing 

Ekman convergence ln t"e upper layers The cooled deep water spreads equatorward and, on very 

long time scales, diffuses, upward through the thermocllne. However, the deep sin king of dense 

ice-cold woler ~,appens al only a few locations 10 the world today, and there because exceptional 

conditIOns preval!. The Ross and Weddell Seas in the soutllern hemlsphere are the only known 

sources of bottom waler. 

On a rotnllng planet, the therrnohallne circulatIOn acquires a zonal component. Zonally oriented 

surlace Isottlerms ln the geostrophlc Interior of the oceans are balanced by eastward fIow in both 

hemlspheres, forcing a zonaI-vertical cell 

However, ln most sectors of the ocean, the weaker density-dnven flows are subordinate to the 

wind-Iorced currents The large-scale CIrculation ln the subtropical oceans 111 81ther hemisphere 

consists of a basin-wlde antlcyclonlc gyre, wlth weak equatorward f10w over most 01 the ocean's wldth 

and a fast narrow poleward western boundary current closlng n,e loop. The essentlal redlstnbutlOn 

of heat from the equator to the polar reglons IS now the responslblilty 01 the western boundary current, 

whlch starts its Journey ln the warm wdter masses of the low latitudes and returns poleward the mass 

from both the slow equatorward flow over the rest of the basin and the upward diffusion of the deep 

water (Wyrtkl, 1961) A honzontal circulation gyre is however usually less effective in transportlng 

heat than an overturmng cell tecause the temperature variatIOn along a latitude Clrcle IS less than the 

dlflerence between Ille deep ocean and the thin surface layer (Bryan, Manabe and Pacanowski, 1975) 

Stomrnel (19G5) showed tnat the thermohahne circulation can be thought of as an Internai mode 

ln the mass transport, vamshlng in a vertical integral, but weakening or reinforcing the wind-driven 

currents at any partlcular depth. Bryan, Manabe and Pacanowski (1975) noted that the Ekrnan 
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transport associated with the trade winds favours an efficient meridionallhermohaline overturning cell 

at low latitudes, but that at higher latitudes, the westerly winds and the thermohnline circulation are 

opposed. 

Flnally, a complete ocean theory must take Into account the coupling of the barotroplc and 

baroclillic components. The two interact througll the nonlinear terms ln the momentum equatlons, 

through the advection terms in the conservation equallOns for heat and salt, and through the JOint 

effect of barocll/llclty and relief (JEBAR), in whlch 'he barocli/llc mode contributes a terl11 to the 

depth-averaged vortlClty equatlon because of the non-umform bottom lopograpl1y (Holland, 1973). 

Although they are not the main focus of cllmate studles, transient effects such as internaI and external 

waves and tidal motions may also be mentioned as some of theso are instrumental in ostablisl1lrlg tlle 

final equihbrium. 
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1 3. THE MODEL 

3.1. The Numerleal Model 

The numerlcal model we have used is \he Cox (19B4) version of the Bryan-Cox primitive equation 

ocean general circulation model. The equations are formulated ln spherical coordinates (z,À" = 

depth, longitude, latitude) and seven variables are solved for: the zonal, meridional and vertical 

components of velocity U,v and w, the pressure p, the density p, the potential temperature T and the 

salinity S. A sman number of fundamental assumptions enter into the construction of the seven 

model equatlons. The Boussinesq approximation iustifies the neglect of smallloeai variations about 

the mean density in the two horizontal momentum equations: 

(1) au + L[u) • fv ;: . 1 ap + Iw a'u + At .. { .'u + (1 -lan'.;u • 2sin. av } 
al poaeos. a~ 8zz . aZ a2cos2

• a>. 

(2) av + L [vI + ru ;: • 1 ap + Am ô2v + t\m { .'v + (1 - tan'.)v + 2sin. au } --al poa a. 8Z2 a2 
a2cosZ• a>. 

where L[al is the advection operator: 

Lia) == _1_ { Ô (Ua) + a (vacoSf)} + a (Wa) 

acos. 8>' a. az 

v2 Is the ho,rizontal Laplacian: 
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J 
and f is the Coriolis parameter: f = 2nsir1f.1 The vertical momentul11 equation is roducod to Ihe 

i1ydrostatic approximation by the assumption that the vertical scale of the motion is small compared 

ta the horizontal scale: 

(3) élp = -pg 

az 

The continuity equation appropriate for the oceans is the version for incompressible fluids: 

(4) 1 élu + 1 ô (vcos~) + ôW = 0 
---
acos~ ô~ aco~ a~ élz 

The flow is assumed ta conserve heat and salt: 

(5) ôT + L[T] = A ... ô2T + ATH v2T 

at ôz2 

(6) aS + L[S] = A ... a2s + ATH lis 

at ôz2 

and the equation of state gives density as a polynomial expansion in T, Sand p: 

(7) p = p(T,S,p) 

Small-scale processes causing mixing of momentum and of heat or salt are paramelnzed by laierai 

and vertical viscosities (~,Am) and diffusivities (ATH.ft.n,). This can also be thought of as a way of 

providing closure for the equations formulated in terms of mean and eddy quantltles The ngld IId 

approximation (w=O at z=O) is made, so as to eliminate high frequency external gravit y waves. The 

1 ln the Cox (1984) version of the mOdel, the terms -uvtan~/a and +u2tan~/a on the left-hand SI des 
of equations (1) and (2) respectively, representing the curvature of the Earth in the expansion of the 
nonlinear terms, were neglected as they are small. 
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no-slip (u,v=O) condition is imposed on aillaterai boundaries and with the rigid lid approximation, thls 

allows the construction of a barotropic streamfunction which is constant on boundaries. No normal 

tracer flux (zero gradient of T and S) is allowed through solid boundaries. Bottom friction is quadratic 

in velocity with a 100 turning angle (Gill, 1982): 

where Co = 1.3x10-3 and a = [-100 for .>0, 0° for .=0, +100 for .<0]. 

The model equations are solved using centred time (Ieapfrog) dlfferencing for the advective terms 

(with forward Euler timesteps at regular intervals to prevent the solution splltting) and forward 

differencing for the diffusive terms. The Coriolis term is handled semi-implicitly so as to allow a tlme 

step longer than the inertial period, and so is the hydrostatic component of pressure, ta partially filter 

the internai waves. The flnite differencing scheme conserves energy, apart from dissipative effects, 

in the sense that the nonlinear terms in the momentum equations do not act as a source of flctltlous 

kinetic energy, and also exchanges between the kinetic and potential energy pools are accomplished 

without leakage (Semtner, 1986). The grid structure is composed of rectangular elements and follows 

the Arakawa B-scheme, in whlch horizontal velocitles and tracers (e.g. temperature and salinity) are 

carried 'm separate meshed grids, and vertical velocity is calculated at levels intermediate between 

the main grids (see Cox (1984) or Semtner (1986) for further details). 

The coupling to the atmosphere is accomphshed by prescribing the wind stress T as a body force 

in the top model layer: 

(9) ~ a (u,v) "" (1''\1'~ 

az Po 

and the surface fluxes of heat and sallnity. The Ekman spiral in the wind-mixed layer is not resolved, 

but the depth-integrated transport is legitimized by rotating currents in the surface layer 900 to the right 

(Ieft) in the northern (southern) hemisphere. Convection is handled implicitly: when the density 
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1 profile in the water eolumn beeomes unstable, the vertical dlffusivity IS increased ta 1)(1O~ cm2/s in the 

unstable layers, causing them to mix virlually completely over one timestep. 

3.2. The Basin Configuration and Chai ce of Parameters 

Following the example of G-W, we have designed a simple rectangular, flat-bottomed ocean basin 

live kilometres d~ep everywhere and drlven by steady winds. (Flg.3.1) The 'Indian' and 'Paclfle' 

basins are adjacent and are linked by a single channel 1200 matres deep between 80S and 13°$. 

A strip of ocean has been included south of 'Australia' (the narrow L-shaped land wall dlvldlng tt18 

Pacific and Indlan basins south of the gap) as this area is potentially important in the surtace 111?at 

budget. This also allows for realism in the neighbourhood of Cape Leeuwln (14°E, 354"5). Tlle 

Paciflc Ocean in these simulations IS simply a reservolr restored to ItS 1I1111al ternperature and ~ahlllty 

profiles wlth a 2.5-day e-folding tlmeseale. The boundanes are vertical walls al 15°N,44°E, 40°8 and 

130oE; the artlficial 'Pacifie' occupies the region east of 115.~E and north of 33.2"S, 50 the model 

Indian Ocean is 70° wlde (except for south 01 Australia where It extends another 16° eas! Into the Great 

Australian Bight) and 55° meridlonally. This represents an expansion of tlle baSin used by G-W 

(Fig.3.2), which was bounded by OON, 84°E, 40°$ and 130°E. In their model, the Indoneslan opemng 

was right on the equalor (trom QON to 50 S) and was the same depth as the oceans Il dlvldes Thoy 

used a symmetry boundary condition at the equator since they had no northern hemlsphere Also, 

seventeen levels of increasing thicknesses in the vertical (Table 2) are used here whlle G-W l1ad only 

ten. Such high vertical resolution is to discourage the generatlon of spunous equatonal cells ln the 

overturning streamfunction, following Weaver and Sarachik (1990); thls IS partlcularly relevant ln the 

present study where the ~ystem is more energetlc than ln G-W. In both models, the f:ncloscd ocean 

requires zero net mass transport through the Indonesian passage. 

rhe eddy coefficients used to parametrize the sub-grid scale mixlI1g of momenlum and 

temperature reproduce the choices of G-W. The horizontal dlffusivity ATH is :,ct 10 8x106 crn2/s 
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TABLE 2 

Depths of the Levels 1 

Level This model ModelaI G-W 

1 40 m 40 m 

2 80 m 80 m 

3 140 m 140 m 

4 220 m 230m 
-

5 330 m 360 m 

6 470 m 640 m 

7 660 m 960 m 
1--. 

