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Three general circulation models (FRAM, OCCAM and POP) are used in order to 
investigate the dynamics of the Antarctic Circumpolar Current (ACC) at the Drake 
Passage latitudes (ACCB) where the ACC is unbounded. In these models bottom 
form stress balances the wind stress in the momentum budgets. In the vorticity 
budgets the main balance is between wind curl and bottom pressure torque in FRAM 
and OCCAM. In the higher resolution model (POP) the non linear advection is one 
of the main terms. Whereas standing eddies mainly decelerate the How in the ACCB, 
transient eddies play a different role in the three models. In the upper levels transient 
eddies accelerate the flow in POP and FRAM, but decelerate the flow in OCCAM. 
The behaviour of standing and transient eddies changes throughout the water column 
in the ACCB and eddies have a dragging effect on the How below the levels where the 
topography starts to obstruct the Eow. The crucial role of topography is investigated 
using a set of numerical experiment. In the coarse version of OCCAM Kerguelen 
Plateau is lowered and the Drake Passage Region and the Antarctic-Pacihc Ridge are 
removed. Results from the analysis in the ACCB indicate that changing topography 
has a local eEect. The complete investigation of the ACC dynamics is extended to 
the ACC Path (ACCP). The vorticity budgets show that the Drake Passage Region 
afTects all of the ACC flow. Removing Drake Passage reduces the contribution of 
the bottom pressure torque to the vorticity balance and the region of Sverdrup-like 
balance is extended. The key role for all the ACC is played by the Drake Passage 
but not from other topographic features. 
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OCCAM an(f f Of m (Ae ACCf 39 

4.4 Mean, r̂onazen^ oncZ a^andmp con̂ n6û %ona ^Ae %̂me mean zon-
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r̂oZ run, jiTeT̂ ueZen fZo(eau, v4n(arc(%c-fac2/zc ĵ zdpe and DroA;e 
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r̂oZ run and dẑ g'̂ erenceg te^ween OCCMM (jM and jiTerpueZen f Zâ eau, 
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Chapter 1 

Introduction 

1.1 Motivation 

The Antarctic Circumpolar Current (ACC) connects the three major oceans and 

dynamical and thermodynamical balances in the ACC are linked to the global 

ocean circulation. This interbasin connection occurs in the belt where the ACC 

flows zonally with no continental barriers (Antarctic Circumpolar Belt - ACCB) 

at the Drake Passage latitudes. 

One of the main questions about the ACC dynamics is how the strong input of 

momentum at the surface is transferred downward and dissipated. Model investi-

gations without topography considering a standard diSiisive momentum param-

eterisation and bottom friction give unreasonable volume transport at the Drake 

Passage (Hidaka and Tsuchiya (1953), Gill (1968)). In these cases eddy coefh-

cients should be two orders of magnitude bigger than the observed values in the 

Southern Ocean in order to ht the model transport to the observed transport. 

On the other hand, the large eEect of the topography on the ACC was argued 

9 



CHAPTER!. INTRODUCTION 10 

since 1951 by Munk and Palmen. They afSrmed that the momentum input at 

the surface is transferred down the water column by turbulent interchange of 

momentum from the surface layer to the layers beneath and removed by bottom 

form stress. Bottom form stress is considered the main sink of momentum in the 

ACC and it is induced by the pressure exerted by the submarine ridges against 

the deep Sow. 

Quasi-Geostrophic models (QG models) have been largely employed in the ACC 

dynamics investigations in order to explore a circumpolar current in a zonal chan-

nel on the /3-plane with eddies and topographic constraints (McWilliams et al. 

(1978), McWilliams and Chow (1981), Wolff and Olbers (1989) and Wolff et al. 

(1991)). QG models pointed out that eddies transferred momentum downward 

through the action of the interfacial form stress and were dissipated by bottom 

form stress. Bottom topography increased momentum dissipation through bot-

tom form stress and reduced the total transport in the channel with respect to 

the Sat bottom case. 

However, QG models do not resolve adequately topography because they cannot 

represent steep topography and a realistic amplitude of topography compared 

with the total ocean depth. Moreover, QG models do not consider the outcrop-

ping of isopycnic surfaces in the Southern Ocean. 