8 900 m 1600 m 

9 1200 m 3200 m 

10 1600 m 5000 m 

11 2000 m .. 
12 2500 m 

13 3000 m 

14 3500 m 

15 4000 m 

16 4500 m 

17 5000 m 

l Horizontal velocities and tracers are calculated at the midpolnts of each level and vertical 
velocities are calculated at interfaces. 
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everywhere. white the vertical dlffusivity Arv increases with depth trom ATVS =0.2 cm2/s ta ATVB =1.4 

cm2/s according to the formula (Bryan and Lewis. 1979): 

where Arv2500 = 0.8 cm2/s is the vertical diffuslvlty at a depth of 2500 metres and the range between 

top and bottom IS given by Cr =1.2 cm2/s. The vertical eddy viscosity Am has a uniform value of 1.0 

cm2/s but the horizontal viscosity J\m varies linearly with zonal grid spacing: 

where ~ is the zonal grid spaclng in degrees. (This is done ta satisfy the grid Reynolds numerical 

stabllity criterion as dlscussed be::)w.) ln general. it is desirable that ATH and I\m be as small as 

possible in order to not obscure the transports of heat and salt by currents (Holland, 1973). Arv is 

of critical importance ln obtaining a reallstic depth for the thermocline. "-t.rv is invoked in calculating 

the depth of the Ekman layer. but as Holland (1973) points out. this is not of importance except near 

the equator, where the Ekman depth exceeds the depth of the tirst modellayer. The selection of the 

mixing coefficients is however also motivated by considerations of numerical stabihty. A viscous 

boundary layer must be resolved at the solid boundaries where the no-slip condition is imposed 

(Bryan. 1986): 

(12) A..m > r3(UH)3 where llH is the x or y grid spacing 

.)3 

and there is a restriction on the grid Reynolds number when a cel"tred differencing scheme is used: 

(13) ReH = U6H < 2 

J\m 

(A similar condition on the Péclet number involving ArH need not be verified as the computational 
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, mode in the density field will be suppressed by the viscosity in the momenturn equotion through 

geostrophy.) 

The grid laid out by G-W was designed to focus especially on the easiern boundary ragion, to best 

resolve the Leeuwin Current We have kept this arrangement, although our ocean basin is now rnuch 

wider. The variable gnd spacing is 0.40 by 0.40 off Australia but is gradually increased to 1 0° by 1.00 

as we move north and west (Fig 3.3) The hlghly artlficial Pacifie Ocean is of no dynamical Interest, 

so the zonal grid length has been further relaxed there, attalnlng lS ln the extreme east. (An 

extremely weak computational mode IS ln fact excited in the Pacifie, as can be seen in Fig 4.1 from 

the checkerboard pattern of the zero contour in the barotropic streamfunctlon in that baSin, but this 

should not have further consequences for the out come of the expenment.) 

The parametrization of the heat exchange at the air-sea Interface has the form proposed by Haney 

(1971): 

(14) Q(x,y) = -À 1 T(x,y) - T*(y) 1 = -PoCp ÔZ1 [ T(x,y) • T*(y) 1 

where T* is an apparent atmospheric temperature, a function of latitude only (Fig.3.4), T(x,y) is the 

ocean temperature at the first mOdellevel, Cp=4000 J/(kg OC) IS the specifie heat of water at constant 

pressure and Po:,1000 kg!m3 is a reference density. The coefficient). is set to 36 W/(m2 oC), whlch 

is equivalent to forcing the surface layer of depth I1.Z1 = 40 m to the apparent atmospllenc 

temperature T*(y) with a 'l'R = 51 day timescale. The Haney forCing represents the effect of a steady, 

zonally uniform atmosphere exchanglng heat with the ocean through radiative, sensible and latent heat 

fluxes. The apparent temperature is based upon annual mean values for the surface air temperature, 

the relative humidlty and the surface wlnd speed. The Haney-type boundary condition 15 wldely u5ed, 

however, Bryan (1986) has pOinted out that the effiCient forCing of the surface layer ta a zonal 

tsmperature distribution may introduce a bias into the mendlonal heat transport 

Surface fluxes of salinity are assumed ta be of secondary importance and no form of salinity 

21 



.1 .......... . 

•• o ........ . 

... •••• ••• ••••••• .................... •••• t ••• 1 •••• 1 

.. "::.::::::::'::':.::':::::::;:::::: : :: :::::::::::t:t::: :: : : : : : ; : ; 
o ..................................... t. f ••••••••• 

• •••••••••••••• ........................ M ... •• .... ' .. I .. I~ 
..................... l' ....... 1 ••• 

•••••••••••• .. • .................. ..... M .. ' ....... ... 

.. ....... ····1 .. ·.·· ...................... , . .. ............ ...... . ......... ~ ............ . 
................. • ................. t .... ' •• 

. ......... . 
••• .... t ••• ........ , ... .......... .. , 
............ . , .......... . 
• •••• 1" t •• ......... .. 

.t' t 0 o ••••• 

• .............. 1 .. 1 .. • ...... • .. • • ·.·0 ........... ·., .. ·· ..... . 
•• ••• 0 ...... 0" • O., ........ . 

• ................. •• ' ••••••••••••• • .............. • ................. 0 

.............. 1 ••••••••••••••• 0 ••• t ... , .............................. 1 .... . 

••• ......... ••••• • •• • • ••• • t.t ................................... . ........... . .. . ......... ........ ........ " .... _ .................. . 
.......... . .......... . 
ii l i i i: i i i n j ~ i ~ ! J j J 

il! i i IlL i 

ii : 1 i ! ! ! i 1 
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forcing other than the throughflow has been imposed. 

The meridional component of the imposed wind matches the wind stress used by G·W. It 

consists of a band of northward wlnd stress wlth a constant value of 0.5 dynes/cm2 in the Indlan 

Ocean basin between 25.00 S and 30.2"S, decaying Iinearly to the north and south to zero at 22.~S 

and 32.6°S (see Flg.3.1). This equatorward component does not contribute to the curl but is included 

to allow the POSSlblhty of Ekman upwelling at the eastern boundary. It is al30 consistent with an nuai 

mean winds to the west of both the Australian and South American continents. Unlike G·W, we also 

have a zonal component: the profile is shown in Fig.3.5 and is a sinusofdal fit to the annual mean 

winds portrayed in Godfrey (1989). 

3.3. The Sequence of Runs 

Four runs (Iisted in Table 3) were carried out: the frrst two are the basic experiment and the third 

and fourth are tests of the vertical mixing coefficients and the initial condition. 

ln the first two runs, the two basins are initially identical and the undisturbed temperatures and 

salinities are homogeneous at any given depth. The initial vertical stratification, ta which the Pacifie 

reservoir IS restored throughout the integration, is chosen ta be elther a warm profile with a fresh 

surface layer (the Leeuwin run) or a cooler profile wlth temperatures and salinities more typical of the 

eastern equatorial Pacifie (the Peru run). These conditions on temperature and salinity (illustrated 

in Fig.3.6) are identical to the Leeuwin and Peru runs of G·W and are based on real data from the 

equatorial regions in either ocean. This is the only difference between the first two runs in this study. 

The dlfferences between our runs and those of G·W are 1) the non-zero wind stress eurl, il) the greater 

number of levels in the vertical, iiO the larger Indian Ocean basin, which has been expanded westward 

and northward, iv) the positionang of the Indonesian gap, which has been moved southward from the 

dynamic equatorial waveguide to a more realistic latitude (80 S to 13°S) and v) the depth of the sill, 

which now preveilts the communication of the deep waters in the two oceans. 
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TABLE 3 

The Sequence of Runs 

Initial Restoring f\.;v Arv 
EXPERIMENT Condition Condition 

in Indian in PaclflC (In cm2/s) (In cm 2/s) 
Ocean Ocean 

- -

Leeuwin warm warm 1.0 Increùslng 
profile profile Wlttl doplh 

Peru cool cool 1.0 Increaslng 
profile profile Wilh dcpth 

Leeuwin-2 cool warm 200 1 0 
profile profile 

Peru-2 cool cool 20.0 1.0 
profile profile 
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Both the Leeuwin and the Peru experirnents were run for 3000 days with a tunestep of 1600 

sE.conds. The model evolves towards a quasi-equihbnurn, where the total klnetlc enorgy is still 

fluctuating qUite strongly, but tacks an overall trend (Fig.3.?). The integratlon was subsequently 

;Jursued a further 200 days, to clarify the nature of the large-scale eddles especlally prornUlent ln the 

Peru run. 

ln the third and fourth runs, the vertical viscoslty Am has been increased to 20 crn2/s and the 

vertical diffusivity has been changed to a uniform value (Arv = 1.0 cm2/s). The Peru·2 run IS 

otherwise identlcal to the tirst Peru run. The Leeuwin-2 run is Inilialised with Ille hlgher denSllles ot 

the Peru Pacifie but then forced wlth the warlT' fresh throughflow of the Leeuwln Paclflc. The new 

runs were also integrated to 3000 days, but the leeuwin-2 run was continued to 5000 days, to venfy 

the equilibriurn reached. 

The results consist of the fields of u,v,w,T,S,,p (strearnfunctlon), surface heat flux, etc, for each 

individual run at 3000 days and tor the differences (leeuwin . Peru) between the tirsl Iwo runs and 

between the last two runs. The discussion ln rnost of thls thesis will concern only the hrst Iwo runs. 

The rnotivation for the second set of runs and the companson between the flfst and second sets will 

be given in the next-to-Iast section. 
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4. RESULTS 

4.1. The Wind-Driven Circulation 

ln our simple, flat-bottomed ocean mode l, it is very helpful to be able ta sort out the circulallon into 

a wind-clriven and a thermohaline component. Aside from small nonlinear effects, the barotropic 

streamfunction in a horizontal plane is a faithful reflection of tha! part of the circulation whlch is driven 

by the imposed winds, and which is therefore common to both the Peru and Leeuwln runs. 