On the contrary. Primitive Equation models (PE models) do not have those prob-

lems but their resolution has to be able to display topographic forms and eddies 

(Killworth and Nanneh (1994)). 

Recently, Stevens and Ivchenko (1997) have demonstrated that the vertical pene-

tration of momentum is achieved through the action of the interfacial form stress, 

which is provided by eddies, in a PE model (FRAM). However, the role of eddies 
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on the horizontal redistribution of zonal momentum is still controversial both in 

observations and in models. In QG models eddies are acting to accelerate the 

jet centre and decelerate the wings (McWilliams et al. (1978), McWilliams and 

Chow (1981), Treguier and McWilliams (1990), Wolff et al. (1991) and Marshall 

et al. (1993)). In FRAM transient eddies accelerated the Sow in a zonal analy-

sis (Stevens and Ivchenko (1997)) as it was for QG models but transient eddies 

decelerated the Bow in streamwise co-ordinates (Ivchenko et al. (1996)). In a re-

cent observational study Hughes and Ash (2001) found that the strongest jets 

in the ACC are not accelerated but decelerated by eddies in satellite altimeter 

measurements, in contradiction to Morrow et ai. (1992). Moreover, Hughes and 

Ash (2001) found that the continuous presence of fronts from satellite altimeter 

measurements is not reproduced by ACC models. They indicate that inadequate 

resolution and representation of topography can be the cause of the poor repre-

sentation of eddy activity in these models. 

It is well known that the ACC is the strongest current in the world having a 

volume transport of about 126 Sv through the Drake Passage (Whitworth and 

Peterson (1985)). The strongest winds in the world blow over the Southern Ocean 

at the Drake Passage latitudes and they are three orders of magnitude larger than 

the mid latitude winds (Gille et al. (2001)). However, the ACC dynamics in this 

region is still not fully understood. Part of the ACC Sows in the unique rotat-

ing channel in the global ocean. The traditional Sverdrup theory and geostrophy 

which are valid in all oceans do not hold there. More investigations are required 

on the ACC dynamics using models. 
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1.2 Aim and Objectives 

The aim of this research is to understand the main mechanisms that control the 

ACC dynamics with the use of OGCMs. The scientihc questions addressed in this 

study are: 

- What are the dynamical controls on the ACC dynamics? 

- What is the role of topography in the ACC dynamics? 

In particular we investigate the role of eddies and non-linear terms in the dy-

namical budgets in the barrier-free belt around the Antarctica (ACCB), whether 

eddies accelerate or decelerate the Bow in the ACCB as a whole, what is their vari-

ation across the zonal belt and what is their variation with the depth. Moreover, 

we investigate how increasing model resolution can affect the volume transport, 

momentum and vorticity budgets in the ACCB. The investigation is carried out 

using a set of PE models (PRAM, OCCAM 1/4 and POP). PRAM, OCCAM 

1/4 and POP are OGCMs which are able to display eddies. They are different 

not only because of resolution but also because of forcing and topography. Con-

sequently, the three models represent differently the ACC volume transport and 

the ACC Sow. 

The model comparison in the ACCB outlines the importance of topography in the 

ACC. Only a narrow part of the ACC Sows in a belt and in order to investigate 

the role of topography in the ACC a set of numerical experiments needs to be 

performed with a coarse model. A complete investigation of the ACC dynamics is 

carried out in the ACCP. The ACCP is the region in the Southern Ocean which 

is between the streamfunctions passing through the Drake Passage. 



Chapter 2 

Dynamics of the A C C 

2.1 Introduction 

The vastness of the Southern Ocean and the hard atmospheric and oceanic con-

ditions there have made the ocean models one of the most powerful way to study 

the complexity of the ACC dynamics. 

2.2 Studies of the ACC dynamics using models 

Coarse resolution models and one-layer models can give a rough but interesting 

view of the ACC main Sow and the effect of the Drake Passage on the How. Gill 

and Bryan (1971) investigated the extension and the friction parameters of the 

zone downstream the Drake Passage. In their model they explored the importance 

of the Drake Passage threshold on the ACC transport and the importance of the 

horizontal density gradient West and East of the Drake Passage. They found that 

13 
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the presence of the Drake Passage sill reduced the ACC volume transport but 

the horizontal density gradients at the Drake Passage accelerated the ACC How. 