The barotropic streamfunction for the Leeuwln run IS shown in Flg.4.1 a; the correspondlng plot 

for the Peru run (Fig.4.1 b) is almost indistingUishable. The velaclty vectars far Ihe flrst IwO levels 

(z=20m and z=60m) for bath runs are plotted in Fig.4.2. The wlnd stress cu ri that we have chosen 

drives a system of two gyres with opposite rotations in the soulhern hemisphere. The clockwise 

(which we will hereafter refer to as cyclonic although it e'~ends Inlo the northern hemisphere) ·tropical· 

gyre consists of a strong westward current a bit south of the Indonesian channel and an even st ronger 

eastward return flow just to the north of the gap. At the western boundary the westward current spllts 

into a very fast equatorward current and a slower poleward flow. Sorne of the equatorward Jet 

actually crosses the equalor but most of the mass IS returned eastward by the secol Id zonal JOI 

completing the gyre. The poleward boundary current is fed along Its course by westward f10w !rom 

the interior up ta about 50 _100 from the southern border, th en undergoes reflection ln the southwest 

corner and travels eastward along the southern wall as part of the second 'subtroplcal' gyre The 

zero of wind stress curl falls along 200S and this corresponds weil to the separation between ttle Iwo 

gyres in the depth-averaged context of the barotropic streamfunction, except near the eastern 

boundary, where the Indonesian throughflow pushes the zero transport IIne souttlward (through 

nonlinear effects and a sm ail JEBAR contribution from the slIQ. The tropical gyre is more strongly 

surface intenslfied than the subtropical gyre so although the mass transport in the latter IS hlgher, the 
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1 
surface currents (along the western boundary for example) are faster in the former. In the northern 

hemisphere, the magnitude o! the wind stress curl is slight and fades ta zero at the nortllern 

boundary. This explains the absence of streamfunction contours north of the equaror. 

The Ekman rotation of tha currents in the surface layer causes surface convergence and 

downwelling ail along the equator where winds are westerly. The temperature ( ,'nt ours at thase two 

levels are drawn in Fig.4.3. The second level is at nearly the same temperature as the surface ail 

alon9 the equator. The convergence at 32,SOS and the divergence at 7 50 S where the zonal 

component of the wind changes sign are barely notieeable in the velocity v9ctors of eitller run, but 

in the overturning streamfunction we see shallow Ekman-dnven cells ln the surface layers (Fig.4 4). 

The Ekman theory does net hold right on the equator where the COriolis pararneter vanlshes. There, 

the surface currents are not rotated and the westerly wlnd pushes warrn surface water ail the way 

across the basin to lndonesia and forces downwelhng through continulty at the boundary. 

The southerly wind stress between 32.6°S and 22 ~S should, in the southern hemlsphere, dnve 

f1uid away from an eastern boundary, allowing deeper water to upwell at the coast, and we do Indeed 

observe this in vertical velocity plots for the Peru run (Flg.4.5). The situation is opposite for the 

Leeuwin run where we find downwelling in a sm ail patch at the southern tlp of Austraha. just beyond 

the influence of the longshore wind. At the second interfar.e (z::::80m), the wind can no ronger act 

directly and the patch of negative vertical velocity has spread northward along the coast. ThiS IS a 

good test of our Simulation of the Leeuwln Current, since the absence of upwerhng IS one of the 

essential characteristics of the real current. The analytic models of Thompson (1987) and Weaver 

and Midd, ion (1990) demonstrate how if the mixed layer IS deep enough a long shore pressure 

gradient can overcome an upwelling-favourable win d, and produce downwerhng strengthenlng 

downward from the surface to the base of the thermochne. 

The model also produces spunous upwelhng along the western boundary. Toggweller et al. 

(1989) suggest that the unphyslcal partltioning of mlxing processes into hOrizontal and vertical 

components rather than components paraI/el and perpendicular to surfaces of constant denslty may 
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1 
be a cause. Strong cross-shore gradients ot density assocmted wlth the tast bound<lry currents aro 

flattened by the lateral mixing schE:lme and the artlficiaJ transport of heat across the widtll of the 

current must be compensated tor by upwelling along the Inshore edge. The upwelling along the 

southern bounda,)' is however more likely due to the northward Sverdrup transport carrying flUid "way 

trom the boundary. 

Away from the boundaries, the Ekman convergence and divergence in the wlnd-dnven gyl es dlvlde 

the ocean into areas ot upwelling and downwelling (Fig 4.5). In tlle upper layers, tlle distribution 01 

vertical veloclty has weak upwelhng between the equator and about 16"S (and everywhcre in Ille 

northern hemisphere), and weak downwelling between 16°S and tlle southern boundary At gmater 

depths, the pattern is complicated by alternatlng pools ot upwelhng and downwelhng along the 

equator; Ihis effect will be discussed bnefly ln Chapter 5. But 111 the Peru run, t11e vertical voloclty 

plots are dominated by the dynamics of the barotropic eddles generated near Ille western bounclary 

(in Flg.4.2 these are more accurately descnbed as meanders but from other figures It IS clear that they 

are in tact complete eddles). This reglon ot Intense eddy circulation occuples a large area (from 10"S 

to 25°S and 44°E to about 84°E) and can be Identlfied in every model field (e 9 temperature, sahnlty, 

streamtunction). Sirnllar eddles occur in the Leeuwln run also, but they are not noarly as developed 

as in the Peru run (however, there is evidence that they are still growmg). The veloclty vectors ln the 

difference plot reveal other much weaker eddies to the north of the major ones (Fig 4 G). Tile cause 

ot the eddies is thought to be ::>arotropic instability of the westward current: we shall present sorne 

evidence in support ot this further on. 

4.2. The Thermohaline Component 

4.2.1. Consequences of the Haney Surface 90undary Condrtion 

The Haney flux condition at the upper boundary Interferes wlth the wind-driven circulation ln the 
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1 
same ways in bath the Leeuwin and Peru runs. The impact of the temperature forcing is seen by the 

zonal orientation of the isotherms at the first modellevel (see Fig.4.3), except where there is dlstor110n 

by the fast western boundary currents, which can advect water mendionally on t:;nescales shorter than 

the restoring condition. 

The thermal forcing at the surface is partly responslble for the eastward flow in the nortllern 

hemisphere. In both runs, the difference in heatlng tram the equator to 15°N causes quasI-zonai 

isotherms and drives eastward flow along them in the upper layers. The ri se in stenc heigl1t 1 along 

t;'e northern boundary (Fig. 4. 7) also suggests a northward component, despite the small southward 

transport required by the negative wind stress curl. At deeper levels, the stenc h8lg11t gradient 

flattens out and even reverses (at z=275m), consistent with the thermohaline circulation as an Internai 

mode. In the southern hemisphere, the surface temperature distribution agam imitates the Haney 

apparent atmosphere, although in the equatonal region the wind-forced gyre IS nollceable even at tt1e 

tirst model level. 

The Haney condition IS not imposed in the Paclflc reservolr. This discontmUity has an 

enormous effect on the dynamics of the Peru run, where the temperature to which the tlrst laym of the 

Pacifie is restored is more than 5°C cooler than the Haney temperature at the latitude of the 

Indonesian passage. A strong front appears at the opemng and water cascades down the slope II1to 

the Pacifie (~ee Fig.4.2). A steep mendlonal sterie height drop IS set up at the gap (Fig 4 Bc) The 

fastest inflow happens at the northern hmit of the channel because the temperature lump IS greatest 

there and because the wind-dnven gyre circulation has an eastward componont there ln the 

Leeuwin run, the surface temperature cA the Paclflc Ocean is 29°C, only about 1°C warmer than the 

Haney temperature at the !atltude of the opemng. The throughflow is much weaker and almost 

southerly. In each case, a western boundary current (southward in the Leeuwln run and northward 

l The steric height at a glven depth is defaned as the Integral wlth respect to pressure of the 
speeific volume anomaly ô between a reference depth and the chosen depth, where 6 IS the dlfferenco 
between the specifie volume (1/denslty) at the measured p, Sand T and the speCifie volume at the same 
pressure but a reterence salinity and temperature of 35.00 ppt and OOC (Gill, 1982). 
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J 
in the Peru run) appears on the Pacifie si de of the Indonesian barrier. 

4.2.2. The Eastern Boundary Regimes 

Even in the presence of the annually-averaged Sverdrup circulation, the eastern boundary reglmes 

of the two runs are opposite in every way. By reproducing the 'Leeuwin' and 'Peru' Currents of G-W 

ln our more complete model, we are vahdating their hypothesis that the buoyancy forcing IS a sufficient 

cause for the anomalous Leeuwin Current. and justifying their omission of the Sverdrup forcing which 

has its weakest effect at the eastern boundary anyway. 

The eastern boundary current in the Leeuwin run is driven in the same way here as in G-W. The 

plot of stene helgllt along tlle e'3stern boundary at z=20m (Flg.4.8) shows the much larger meridlonal 

gradient (a drop of 25 cm between 13°$ and 35°$) produced by the throughflow of warm fresh water 

to the north. In the Peru run, the sterie helght is significantly flatter except for the abrupt drop caused 

by the fast throughflow Into the Pacifie. The velocity vectors for the Leeuwin run at z=60m (below the 

effective Ekman layer) show a substantial onshore f10w halfway down the Austrahan continent (Fig.4.9). 

At the coast, the flow dlvides and most of the mass heads southeast. North of the dlvide, the 

boundary current is equatorward but very weak, and there is downwelling at most latitudes along the 

coast and especially at the southern tip of Australia. In the Peru run, the on shore flow is absent and 

the cUlrent is northward at ail latitudes alon9 the coast tlll it meets the westward zonal current into the 

interior (the model equivalent of the South Equatorial Current). The temperature contours at the same 

depth (in Flg.4.3) show the warm coastal climate of the Leeuwin run and the cool temperatures related 

ta Ekman upwelling in the Peru run. At the surface, the tempe rature gradient alon9 the LeeuwlO 

const seems smaller ttlan ln the Peru run (Fig.4.1 0 is a meridional-vertical section of temperature along 

113.2"E), however below the surface sponge layer for the heat fluxes, the isotherms of the Peru run 

are nearly hOrizontal, whlle in the Leeuwin ru n, the mixed layer clearly deepens poleward, causlng the 

meridional temperature gradient. Just as in G-W, this occurs because of increasing/y vigorous 
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convective overturning as the surface releases heat to the increasingly cooler atmosphere. 

The Leeuwin Current in thls model is unrealistically weak. G-W have suggested a nurnber of 

reasons for this which will be "sted ln Section 5.1 and we pause here only to note that thoy estimaled 

that perhaps as much as 30% of the observed 50 cm drop in steric sea lovel (stene l1elght at Ille 

surface) along western Australia could be attnbuted ta the sahnity effects which are lacklng ln our 

model. (For conslstency with the other figures, we have presented the sterie height at z=20m rat 11er 

than at the surface.) 

The difference in the eastern boundary regimes is felt ail the way into the Great Australlan 81gl11. 

ln the Peru run, a westward current appears along the southern coast of Australla (Fig 49), fcedlng 

into the eastern boundary current, but this IS partly Just a consequence of tl1e dead end reflectulg Ule 

flow headed Into the Pacifie. If the barrier south of Australia were removed, we would see the eastern 

boundary current in the Leeuwin run roundlng the corner into the bay, ln closer accord wlth 

observations. 

The reversai at depth of the density gradients that is expected in the buoyancy-driven eoastal 

circulation of the Leeuwin run takes place at z = 275m. By z = 180m, the stene helght along the 

eastern boundary is nearly fiat, and by z=275m, a steep poleward nse IS present (Fig 4 8) ln the 

Peru run, the stene helght slope is negllglble at bath these depths and the large drop cal/sed by Ihe 

surface f1aw into the Pacifie has dlsappeared. The velocity vectors for the Leeuwln run at z = 275m 

(FigA.11) show the offshore flow requtred to geostrophlcally balance the reversed dûnslty gradlunt 

The equatorward Leeuwin Undercurrer.t along the coast enhances the antlcyclonlc wlnd-dnven gyre 

at this latitude (Fig 4.12). At this depth, the mendlonal temperature gradient IS OppOSltO ln direction 

to the surface gradient and the undercurrent is advecting warmer temperatures nortllward (Fig 4 13) 

The temperature gradient has reversed ln the Peru run also. 

4.2.3. The Basinwide Circulation 
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1 
As discussed above, the surface temperatures in both runs are strongly constrained by the Haney 

flux condition at the air-sea interface. Away from the surface, the temperature contours conlorm 

much more closely to the double gyre pattern of the wind-driven circulatton. The Ekrnan divergence 

and upwelling caused by the cycJonic circulation ln the tropical gyre and the convergence and 

downwelling in the antlcyclonic subtropical gyre account for the cool centre 01 the former and the 

warm centre of the latter (Fig 4.3). Deeper down, the tropical gyre can no longer be dls!1ngUished 

as clearly in the temperature contours, because the deep water pumped upward is not much cooler 

than the water at intermediate depths. The subtropical gyre IS more evident becauso the ternperature 

gradient crossed by the downwelling water is greater, so in a horizontal plane, the temperature 

difference between the vertlcally advected water and other areas is greater. The vertical section 01 

temperature at 74°E for example shows how much deeper the subtropical gyre p81'etrales and also 

a slight southward slant with depth of the tropical gyre (Flg.4.14). 

Since we have not imposed any form of salinity forcing at the upper boundary, the surface sali nit y 

field is fairly fiat in both runs. At deeper levels, vertical advection produces hortzonlal sahrllty 

variations, but the different initial conditions in the two runs have opposite effects. In the Leeuwln run, 

the tropical gyre appears as a pool of hlgher sali nit y and the subtropical gyre as a pool of lower 

salinity, enhancing the rlenslty gradients assoclated wlth the temperature variations ln the Peru run, 

the initial profile has a salinity maximum just below the surface and the Ekman divergence ln the 

tropical gyre tends to upwell fresher .... ater, while the convergence ln the subtropical gyre pumps more 

saline water downwards. The advection assoclated wlth the temperature dlscontlnulty between the 

surface layers of the Indian and Paciflc basins result in a salinlty front at the gap ln the flrst few layers 

ln the northwest corner, upwelhng and cross-equatonal tran~port by the poleward western 

boundary current bring cooler water into the corner (Fig 4.3), although about 1°C less cool ln the 

Leeuwin run. The surface flow over the rest of the northern hemlsphere is more sedate and 

southeastward, and as the water travels out of the corner, It IS warrned, causlng the 

southwest-northeast tilt of the isotherms in the northern hemisphere and making the west coast of the 
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ocean al least 1°C cooler than the east coast. A comparison of the mendlonal temperature secllOns 

at 46.O"E and 113.2"E (Fig.4.15 and FlgA.10) shows how mu ch deeper the mlxod layer is a: .,ng tho 

easl coast, where the equatonal wind is driying warm water onto the coast. The veloclly dlfference 

veCtOrs in the top layer (FigA.6) show that the northward western boundary current III the nortllem 

hemisphere is slightly weaker in the Leeuwin run. This current actually reverses directIon at z:= 275/11 

(the same depth at which the eastern boundary current reverses) suggostlng a thermollahne 

overturning cell wlth equatorward flow at this depth to balance the poleward transport at Ille surface 

(dedueed from the steric height in Fig.4.7). In Ihe soulhern hemlsphere, the soulhward western 

boundary current closing the subtropical gyre (the model eqUiyalent of the Agulhas current) advects 

warm water poleward to the southern boundary, releaSing a substantial measure of heat to the 

atmosphere along the way and especlally in the southwest corner. 80th the northwest and U10 

southwest corners of the Leeuwin ocean are warmer than in the Peru run. 

Al the latitude of the westward zonal jet ln the southern hemisphere (the ·South Equatonal 

Current·), the stene height along the western boundary nses more steeply in the Leeuwin run 

(Fig.4.16). (The magnitudes of the sterie heights are al 50 consistently hlgher in the warmer ocean 

of the Leeuwln run th an in the Peru run.) The northward and southward branches along the western 

boundary are sllghtly augmented in the Leeuwlfl run (relatIve to the Peru run) tram the dlfference 

vectors in Flg.4.6. This is a tirst indicatIOn that the effect of the thrOl.:dhflow reaches nght to the 

opposite sida of the ocean. Even with no net mass transport through the gap, the Indoneslan 

throughflow is affectlng the strength of the model SEC. 

There are two major dlfferences between the two runs which stand out in the plots of veloclty 

dlfference al z=20m (Fig 4.6). The two features are the westward jet trom the Pacifie and the band 

of eastward t10w towards the Australian coast. Bath ot these are vIsible more than halfway across 

the ocean, untll the zonal flow IS broken up by the eddles of the PerlJ run. 

Il is not immediately apparent what proportion of the westward jet issuing from the Pacifie in the 

difference field is due to the subtraction 0t the eastward throughtlow in the Peru run. The gyre 
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i 
circulation 15 too strong for thE:: throughtlow to appear as a distinct zonal jet in either individual run, 

but il is revealed ln the dlfference field where the Sverdrup circulations in the two runs essentially 

cancel each other. The throughflow ln the Peru run seems to be 50 much more dynamic th an the 

throughflow in the Leeuwin run that it is no! implausible tor d to be the sole cause 01 the weaker SEC 

and western boundary currents in the Peru run. However, the temperJture sections described in the 

next paragraph Will make Il clear that heat trom the Pacifie in the Leeuwin run IS belng transported 

right to the western boundary. 

The plot of temperatlfre difference at z=60m (Fig.4.17) shows the throughflow reaching right 

across the ocean, although the eddies again confuse the signal in the western reg ion. Vertical 

sections of temperalure dlfference along each longitude show the throughflow as a distinct warm core 

just below the Haney·forced lay~r (Fig.4.18). (The throughflow IS in tact visible in!.lT even al the firsl 

modellevel, where temperature variations are strongly damped by the Haney flux conditIOn). Np.ar 

the eastern boundary, the warm core IS elongated southward because convection and downwelling 

are causing warmer temperatures ail along the coast in the Leeuwin run. Further west, the core is 

more compact and is more or Jess centred on the SEC. The difference in temperature of 6°C in the 

SEC at 74°E cannot come only trom the eastward throughflow ln the Peru run: the warm throughflow 

of the Leeuwin run must therefore penetrate this far. At the western boundary, there is still a warm 

subsurlace core but ft is fragmented by the warm and cool pools associated WJth the Peru eddJes. 

The second dlHerence that we clted was the band of eastward flow geostrophically balanclng the 

greater mendlonal steric helght gradient caused by the warm throughflow ln the Leeuwln run. This 

zonal flow is not conflned to the nelghbourhood of the eastern boundary but appears to decay 

southward as the westward distance from the boundary Increases (Fig.4.6). 

Both of the two 'eatures discussed above also reverse direction al z=275m (Fig 4.19). The strong 

surface flow Into the Pacifie ln the Peru run must be compensated for at deeper levels to ensure that 

the depth-Integrated transport through the Indonesian passage vanishes. In the east, the strength 

of the offshore flow associated with the reversed meridional density gradient of the Leeuwin 
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1 
Undercunent is seen from the temperature contours at z=275m (Flg.4.13): a tongue of cold water 

is advected out northwestward from the southern tip of Australia. 

At much greater depths. the higher baroclinlc modes ar" revealed as the strength of tlle surface 

intensified first mode fades. Fig 4.20 shows the alternatlng bands of eastward and westward flow at 

z=4750m. especially in the Leeuwln run. 

4.3. The Heat Budget 

The surface heat fluxes are mapped in Fig.4.21. ln both runs. the Haney flux condition IS hO<ltlng 

almost the entire tropical reglon between about 17 or 18 oS to the northern boundary at 15°N. 

Poleward of thls. the ocean IS losing heat ta the atmosphere ln most reglons. 

At low latItudes ln the southern hemlsphere. the location of the cool tropIcal gyre IS easlly identlflod 

in the map of surface heat fluxes The surface heat fluxes are ln general sm<lller III the subtropIcal 

gyre where the Haney temperature distribution IS more closely adhered tO, but the largest exehange 

anywhere ln the modellndlan ocean takes place in the southwest corner. where the "Agu/has" Current 

reflects. The advection of warm water by !he southward western boundary current stands out cie ar/y 

The heat flux IS positive (I.e the ocean IS warmer than the atmosphere) along tlle entlre souttlern 

border. desplte the upwe/hng there. but IS smal/er ln the Peru run w/lere the upwollod water IS even 

cooler. A st ripe of negatlve heat flux (heat Into the ocean) IS seen a/ong the 35uS latitude Clrelo. 

stretching right into the Great AustralJan 8/ght. due ta the equatorward é.dvecl/on of cooler 

temperatures by the return flow of the anticyclollle subtropIcal gyre. Another locaflled cltect IS the 

narrow strtp of positive heat flux along the equalor near the eastern boundary. eaused by the 

accumulation of the warmest surface water agalnst the eastern shore under the action of the wcsterly 

equatonal wind. (fhls IS perhaps a mlsleadlng representatlon of the reallndlan Ocean. whme willds 

reverse seasonally.) 