Many authors examined barotropic circulation in rotating channels with simple 

topography. Krupitsky and Cane (1994) focused their work on / / j f isolines that 

are blocked by zonal walls in a zonal channel. It is well known that streamlines 

of the zonal current tend to follow lines of constant If the topography 

was small enough, then there were closed isolines encircling Antarctica and 

a rather large transport. If the / / J? isolines were blocked by zonal walls then 

the zonal transport waa proportional to the bottom topographic wave length 

and inversely proportional to the topographic height. The momentum input waa 

balanced by bottom form stress. Wang and Huang (1995) tried to quantify a 

parameter called potential vorticity resistance. It wag introduced to quanti^ the 

degree by which the ridge impedes the through-channel Sow. This parameter 

represents the minimum amount of potential vorticity that a Suid particle has 

to exchange with its environment in order to cross the ridge. The transport de-

creased with the increase of this parameter. The parameter was also related to 

the height of a ridge and they indicated that the Drake passage plays a central 

role in the circumpolar ocean while other topographic features play a secondary 

role. In his model Klinck (1986) concluded that the lateral boundaries of the 

Southern Ocean cause the flow to act more like an inviscid Sverdrup Aow rather 

than like the strongly viscous How considered by Hidaka and Tsuchiya (1953). 

Prom recent studies it has been noted that the ACC Aow has an equivalent 

barotropic character. Killworth (1992) found that the mean flow and the eddy 

kinetic energy are self-similar in the vertical in the PRAM model. Ivchenko et al. 

(1999) compared PRAM with an Equivalent Barotropic model and they showed 
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that the transport streamfunction patterns were similar in both models. 

QG models have been largely employed in the ACC dynamics investigations. 

QG models were mainly directed to explore a circumpolar current in a zonal 

channel on the /)-plane with eddies and topographic constraints. McWilliams 

et al. (1978), McWilliams and Chow (1981), Wolff and Olbers (1989) and WolE 

et al. (1991) allowed dynamical Sow instabilities that created eddies in their 

models. Eddies transferred momentum downward and were dissipated by bottom 

form stress. Bottom topography increased momentum dissipation through bot-

tom form stress and reduced the total transport in the channel with respect to 

the Sat bottom case. In all cases bottom friction presented small values. Johnson 

and Bryden (1989) studied the interfacial form drag that causes a vertical Aux 

of zonal momentum from the upper layers to the lower layers. The importance 

of the interfacial form drag was pointed out also by Olbers and Wubber (1991), 

Olbers (1998) and Stevens and Ivchenko (1997) using PE models. 

2.3 The role of eddies in the A C C 

Eddies play a crucial role in the dynamics of the Southern Ocean. They trans-

fer momentum downward and heat from the Equator to the Pole. Eddies in the 

Southern Ocean have typical velocities of 30 cm s or greater at the surface and 

length scales of 30-100 km. In the Southern Ocean eddies are coherent formations 

from the surface to the bottom. Bryden and Heath (1985) found energetic eddies 

of 20 cm s at 1000 m with time scales of 20-50 days. To the south east of New 

Zealand the eddies extended vertically to 5000 m and propagated south-eastward 
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at about 12 cm The related eddy kinetic energy decreases from 169 cm^ s"^ 

at 1000 m to 30 cm s at 4000 m. 

These energetic eddies are produced by Suctuations of the mean flow, mostly in 

the Sub-Antarctic Front and in the Polar Front which are eddy generating regions 

over their entire length. A large amount of mesoscale variability in the ACC is 

related with the zonation, but the higher mesoscale variability is associated with 

areag of major topographic relief. The maximum eddy kinetic energy is found to 

correspond to major topographic features (Patterson (1985)). The eddy kinetic 

energy is mainly due to the fluctuations of the geostrophic How having periods 

less than one month. 

Johnson and Bryden (1989) found that the wind driven zonal momentum is car-

ried down by eddy processes to a depth, where it can be removed by bottom 

pressure differences across ridges. In this model the eddy form drag results from 

a poleward transport of the heat by eddies originating from the baroclinically 

unstable current. McWilliams et al. (1978) considered eddies generated by baro-

clinic instability of the mean Sow. Eddies intensihed the mean jet and transferred 

down mean zonal momentum through the eddy standing and transient interfacial 

form stress. The major sink was bottom form stress rather than bottom friction 

in presence of a large topographic barrier. Turbulent eddies were in phase at all 

depths and the westward propagation was due primarily to advection by zonal 

jet. Eddies acted to spatially concentrate and accelerate the mean jet, with the 

greatest effect in the shallowest layer (McWilliams and Chow (1981)). 

Realistic topography in the Maquarie Ridge region was added by WolE et al. 

(1991) in a QG model. This case summed up the previous cases, in particu-

lar the interfacial form drag was mainly caused by standing eddies and the jet 
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intensification by transient eddies. Wolff et al. (1992) found that the main bal-

ance in momentum was between the wind stress and the bottom form stress. 

A strong contribution was carried out also by the divergence of Reynolds stress 

(standing more than transient). Marshall et al. (1993) found that transient ed-

dies transferred potential vorticity northward across the time mean ajcis of the 

ACC. Treguier and McWilliams (1990) examined the statistics of the eddies in 

particular their penetration and correlation with the topographic held, hnding 

a correlation between the interfacial form drag and the bottom form stress. In 

that case standing eddies rather than transient eddies transferred momentum 

downward. Stevens and Ivchenko (1997) found that the standing and transient 

eddies redistribute zonal momentum horizontally, decelerating the Sow in some 

regions but accelerating it in others. Also isopycnal analysis (Killworth and Nan-

neh (1994)) has shown that eddies transport eastward momentum from the upper 

layers to the lower layers. 

It seems clear that eddies are the mechanism that transfers the wind stress mo-

mentum from the surface to the bottom. However, their role is controversial. 

Standing eddies decelerate the main flow in a zonal analysis. The transient eddies 

accelerate the flow in zonal analysis (Stevens and Ivchenko (1997)) and decelerate 

it in streamwise co-ordinates of PE models (Ivchenko et al. (1996)). Hence, more 

investigations are necessary using PE models. 
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2.4 The role of topography in t h e ACC 

In a QG model with the topography and the eddies McWilliams et al. (1978) and 

McWilliams and Chow (1981) found that the wind stress was source of eastward 

momentum, interfacial form drag was a sink for the upper layer and a source 

for the lower layer. In the depth integrated momentum budget calculated by 

McWilliams et al. (1978) the wind stress was the source and the bottom form 

stress was the sink. 

Wolff and Olbers (1989) performed a set of experiments changing the bottom 

stress parameter and topography. They also calculated the depth integrated mo-

mentum budget and they found that the main sink was the bottom stress only 

when: a) the topography was far from the latitudes of highest winds or b) the 

frictional parameter was very high. In the other cases the input of the eastward 

momentum by the wind stress into the upper layer was transferred to the lower 

layer by the interfacial form drag, which was set by eddies, and dissipated by the 

bottom form stress against the topography. The divergence of horizontal Reynolds 

stresses redistributed zonal momentum in the horizontal direction. Also Treguier 

and McWilliams (1990) found that in a Hat bottom case the bottom stress was the 

only efficient sink of eastward momentum. When topography was present the bot-

tom form stress was the sink in the momentum budget and largely decreased the 

zonal transport. Large scale topography (of the scale of forcing) provides largest 

bottom form stress. Topographic scales larger than the internal Rossby radius 

affected the whole water column and in this case the interfaces were deformed 

by standing eddies. Standing eddies replaced transient eddies in transferring mo-

mentum downward. Even low topography (about 200 m) generated large bottom 



form stress and replaced bottom stress in the momentum budget in that QG 

model. In the seamount case Sow went around the seamount but in the ridge 

case the Sow was blocked. Also a meridional ridge affected the transport more 

than a seamount of limited latitudinal extension. 

In FRAM Kill worth and Nanneh (1994) calculated the momentum budget along 

the isopycnic surfaces. In this analysis the form drag varied with the depth and in-

creased with the density in a roughly linear fashion until the bottom was reached. 