The biggest dlfference between the heat flux fields of the two runs is the warm eastern boundary 
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of the Leeuwin rUit Coastal upwei:ing in the cooler Peru run actually rp.sults in a patch of negative 

heat flux (heat Into the ocean) at approxlmately 30"$ and this is the site of the largest difference ln 

surface heat flux anywhere: over 50 W 1m2 more is belng emitted in the Leeuwln case. In the 

dlfference field (Fig.4.22), the throughflow can agam be seen reaching across to the western 

boundary. although the magnitude of the difference fades westward. In the Leeuwin run then, less 

heat is taken up by the cool tropical gyre and the zone of negative heat flux does not ex1end right to 

the eastern boundary. The ex1ra heat transported by the South Equatorial Current ln the Leeuwin 

fun is not apparently transferred ta the western boundary currents, as the difference in surface heat 

flux there (or in temperature al either the first or second levels) is negligible. It ls true that more heat 

is lost ln the southwest corner of the Leeuwin run (up to 50 W/m 2 more) and less heat (nearly 40 W/m2 

less) is gained in the northwest corner, but this is due to the difference in temperature of the upwelled 

water. More heat is also lost alo09 the southern edge of the domain. The only places where the 

Peru surface heat budget Is actually warmer than in the Leeuwin run is in the warmest eddles and ::m 

the equator al the eastern boundary, and the latter is a spurious heat source caused by numerical 

diffusion (as will be discussed more thoroughly in Chapter 5). 

The role of the oceans in modulating the extreme climates otherwise produced by the unequal 

Interception of solar radiation in dlHerent latitudinal belts can be evaluated by integratlng the 

meridional heat transport over each latitudinal section. The total transport is the sum of the advective 

and diHuslve components: 

(16) F adv = PoCp J~. JO (vT)( aco~d'\ } dz 
'\W -H 

where .\. and .\. are the longitudes of the east and west boundarles, H Is the total depth and the 
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1 other parameters are as defined in Section 3.2. 

The total advection can be decomposed into the Ekman transport (calculated from the surface 

wind stress and the temperatures in the top modellayer), a barotropic gyre transport F ~Ull (advection 

of the vertlcally averagü;:J temperature by the vertically averaged velo city) and a barochnic term F zeddy 

('v/hich involves the departures of v and T from the vertical mean). 

Cp JÀ . .\ -
(18) Fnman ::a • - , {Tl' (T) } (acoSfdÀ ) 

, >." 

(19) F zmUIl 

(20) F nddy = F adv • FEJrman • F unean 

where n represents a vertical average over the wh oie depth H (assumed constant) and Tl is the 

temperature in the first modellayer. Alternatively, the advective component can be sorted out into 

F JCoun (advection of the zonally averaged temperature by the zonally averaged velocity) and a 

remainder F xeddy (variations of T and v along a latitude circle). 

(21) F laD. an = PoCp L JO [v] {Tl dz 
-H 

where ( ] represents a zonal average over the width of the basin and L is the width of the basin at that 

latitude, I.e. L = acos( À. • "w)' 

The components of the n:lrthward heat transport are lIIustrated ln Fig.4.23 a through h (the 

appropriate vertical scala differs from plot to plot). In both runs, the meridional heat transport is 

southward at ail latitudes and is dominated by the advective component (Fig.4.23b) (the diffus ive term 

(Ftg.4.23c) is small and usually opposite in sign). The 'zmean' term is very small because in the 

wind-driven gyres, transports in opposite directions at different longitudes almost cancel one anether, 

and also because the barotropic velecity is very small. The Ekman transport in the warm surface 
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l layer is very large, especially near the equator where the COriolis parall1eler is Sll1all, but IS ll0arly 

balanced by the 'zeddy' term, because water pumped by the EI--man convergences and dlveluellces 

is diverted into shallow closed ceUs, sa the surtacel drift IS compensated for at slightly gro.lter tll'ptl1S 

The strong peaks caused by tr e Ekman conve.rgence onto Ille equalor arc not qUlIe idonlJrallor IIw 

two runs, because the surface temperature dlstnbutlon IS dlfferent. The 'wddy' term also cOllt~lns 

the thermohaline contribution from ail levels. The Leeuwin run IS seen ta transport more tloal 

southward. The same is true of the total heat transport 1110 Leeuwln run has more hoal 10 i1clv('cl 

southward bec au se the whole water column is wariller. Only ln the n011118rn hOl11lsphere rlues !Ile 

Peru run produce a greater souttlward transport, because !l1e thermol1aline overtUrl1lllU cell Illere 

(northward advection of warm surface water and an equatorward retum branch at z :275111) 

contributes sllghtly more ln the warmer lf~euwln ru n, and because the northward western boullllary 

current is cooler in the Peru run (cool water transported northward IS oqulvllleni 10 WclllT) wdter 

transported southwal d). 

The real Indlan Ocean exports heat to other oceans because It recelvcs more olleruy al \lm 

latlludes than It can lose al hlgh lal~ludes (H~lung, 1985). Tlle lonally-Inleuraled SST (~ea swf "ce 

temperature) ln Fig 4 24a shows the Indlan Ocean to be dlsllnctly warrner than ellher !Ile Atldntlc or 

Paclflc, and Fig 4 24b shows Ihat the reason must be al leasl partly due la Ihe cool ed~tl..'rll 

boundaries of the latter Iwo oceans (cornpar~d to the western boundarrcs), a ll'alure tllal 15 1101 

present ln the Indlan Ocean. 

The appearance of the curve of talai sauthward heat transport versus latitude 11131 we 11;1"(~ 

obtalned ln our Leeuwln run 15 almost surpnslngly good TI.r08 Indepcndl!l1t C<llcul31lUIlS of \1)(: 

transport ln the lndlan Ocean are glven ln Fig 4 25. TI.e thraa estullLlles are alllJ;tsed on Ille surfau: 

energy balance method (Hslung, 1985) WtllLh relies on bulk par<:Jnletfllallon 10rrnuiLls and JUIIU lerlll 

compilations of shlp data (wrnd speed, relative hurnldlly, cloud cover, saa surface t(mlp(~rdlure SST 

anô arr temperature at shlp level). HSlung (1985) expl[lII's' that the dlsagrcernent belwecm 11er 

estimate (Flg.4.25b) and the others IS at least partly due to the d,lferent cholco of llIl (~a<>lern IIIrll1 fur 
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the ocean. We see that the model transport in the Leeuwin run has the correct magnitude, the 

correct shape and even peaks at the nght latitude. 

We do not cornpare the Peru transport to real data because the Peru run does not represent a 

real ocean. Furthermore, the curve of heat transport at 3200 days (Fig.4.26) shows that the 

barotrop'c eddl9s are contflbuting qUlte strongly to the mendlonal advection. The curve has the same 

general shape as at 3000 days but a northward blas has been added. The Leeuwin heat transport 

is more stable. 

The model is not ln a state of chmatic eqUlllbnum, whlch would require Integration for thousands 

of years. This would be Inappropnate with this model: the solution wou Id Ir. fa ct hecome 

meal1lnglcss as will become clear from what follows. After 3000 days, the deep water in the Indlan 

Ocean is warmer th an the düep water ln Ille Pacifie Ocean in both runs, because the net Haney 

surface heat exchange is warmlng the whole ocean by downw~lrd dlHuslon ln our expenment, there 

IS no poss'blilty of coïd deep w~~ter forrnatlon, as we have excluded the high latitudes and no provision 

15 made for sallnlty farcin] at the surface The anly communication wlth the deep ocean is via the 

vlgorous barotroplc eddles in the western raglon' ln the barocllnlc overturning streamfunction, the 

ocean is almost undtsturbed below the flrst kilametre, except for a deep vertical cell between the 

equator and abcut 20°C; The cell appears stronger in the Leeuwln run, but only because ln the more 

developed eddl8s af the Peru run, there is more perfeet cancellatlan in a zonal average 

A measure of the equtllbnunl achleved is the dlfference between the net surface heat flux 

Integrated over the Indla" Ocean baSin and the net ex port of heat to the Pacifie thrlJugh the 

Indoneslan passage (sec Table 4). Ttle heat tr:3nsport from the Indian to the Pacific is agatn the sum 

of the advectlve and diffus Ive components: 

The numbers given ln Table 4 contil m tt1at the advection term dominates the heat budget. The 

Leeuwln lndlan Ocean is impC'rtlng heat from the Pacifie reservoir while the fast surface currents into 
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1 
TABLE 4 

Heat Budgets 

This model Model of G-W 

Leeuwln Peru Leeuwln Peru 
run run run run 

3000 days 3000 days 1500 days 1000 days 

Hoat transport Ir am Indlan 
ta Paclflc ln 101~ W 

1) by advection 
-0092 +0513 -0079 +0183 

Il) tJy dlffuSlorl 
-0001 -0002 +00004 +0002 

III) total 
-0091 +0515 -0079 +0183 

- -
Total surface tlea!lrlg of 
Il le Im.llan Ocean ln 10 1 ~ 
W 

0291 0785 -0050 0195 

-----
Mpan sur1ace 11Gal flux 
IfllO Ille Indlafl Ocean ln 

W,IW 
643 1733 -307 11 86 

--

MCéln departur~ Irom 
Harley lemperJlure ln cC 

-0179 -0481 +0085 -0329 

- -

M,l<;S clIcllanged bctween 
Pdl Iflc and Imllan Oceans 
III SV 

35 77 66 7 1 

-----

Ml';lIl tcmper dlure 
(Werence 01 tlle 
oxctlallged waters ln oC 

1 

65 167 30 65 

7ù 



the Paciflc in the Peru run are exportlng heat. In nelther run does the transport tluougll tllo Uap 

balance the surface heating but tl1e Peru run is cl oser to eqUilibnum. (This was also the cast3 for G-W 

who found the cause to be the generation of internai Rossby waves by the dccpenlng thermochne 

near the eastern boundary ln the Leeuwin run. The temperature slgnélllS tllCn radlaled across Hw 

basin, Increaslng the adJustment tllne.) The Indlan Ocean IS still belng healed ln bath rUlls, tlle 

mean surface heat flux over the area of the basUl is 643 W/rn2 ln the Leeuwln run, and nearly IInce 

times as much 111 the Peru run. However, thls represents only a small rncan depnrtur8 fmm the 

Haney apparent atmosphenc temperature: less than OSC even ln the Peru run As G-W fOlmd wlth 

tlleir model, the purely therrnohahnelorcUlg is induclng mass fluxes ln ellller direction IIHOllgil tlle gal-' 

comparable to the reallndoneslan tl1roughflow. The rnean tcmperature clilference of tho excl1anued 

water IS calculated as: 