2.5 ACC Volume transport at t h e Drake Pas-

sage 

The volume transport of the ACC at the Drake Passage was monitored during 

ISOS Experiment in the 1980's and the observed values are 126 d: 10 Sv. Recently, 

Cunningham (2001) pointed out that the ISOS measurements underestimate the 

error and the ACC volume transport is 134 d: 27 Sv. A minimum transport is 

reached in Winter (June-July) and a second minimum in Summer (January) is 

evident in most years. Two higher values are reached in Spring (October) and 

Autumn (April-May). Whitworth (1983) calculated that the 70% of net transport 

is due to the baroclinic component of the velocity but the higher frequency Euctu-

ations occur in the barotropic mode. The Huctuations in the transport come from 

shifts of the Sub-Antarctic Front. When warm water How extends to the North 

part of the Drake Passage the Sub-Antarctic Front moves southward and the 

transport increases. Whitworth and Peterson (1985) found that transport Euctu-

ations, which approached 50% of the mean transport, occurred over intervals of 

19 
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less than a month. In addition, the changes in transport through the Drake Pas-

sage over a period of order a month or less appear to be forced also by changes in 

the circumpolar averaged wind stress, rather than the local wind stress. Analysis 

by Wearn and Baker (1980) argue that the ACC transport through the Drake 

Passage represents the entire circumpolar system. Those wind-driven fluctuations 

in the ACC are barotropic and the circumpolar averaged current lags the zon-

ally averaged wind stress by 9 days. Clarke (1982) indicates that signiEcant wind 

driven Suctuations in the strength of the baroclinic ACC can only occur with 

periods of 70 years. 

Stommel (1957) observed that only a narrow band of the ACC Sows in a zonal 

channel and the ACC connects all oceans but it is not a completely zonal current. 

The ACC shifts northward by 10 degrees in the western South Atlantic Ocean. In 

fact, it Sows in a channel only at the Drake Passage latitudes. He suggested that 

most of the Row in Southern Ocean is dominated by a Sverdrup dynamics. He 

explained that the viscous dissipation takes place in a vyestern boundary current 

that exists along land boundary and in the Southern Ocean the principal dis-

sipation occurs downstream the Drake Passage along the South America coast. 

In this region the water turns northward, aa a western boundary current, before 

flowing east again near 40 S. Baker (1982) afhrmed that in this region the water 

going northward balances the water driven southward at 55 S in the sector which 

excludes the Drake Passage region (between 40 W and 70 W). He calculated the 

Sverdrup balance using the available observed wind curl (Taylor (1978)) and ve-

locity values (Gordon et al. (1978)) at 55 S in the sector. He found an agreement 

in these analysis and concluded that the southward open ocean geostrophic Sow 

balances the transport through the Drake Passage but with a large error in his 
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calculations. 

The problem of a sverdrupian ACC Bow depending on the wind curl at the north-

ern latitude of the ACCB following Stommel (1957) and Baker (1982) provoked 

a debate by Warren et al. (1996), Hughes (1997), Warren et al. (1997), Olbers 

(1998) and Warren et al. (1998). Recently Gnanadesikan and Hallberg (2000) 

and Gent et al. (2001) addressed the problem on what sets the mean transport 

through the Drake Passage. Gnana<lesikan and Hallberg (2000) analysed the de-

pendence of the ACC transport on the wind stress within the latitudes of Drake 

Passage and on the wind curl at the northern and southern latitudes of the 

ACCB. They conclude that increasing the strength of the winds can change the 

thermodynamic balances and increase the ACC transport. On the other hand, 

they did not End any evidence that the ACC transport is affected by changing 

wind curl. Gent et al. (2001) End that eddy activity and southward velocities in 

the intermediate layers (layers below the Ekman layer and above topography) 

are two important factors in setting the ACC transport. When the parameterised 

magnitude of eddy activity in their model was doubled then the ACC transport 

decreased about 30%. The intermediate layers were the most elective at acceler-

ating the ACC and a small increase in southward velocity produced an increase 

in the strength of the ACC. Moreover, they considered the thermohaline circula-

tion effects and indicated that an increase in the overturning of 1 Sv causes an 

increase of ACC transport of 7 Sv. Prom their study Drake Passage transport is 

not set solely by Sverdrup transport at the South Antarctic tip for two reasons. 

Firstly, in their model not all the flow through Drake Passage turns north as the 

Malvinas Current. Secondly, the ACC How is blocked only by the bottom in the 

region where there is lack of land boundaries. 
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Gille et al. (2001) show using observational data that ACC transport and wind 

forcing are coherent over a broad range of frequencies. In contrast, ACC trans-

port lags wind curl suggesting that the ocean response is not governed by simple 

sverdrup dynamics. 



Chapter 3 

F R A M , O C C A M and P O P 

models 

3.1 Introduction 

The following sections present the OGCMs used in this study. They are diEerent 

because of resolution, forcing and boundary conditions and the main character-

istic of the models are summarised in Table 3.1. They are based on the Primitive 

Equations of the motion: 

^ + (u - V)u + + / k X u = Vp + du + fu (3.1) 
oz po 

^ + + = + (3.2) 

<97" 
— + (u . V)T + ?/;— = (3.3) 
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pg = (3.4) 

V . u + ^ = 0 (3.5) 

p = p(r,^,p) (3.6) 

where u is horizontal velocity vector (w, t;) and w vertical velocity, ^ is the time, z 

is depth, / is the Coriolis parameter ( / = 2nsin y?, y is the latitude and is the 

speed of angular rotation of the Earth), p is pressure, represents the horizontal 

mixing of momentum and represents the vertical mixing of momentum, po is 

the reference density, 5" and T are salinity and temperature, V is the horizontal 

gradient operator, dg and cfr represents the horizontal diffusivity of tracers and 

/g and represents the vertical diffusivity of tracers. 

The term du = (d ,̂ cf̂ ) has the following expression = Am(V^«+(l — tan^ y) 

— 2?;;̂  tany)/o^ cos y?) and = Am(V^t;+ (1—tan^ tany^/o^ cos Y?), 

where A^ is the horizontal viscosity coefhcient. 

The term = (Z ,̂ y^) has the following expression and 

where is the vertical viscosity coe@cient. 

A/i is the horizontal diffusivity coefEcient in (ig = and = A/^V^T. 

-fT/z is the vertical diffusivity coefRcient in /g = -fT/z^and / r = 
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3.2 Fine Resolution Antarctic Model (FRAM) 

Pine Resolution Antarctic Model (PRAM) is based on the Geophysical Plnid Dy-

namics Laboratory Model using Bryan-Cox-Semtner code (Bryan (1969), Semtner 

(1974), Cox (1984)). It is an eddy-permitting model of the Southern Ocean cover-

ing the region from 78 S to 23 S (PRAM-Group (1991)). The horizontal resolution 

is 0.5 long. X 0.25 lat. and at 60 S the grid size is 27.8 x 27.8 km. The vertical 

resolution is 32 levels and the depth levels span from 20 m at the surface to 230 

m at the bottom level. The topography dataset is DBDB5. The formulation of 

barotropic-mode equation (rigid lid condition) is applied. In order to increase the 

numerical stability the bottom topography is smoothed at 1 degree. The northern 

boundary is an open boundary (Stevens (1990) and Stevens (1991)) which uses 

the Sverdrup balance to specif the stream function. Horizontal mixing of momen-

tum and tracers are obtained by a combination of harmonical and biharmonical 

operators. The horizontal mixing coe@cient of momentum, was 2 x lO^m^s" .̂ The 

bottom friction is quadratic in the last 6 years run. The model was initialised as a 

cold (2°C), saline (36.69 ppu), motionless Suid, and the temperature and salinity 

fields dynamically relaxed to the Levitus (1982) data. During the first 2 years 

and 160 days, the relaxation time scales are 180 days for the top 140 m and 540 

days for the deeper levels. Prom that time up to 6 years the time scale is 360 

days throughout; after 6 years the model ran freely from relaxation terms for a 

total time of integration of 16 years. The model forcing is the annual mean wind 

held Hellerman and Rosenstein (1983) (H-R). The total transport at the Drake 

Passage was 184 Sv calculated over the last 6 years of model integration. 
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3.3 Ocean Circulation and Climate Advanced 

Model (OCCAM) 