(24) liT = 
(heat transport through the gap F I~P) 

Po Cp (mass transport ln elther direction) 

44. Comparison wlth Godfrey and Weaver (1990) 

ln thelr model wlth no Sverdrup circulation, G-W obtalll a much stronger throug/ltlow Inta the 

Indlan Ocean ln thelr Leeuwln run, comparable ln magnitude to tlle flow out of tl18 ocean 111 tholr Puru 

run (Flg.4.27). The westward Leeuwin througllflow travels undlmulisiled to thelr II1lJglllary bal nUI al 

84°E then turns south 10 form a falrly fast western boundary current Opposite 50utlIUrrl Auslraha, 

the surface flow turns agaln to form the eastward onstlore flow. Warm water IS thus aOvcc.tetl ail 1110 

way around the basin, produclng slgnlflcantly hlgher surface tempcrîJturcs than ln thclr Paru run 

A sJmllar basinwide therrnohahne circulalion appears ta eXlst ln our model, wlth sorne dllfurences 

The throughflow ln our Leeuwll1 run is very weak. Only ln the dllference field can we clcîJrly see a 

westward jet, but we know from the pronounced dlffcrence ln tcmporature botwccn tho South 
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Equatorial Currents of tt1e two runs (Flg.4.18) that the LeeuwlIl tllIouyllflow IS fCl'lllllg 11110 Ille SEC 

and that extra heat IS being carried across to the western boundary. The wind-forced we'stern 

boundary currents are slightiy intenslfl9d opposite the Indoneslan operllflg but locally only TtlO zonal 

onshore flow is certalnly present but is more equatonally trapped (alttlough It turns south as It 

appr()aches the coast). Nevertheless, the suggestion by G-W that heat Introduced from 1110 Paclflc 

may be transported for long distances before being lost to the atmosphere IS borne out by Ille results 

described herein. 

We expect much larger surface heat fluxes ln the present runs bec<1use Ille H,lIley cOllClIllÙIl 

constrainlng tlle surface Isotherms ta a zonal orientation is more easlly vlol<1tcd ln Ille presenco of Ille' 

fast wind-dnven circulation. As ln G-W, the southwest corner of the domalll is dlstlllclly wallner III 

the Leeuwln run. However, G-W find heat belng released to the atlllo5pllere along 1Ill! we~ll'Ifl 

boundary by 50 S in thelr Leeuwln run (Fig 4 28), whde our Illdl~lI1 Oce~m 15 still IJellly 1ll'<I!l'd d~ 1.11 

south as 17 or 18 0$ (Flg.4.21). Their model also produces upward heat fluxes alon9 the soutllOrn 

boundary in their Leeuwln run comparable ta those along tholr western boundary. In our model tao, 

the southern boundary IS relatlvely warm (warmer tl1an the Haney temperaturo at IIlat lalltude) but not 

to that degree. In bath models though, the soutt1ern border IS warmer ln the Leeuwlll run tlllln ln 1110 

Peru run. 

Thf! heat budget is primarrly advectlve ln both our model and tllfJ model of G-W (c OlllpdlO ( ul! JI III 1'> 

in T.:lble 4). Approximately the same mass IS exchanged between Ille Paclflc and Irldlarl OCU,III<, III 

the Peru runs of both models and nearly the same amount IS exchangod ln tl10lr Leeuwlfl run ln our 

Leeuwin run, half as much mass travels elther way through Ule gnp bccause the ~III prevents cvun il 

weak throughflow below 1200m. Nevertheless, the heat transport ln our Locuwln run 15 corllpar~11 lie 

to thelrs because tl1e surface currents are 50 much faster ln our Poru run, ncarly IIne(! 11111(:<, rllf)r(' 

heat is exported to the Pacifl~ than in thelr Peru run The rnean terrrpewture tJrffcrence of tlle 

exchanged waters 15 therefore much greater in our model 

Because their model included only the eastern boundary region and lacked the northern 
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hemisphere (a region of heat gain), the heat flux integrated over the surface of tllelr warrn LeeuwUl 

r ln is actually positive (out of the ocean) Our net heat flux is negatlve ln both runs and IS rather 

larger than theirs because of the larger surface area. The surface temperatures ln Our model me also 

slightly further from the Haney temperatures (on average) because of the more dynüJl1IC wlntJ.dnvon 

circulation. Bath thelT runs are cl oser to eqUilibnulTI, and thelr kU18tlc energy has reacl1ed a plntenu 

after only about 1000 days (Flg.4 29). (The later drop ln thelr klnetlc energy IS bec3use the model 

resolution was increased at that pOint.) Our klnetlc energy h3S lovelled out by 3000 dnys but 

supenmposed on the mean IS a fairly large amplitude OSCillation due to the eddles in the western 

reglon. 

4.5. SI1ear Instabllity in the Model South Equatorial Current 

The wind stress curl that we have used produces currents that are fOasonably representatlvo 01 

the real Indian Ocean. In the equatorial region, the westward current between roughly 14°S to 17°S 

is equivalent to the South Equatorial CUI rent, and the eastward current Immedlately to the north 15 ln 

the nght location lor the North Equatonal Countercurrent (during the southern hemlsphere sUllllller) 

The eastward flOw north of the equator is more remil1lscent 01 the wlnter conditions, when tlle 

eastward Monsoon Current appears. 

The strong hOrizontal shear between these zonal currents is the cause of the Inst eddles 50 

prominent in the western quar.er of the basin. The eddies ara especia!ly enorgetlc 111 the Peru run 

where the surface currents are stronger and the internai deformation radius is larger (the ternpertlture 

dlHerenee between the flrst Iwo layers IS greater) The scale of the eddles IS around 1000 km ln the 

Peru rUIl and sllghtly less (about 850 km) ln the Leeuwlll run. They are clcnrly barotroplc, and ln the 

Peru run, thr.y have a pronounced northwest-southeast tilt (Fig 4 20). Also, the mendlonal veloelty 

assoclated with the Instablhtles lS up to 15 cm/s at the surface in the Peru fun, but Icss than one thlrd 

of that in the Leeuwln run. However, from velocity plots at 3000 and 3200 days, the Lccuwin eddles 
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1 are still growing. The eddles .3ppear ta be the explanatlOn lor tlle kll1ütlC energy oscllIJtlons (Fln 3 7) 

this would indicate a penod just over a hundred days lOf tl1e Leeuwln run and some-.'t1l3t longer 

(150-200 days) in the Peru run (where nonlinear effects are occurring duo ta tlle largo eddy veloeltles) 

ln linear Iheory, Ihe necessary condilion to delermlne if barotroplc Instablhly Will occur ln a sto3dy 

zonal current with meridional shear only and bounded by a flat bottom and a ngld hd 15 tlle vanlsllm j 

of the meridional gradient 01 the absolute vOrtlClty (13 - Uyy) along a latitude hne (Leblolld and Mysak, 

1978). Here, the eddles are still acceleratlng, the perturbation amplitudes are not small and the 

current is neither zonally nor vertically uniform, nor 110nzontally non-divergent, sa tllO 10SII$ 1101 fUdlly 

applicable. However, it is certalnly true that the absolL e vorticlty hac; a number 01 zero crosslngs 

bath in the reglon where eddles are observed and away trom il. 

The suggested mechanism for the generatlon 01 the eddles is given lurther credlblhty by ttle 

previous occurrence of barotroplc instablilty in both observations and modcls of equatofllli zonal 

currents and the western Indlan Ocean. Kindia and Thon 'pson (1989) IIst the eVldence for 20- ta 

30-day period OSCillations of wavelength 800-1600 km ln !Ile equatorial waveguldos of ail thme tropical 

oceans. Shear instabihty betwcen tha SEC and th~\ • , CC was found ta be !Ile cause of the 

near -equatorial OSCillatIOns ln the AtlantiC and Pacif'e Oc'.:!an:i (Phllander, 1978 and Cox, 1980) and 

Klndle and Thompson (1989) successfully modelled simllar 26-day wavos in the western Indl3n Ocean, 

although they suggest a more compllcated tngger associated wlth the seasonal migration of the 

southern gyre. Ktndle and rhompson (1989) ais a noted energy in the 40- to 60-déJy penod band 

between 3°S and 80S, whlch in thelr model had ta come fram lateral shear ln the westward flow 

Mysak and Mertz (1984) flrst documented a 40- to 60-day OSCillation ln the source reglon of the Somah 

Current, but related It to fluctuations ln the wlnd forCing Quadfasel and Swallow ,(198G) followod thelr 

example in interpretlng a sO-day wav() measured in thl' Indlan Ocean ln 1975 ln the SEC, and Moore 

and McCreary (1990) recently produced current OSCillations whose amplitude WOrfl comparable to 

observatiom, uSlng a hnear model forced by a wlnd field oscillating wlth a 60-day penod However, 

Schott et ai. (1988), who measured substantlal boundary current fluctu Jtions east cf Madagascar neUf 
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12"S in the 40- to 55-day period band, cou Id not relate these to the observed winds. They also found 

that in their model driven by mean mon.; ·!v winds, the area between Madagascar and the eql1ator was 

characterized by intense eddy activity (ait' :ough on longer time-scales (70-BO days) th an observed}. 

Similarly, the ::;imulation by Woodberry et al. (1989), driven by the same clirnatological rnonthly mcan 

winds, also features 40- to 50-day oscillations ln the western region, whlch must again be attnbuted 

to barotropic instabllity. 

While we shall not support this with more evidence, we note the possible role of the Scychellos

Mauritius ridge at 60oE, and Madagascar to the west of it, in braking the accolerat/on of the zonal 

wind-driven currents in the Indian Ocean. 

For the purposes of this study, the effect of the eddy circulation on mass and heat transpor1 is of 

more importance th an the dynamics of the generation and maintenance of the unstable reglme. We 

merltioned in Section 4.3 the large variablhty of the mendional hea! transport due to the eddles ln tlle 

Peru run. The apparent deep overturning cell in the streamfunctlon of the Peru run also ctltlllges 

radically between 3000 (Flg.4.4) and 3200 days (Flg.4.30). In the IIldividual eddlos, very large changes 

also occur in the local surface heat flux, although adjacent eddies undergo opposing changes The 

presence of the eddies in the Peru run makes the comparson between the two runs more dlffieult and 

frustrates any interpretation of the heat transport. This was a strong motivatIOn for the two now runs 

described in the next chapter. 
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5. LIMITATIONS OF THE MODEl AND FURTHER EXPERIMENTS 

5.1, Olfficulties wlth the first two runs 

The finite dlfference approximation of the continuous flow carries wlth it some risks, and the 

equator is particularly subject to numerical problems. Spurious equatorial cells appear in the 

overturning streamfunction (Fig.4.4). These are associated with the checkerbomd pattern of 

meridional velocity seen in the vertical section at OON (Fig 5.1) although Ulis may also be due to 

transient waves propagating along the equator (see a!so Fig 52). Pools of upwelhng and 

downwelling are produced along the equator (Flg.5.3) Weaver and Sarachlk (1990) were able to 

eliminate such cells by increaslng the vertical resolutlon, however the large number of levels used ln 

this model is already computationally demanding. The spunous cells wou Id aHecllhe mendlonal hoat 

transport in longer term climate models but over a short integratlon 01 oilly 3000 days, local effecls 

only are expected. 

A more serious numencal Ilaw is the small patch of positive surface heal flux on the equalor 

against the eastern boundary (Fig.4.21), This requires a surface temperature greater than the local 

Haney temperature of 29°C (as IS observed ln Flg.4.3), which 15 bath the highest value possible ln the 

apparent atmosphere, and the highest temperature in the verllcal profile to which the PacIfie Ocean 

of the Leeuwin run is restored (the Peru Paciflc is even cooler) A lernperaturo greater tllan 29' C 

cannat therelore be accounted for physically. Ym and Fung (1990) have shown that ln the 

Bryan-Cox model a non-unlform spacing of the vertical levels and a low vertical dlffuslvlly may, ln a 

region of strong downwelling, produce a negallve effectNe vertical dlffuSIVlty. Thal IS, VIe are 

witnessing negative diffusion, or heat passing from cocler water to warmer water. Assoclated wlth 

this are unrealistic temperature jumps between adjacent vertical levels: in the zonai-vertical section 

of temperature at 5°N (Fig.5.4), the isotherms diverge noticeably near the eastern boundary. (The 
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1 
problom is occurnng only at the eastern boundary because of the strong downwelltng there forced 

by tha eastward wlnd on the equator drlVIng water towards the coast) 

To resolva the abova problems, It was decided to carry out anotller Peru run wlth increased 

vertical VISCOSlty. the value 01 !;1V ln the Peru-2 run IS twenty tlmes hlgher (see Table 3). The very 

low vertical dlffuslvlty at the surface has al 50 been changed: Arv IS now 1 0 cm2/s at ail depths. The 

reasonlng behlnd thls was flrst ta overcome the numencal dellciencles just described, but also, by 

allowing more energy ta be dlsslpated in sub-gnd scale processes, to avoid the large-scale wave-type 

pher..:>mena othcrwlse produced by barotropic instablllty. 

Another question may be ralsed in connection wlth the flrst runs' wh ether the dlfferent mitial 

conditions (on ternperature and sallnity) ln the twc rUllS may not bias the final results. To speed up 

the convergence, ttle Indian Ocean of the Leeuwln run was Inltlaltsed with the warrn profile 01 !Ile 

Leeuwin throughflow. ThiS is justilled If the warm throughflow is able ln the long run ta warm ail 

corners 01 the model basin. To test this assumption, we perforrned another Leeuwln run in whlch the 

Paclflc was restored throughaut ta the warm profile but the two basins were inilialised wlth the cooler 

temperatures and higher saltnlties of the Peru runs. The increased vertical viscosity and dlffusivlty 

were also used III thls run, agaln as a way of deallng wlth numencal shortcomlngs. 

One delect of the madel whlch we Will not undertake to correct at thls tlme IS the weakness of the 

snnulated Leeu'fvln Current The eastern boundary reglme produced by the warm throughflow is 

qualttatlvely correct. that IS, we obtam a poleward surface current with an equato;ward undercurrent, 

deep mlxed layers and downwelling at the coast, and a positive surface heat flux everywhere along 

Austr2:1a. However, the current ltself is rnuch too slow. G-W list a number of reasons for this: the 

0.4° resolution (of Ule same arder as the radiUS of deformatlon) IS tao coarse to resolve the narrow 

Leeuwln Current and entai',:, a larger Ar.ru (through equatlOn 11) than is perhaps deslrable there, the 

Haney condition at the surface tends ta damp latltudlnal temperatui "! vanatlons (and hence, through 

geostrophy, meridlonal veloci!les), there IS no 10rclng of sahnity at the surface (mansoan preCipitation 

ln the equatorial reglon and evaporation al hlgh latitudes would otherwlse enhanee the sterie height 
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J 
gradient) and there is no topography, when the presence of tlle contlllental sllelt IS "nown to be 

Important in trapplng the coastaJ current, and ln enhanclng it through the JEBAR effect. 

We emphaslze again here that th,s is not a chmate model in the true sense. The relatlvely short 

integratlon allows us to simphfy the model in ways which preclude a true eqUllibnum We have no 

exchange wlth the Antarctlc therelore no source of cold water lor' 8 deep ocean. Over 3000 days. 

the deep layers are therefore warrnmg up (thls can be seen hy cornparing the Indlan and PaclflC' 

baSins in a zonai-vertical section such as at OON ln Flg.S.4). We noted earlier that the heat budget 

was not balanced. The model has reached a quasi steady-state but It IS not in dllfuslve eqtllllbllum 

5 2. High Viscoslty Experiments 

As hoped, the increased viscosity and diffusivity improved Ihe numerical problems and ell/nlrlnled 

the barotropic instablhty in both runs. The spurious ceBs in the overturnlng streamluncllon have been 

strong!y damped (compare Figs. 5.5, 56 and 5.7 wlth Figs. 51, 52 and 53) The surface 

convergence ante the equator whlch was producmg downwelhng and deep mlxed lélyers along ooN 

has been much reduced (compare Figs. 58 and 59 wlth Figs 42 and 4 3). The patch of surface 

water warmer than 29°C IS still unfortunalely present at tlle easlern boundary, but IS now very much 

smaller (Fig.5.10 shows the zonal-vertical sections at oeN for the Leeuwin-2 and Peru-2 runs - see 

Flg.S.4 for the same sectIOn for the Leeuwln and Peru funs) and the divergence of the Isotherms al 

the eastern boundary has been much reduced. The thermocllne IS now much less compact because 

of the higher vertical diffusivity. From the tempcrature field at z:o=60m (Fig 5.9), we sec thnt the cool 

tropical gyre has been conslderably weakened (the gyre conlre 15 SoC warmer ln the new Peru run and 

perhaps 3,SOC warmer in the new Leeuwln run). The southern hait of the baSin has not changed 

much, nor has the northern hemlsphere. The maps of surface heat fluxes for the new runs are slmllar 

to the previous ones (comparfl Figs 5.11 and 4.21) however the whole surface 15 coûler ln both the 
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101 

a 

b 



l 
new ones (heat fluxes have been changed by about 20 W/m2 negatlvely evel)'wllcle) becausD Imat 

is diffused downward much more readlfy. In the Peru-2 run, there ;s ;lOW no po,>itlve heat ffux 

anywhere along the eastern bOlJndal)'. The total surface heatll1g has doubled 111 bath runs; the new 

mean surface heat ffuxes are -168 W/m2 tor the Leeuwln-2 run and -29,9 W/,1)2 lor the Peru-2 run 

(Table 5). The heat budgets are aven further fram equllibnum. The throughllow in the Peru-2 run 

is even stronger (14,2 Sv compared ta 7.7 Sv in the tlrst Peru run) because tlle temperature lump 

between the two basins is belng emphasized as the intermedlate depths in tho Indlùn Ocean are 

being warmed more efflciently, Nearly the same masses are exchanged ln the two Leeuwln runs, but 

the mean temperature dlHerence of the excranged waters has bcen h81ved (because the surface 01 

the new run is not as warm). whlle It has changed vel)' IIttle between the Peru and Peru·2 runs TI18 

heat transpor. trom the Indlan Ocean to the PaclflC IS greater in the n8W Peru run but the heat 

transport in the other direction is less ln the new Leeuwin ru n, 

ln the difference field (Fig 5,12), the thermohallne circulation is much more distinct now tllat the 

eddies have dlsappeared, The westward jet from the gap and the eastward flow towards Australla 

can now be seen to reach ail the way ta the western boundary, The poleward decay of the 

geostrophic onshore flow has lessened. but the western boundary currents are still only locally 

intensified. The differences in surface heat fluxes (Flg,5,13) at the Indonesian gap and along thn 

eastern boundary are even larger, but once agam, the warm and cool throughflows do no! seem to 

be affecting the surface temperature along the western boundal)'. Furthermore, the dllference ln boat 

flux in the northwest and southwest corners has been reduced: the Leeuwln-2 run 15 baroly warensr 

there th an the Peru-2 run. However, the whole surface of the Indlan Ocoan ln tho Leouwln-2 run IS 

warmer thar. in the Peru-2 ru n, so heat trom the Pacifie is being spread over large areas, SUpportlilg 

our choiee of Initiai conditIon in the first Leeuwln run, ThIS ean be seen even more clearly from the 

meridional-vertical sections (near the eastern boundary. In the Intcnor and noar the western boundary) 

shown in Fig,5,14. The deep oceans of the two runs are at the same temperature (unhka in Fig 418 

where the Leeuwin run was 1°C warmer) but Just below the surface, a layer nearly 700 metres thlck 
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TABLE 5 

Heat Budgets 

High viscosity (uns 

Leeuwin-2 Peru-2 Leeuwin-2 
run run run 

3000 days 3000 days 5000 days 

Hoat transport from Indian 
to Pacifie ln 1015 W 

1) by advection 
-0.050 +0.953 +0.375 

Il) by diffusion 
0.0007 -0 003 -0.002 

ill) total 
-a 051 +0.956 +0.377 

Total surface heating of 
the Indlan Ocean in 1015 

W 
0.760 1.355 0.809 

Mean surface heat flux 
Into the Indian Ocean in 
W/m2 

16.80 29.92 17.88 

Mean departure from 
Haney temperature in oC 

-0.467 -0.831 -0.497 

Mass exchanged between 
Pacifie and Indlan Oceans 
in Sv 

3.4 14.2 9.5 

Mean ternperature 
dlfference of tlle 
exchanged waters in oC 

3.6 16.8 9.9 
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ovm the whole ocean has been heated by the warm throughflow. The South Equatorial Current is 

once agaln the carrier of the haat in tropical regions. 

At z=275m, the offshore flow assoclated wlth the reversed meridional steric height gradient ln the 

Leeuwin runs seems sllghtty weaker in the Leeuwm-2 run. We no longer see quite sa dlstlnctly the 

cold water tongue belng advected northwestward trom the eastern boundary (compare Flgs 4.13a and 

5.16a). (The sahnlty gradient along the coast IS however greater a5 the throughflow is now fresher 

than the rest of the ocean) The deep ocean fields of T and 8 are very fiat because of the hlgher 

dlffuslvlty, but the hlgher baroclinic modes are now even more clearly seen ln the deep ocean of the 

Leeuwin-2 run. The deep ocean of the Leeuwin-2 run IS cooler th an in the tirst run because of the 

dlfferent Initiai condition, but ln the Peru-2 run, the wllole ocean IS now slightly warmer, because of 

the higher dlffuSlvlty We still tlnd a deep cell in the overturnlng streamfuncliOn of the Peru run 

(Fig 5.17), but th,s seems to be due to the vertical velocltles Induced on the Pac,f,c side of the 

Indoneslan continent. 

The oscillations in the kinetic energy have disappeared with the eddies (Flg.5.18). The total 

klnetic energy is also less ln the new more VISCOUS runs. The two peaks at less th an 100 days and 

roughly 1400 days are related to the propagation of barotropic Rossby waves due to the wlnd forcing 

and 1 st mode barocllnlc waves. ln both the new runs, the southward heat transport (Fig 5.19) IS 

less. In the Peru-2 run, we açtually find a band ')f nortllward haat transport between 3 ta 13 °8. 

Only ln the northern hemlsphere, are the new runs actually transportlng more heat southward. By 

companng the northward heat transport at 2600 (not shown), 2800 (Fig.520) and 3000 days 

(Flg.5.19), we can get an Indication of whether a steady-state has been reached. The Peru-2 run is 

ln fact changing very little over this period. However, the Leeuwin-2 transport is still shrinklng 

considerably and It was declded to allow the Integration ta continue another 2000 days for thls reason. 

The mendlonal heat transport does then stabillze further but after 5000 days, the downwards diffusion 

of heat has become destructive. The intermedlate depths are now sa warm that the throughflow at 

the Indonesian gap has actually roversed directionl The meridional sterie height gradient along the 
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eastern boundary is still producing the onshore flowand downwelling typical of the Leeuwln Current, 

but the Indian Ocean is now a net exporter of heat ta the Pacifie. The overturning streamfunction is 

evolving a deep cell similar to that in the Peru-2 run. The kinetic energy is increasing again (albeit 

very slowly). 

The results described in this section tend to weaken our confidence in our curves of meridlonal 

heat transport. However, the similarities between the surface heat flux maps of the new and old 

Leeuwin runs are reassuring as to the validity of the initial condition ln tlle tlrst Leeuwln run. Besldes 

speeding up the equilibrium process, matching the initial temperature profile of the Indlan Ocean basin 

to that of the Pacifie reservoir minimized the dlfficulties with downwards diffusion of heat from the 

thermally forced surface - in the absence of a cold water source - whlch started to become Important 

in the second run. 
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6. SUMMARY AND CONCLUSIONS 

ln this study, the Indian Ocean was modelled (using the Cox, 1984 version of the Bryan-Cox Ocean 

Genera~ Circulation Madel) as a rectangular flat-bottomed ocean 5 km deep and separated from an 

ideahzed Paclflc Ocean by two narrow land barriers representing the Indonesian and Australian 

'continents'. The artlflcial Pacific in these simulations was sim ply a reservoir restored to ehosen 

vertical profiles of salinity and temperature throughout the integration. The MO basins were linked 

by a single near-equatorial channel 1200 m deep. The surface temperatures in the Indian Ocean 

basin were restored towards a latitude-dependent Haney-type atmospheric tempe rature; no direct 

salinlty forcing was however imposed as thls was expected to be of secondary importance (Godfrey 

and Weaver, 1991). The magnitude of the real net mass throughflow into the Indlan Ocean is still 

uncertain, so only the purely thermohaline circulation induced by warm surface waters flowing through 

the gap in one direction and cooler waters balancing them at depth was considered here. Although 

the depth integral of the model throughflow vanishes, a sizeable exchange of mass between the 

Pacific and Indian Oceans and a net transport of heat from one basin to the other were produced. 

The goal of the experiments was to compare the effect on the climate of the Indian Ocean of two 

dlfferent TS profiles ln the model Paciflc. The Pacifie reservoir was restored ta either a warm profile 

wlth a fresh surface layer representatlve of the Indoneslan seas or the western equatorial Pacifie (the 

'Leeuwin run') or to a cooler more saline profile more typical of the eastern equatorial Pacifie (the 

'Peru run'). Godfrey and Weaver (1991) used a very similar model for the eastern boundary region 

to show Ihal the warm fresh throughflow near the equator is the cause of the unique large meridional 

steric height gradient off western Auslralia_ This is geostrophically balaneed by a zonal onshore flow 

whieh turns south al the coast to form Ihe anomalous poleward-flowing Leeuwin Current. G-W found 

that simply replacing tlle warm TS profile in the 'Pacific' by the cooler one resembling the waters off 

South America was enough to change the coastal circulation to a more typical equatorward easlern 
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1 boundary current (such as the Peru current at corresponding latitudes in the eastern Paclflc). In tlleir 

model, this also had a major Impact on the surface heat fluxes along the Australian coast, whore the 

southward transport of heat by the Leeuwin Current is consldered 10 be a crucial factor in Illoderating 

the local climate (see for example, Weaver, 1990). 

ln the present study, the domain was expanded to Include the whole Indian Ocean north of 40"S, 

and especially the northern hemisphere, an area of large heat gain by the ocean. Annu81 1110al1 

winds were also imposed. It was found that the warm throughflow in tl1e Leeuwln run drives a 

basinwide Ihermohaline circulation very simllar 10 thal proposed by G-W. Tl1e weslward surface flow 

tllrough Ihe gap feeds the model South Equatorial Current and warm water is transported ail the way 

across the ocean to the western boundary. The enhanced steric height at low lalltudos causes an 

eastward retum flow south of the SEC, intenslfying as It nems the eastern boundary. Tille; puroly 

thermohaline circulation can only be seen by comparing the two runs (Leeuwln and peru) as It 15 

masked by the stronger Sverdrup circulation in most regions. The exception IS at the caslern 

boundary where il is manifested as the buoyancy-driven Leeuwin Current. 

At the southern tip of Australia, the release of heat to the atmosphere at the surface of the ocean 

causes the upper part of the water column to become unstable. Warm water is then mixed downward 

by convection. At intermedtate depths, the stene l1elght along the coast therolore IIlcroaSQS 

poleward, driving a northwestward flow back Into the Intenor whlch travels back acrQSS the ocean, 

renects off the western bouncary and feeds Into an eastward undercurrent for the SEC, effectlvely 

tracing out the reverse path of the warm water at the surface. 

The circulation described above de pends critlcally on the presence of the warm throughflow. The 

cooler profile of the Pacific reservolr in the Peru run (correspondlng to more typlcal conditions for the 

eastern boundary ot an ocean) leads to a reversai ot the througtlflow (whlch now contnbules 

negatively to the SEC) and destroys the meridional steric height gradient dnvlng the eastward flow 

south of the SEC. 

This also suggests an alternative route ta the "warm water path" described by Gordon (1986) ln 
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which the warm water transported by the SEC passes into the western boundary current f10wing 

southward along Africa, a fraction of which th en escapes into the South Atlantic. In our mode l, the 

western boundary current is enhanced only slightly by the warm throughflow and the dlfference in 

surface heat flux between the two runs is negligibly small. The effect of the warm throughflow is 

rather ta increase the surface temperature in a wide band extendlng zonally right across the ocean 

and centred on the SEC (although the dlfference in temperature does diminish westward), as weil as 

along the eastern boundary (the site of the largest difference in surface heat flux). Over the rest of 

the domain, the surface of the Indlan Ocean in the Leeuwin run is always slightly warmer, and 

especially in regions of upwelling since the temperature stratification in the upper layers of the Peru 

run is greater. The total surface heatlng by the atmosphere is more than doubled in the cooler Peru 

run. This is eVldence that the Indonesian throughflow does indeed significantly contnbute ta the 

exceptionally warm climate of the Indian Ocean. 

The model is also shown ta produce meridional heat transports of the same order of magnitude 

as those obseNed in the Indian Ocean. The forcing by a warm throughflow further Increases the 

resemblance ta reallty. 

Another aspect of the model results discussed are the synoptic scale barotropic eddies that are 

generated ln the western quarter of the basin by shear instabihty in the South Equatorial Current. 

Whlle this is not one of the central results of this thesis, it is interesting to note that a number of other 

authors have reported barotropic instabihty ln both models of the western Indian Ocean (e.g. Schott 

et al., 1988; Woodberry et al., 1989) and actual data from the region (e.g. Schott et aL, 1988; Kindle 

and Thompson, 1989). Although the penods and wavelengths recorded by these authors tend to be 

shorter th an in our mOdel, this may be associated with the relatively high horizontal viscosity Am. 

The eddies have the further consequence of seriously influencmg the meridional heat transport, 

50 compromising our analysls of the heat budget. For this reason, and to resolve a numerical 

problem associated with an effective Ilegative vertical diffusivity in a region of strong downwelhng, two 

addltional runs were performed, with increased vertical viscosity and diffusivity. A different initial 
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1 condition in the Indian Ocean of the new Leeuwin run also allowed us to check that tlle surface heal 

fluxes at the end of the integr ation were not being unduly biased by the initiai lemperatuie profile 

The single most important improvement that could be added to the model would be ta allaw a net 

mass throughflow from the Pacifie. Other factors that might be explored would be the effects of 

salinity forcing by precipitation and evaporation at the surface and by the distinctive water masses of 

the northern seas, of the real topography of the sea f100r and coasthne, and 01 the seasonal vanatlons 

in the wind-driving and the 5trength of the throughflow. Although the source of deep water Irom tlle 

South Pole would be an important influence in more extensive climate studios, the transport of heat 

across 40°8 in the Indian Ocean is not 50 large that the imaginary barrier al that latitude in our model 

is a serious impediment. 
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