The Ocean Circulation and Climate Advanced Model (OCCAM) is a modiEed 

version of the Modular Ocean Model (MOM) for parallel calculation which in-

cludes an explicit free surface scheme (Webb et al. (1997)). This global model 

uses a Pacanowski and Philander vertical mixing parameterization (Pacanowski 

and Philander (1981)). A free-surface model provides more accurate solution to 

the governing equations and the development of external gravity waves. Also this 

method reduces the global communication otherwise required by a rigid-lid model 

and permits the use of a varying number of processors. The number of processors 

depends on the resolution of OCCAM. OCCAM is available in several versions 

using different horizontal resolutions. The OCCAM versions used in this study 

have 1/4 degree and 1 degree horizontal resolution. The 36 vertical levels vary 

from 20 m near the surface to 255 m at a depth of 5500 m. Topography is ob-

tained from DBDB5/ET0P05 dataset at the model resolution with important 

sills and straits modified according to more recent data (Thompson (1995)). The 

land boundary conditions are no slip and the bottom friction is quadratic. This 

model combines two grids. The hrst grid uses geographical co-ordinates for all 

oceans except in the North Atlantic and the Arctic, and a second, 90 degrees 

rotated grid, covers the area from the Bering Strait to the Equator in order to 

exclude the singularity in the North Pole. The two grids meet ortogonally at 

the equator in the Atlantic where longitude lines of the hrst grid become the 

pseudo-latitude lines of the second grid. The model uses a Laplacian operator 

to represent the horizontal mixing of momentum and tracers. The velocity held 
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was initialised to zero. The model potential temperature and salinity helds were 

relaxed to Levitus et al. (1994) data using a time scale of 30 days at the surface 

layer and 360 days at all others levels. In OCCAM the forcing supplied is the 

ECMWF monthly average wind stress climatology from the years 1986 to 1988 

inclusive. 

3.3.1 O C C A M 1 / 4 X 1 / 4 

The hrst version of OCCAM (here and after OCCAM 1/4) haa a standard 

latitude-longitude grid of 1/4 degree resolution (Webb et al. (1997)). The hori-

zontal resolution in the Southern Ocean is 13.9 x 27.8 km at 60 S. The model 

uses a Laplacian operator to represent the horizontal mixing of momentum. The 

horizontal mixing coefBcient waa 2 x lO^m^g" .̂ In OCCAM 1/4 the total trans-

port at the Drake Passage was 152 Sv. 

3.3.2 O C C A M 1 x 1 

The OCCAM 1 x 1 differs from the other OCCAM versions only for the horizon-

tal resolution. In this coarse version of OCCAM the horizontal resolution is 55.6 

X 111.2 km at 60 S. The wind held is ECMWF aa it is in the higher resolution 

OCCAM run. In a coarse resolution model eddies needed to be parameterised 

in order to give a realistic representation of the large scale flow. Two numerical 

experiments have been performed considering two eddy parameterisations in the 

model. In the first run a conventional parameterisation of momentum and tracers 



CffAPTER 3. FRAM, OCCAM AND POP MODEI/g 28 

was given. In the second run Gent P.R. and McWilliams J.C. (1990) parameter-

isation eddies (GM parameterisation) was applied. 

» O C C A M 1 x 1 using a standard parameterization of momentum 

and tracers. 

The conventional parameterisation of momentum and tracers presents two nu-

merical problems: ^̂  representation of subgrid scale processes and limitation 

of the model time integration. 

Two constrains on the horizontal viscosity coefBcient of momentum A^ are 

considered in order to restrict the value of A^: cell Reynolds number criterion 

and viscous boundary layer criterion. 

Bryan et al. (1975) indicated the cell Reynolds number In this 

case the typical maximum velocities are considered the advective velocities in the 

upper ocean (order of magnitude Img"^). The viscous boundary layer criterion is 

^ /)(\/3Aa;/7r)^ (Munk (1950)). Then the chosen value for A^ was lO^m^a" .̂ 

The effect of the conventional parameterisation of momentun and tracers in 

coarse resolution models is a downward motion in the interior of the ocean and 

an intense upwelling in the western boundary layer of the subtropical gyre in the 

North Atlantic (Boning et al. (1995)). This strong upwelling in midlatitudes re-

duces the amount of deep water which is carried from the subpolar North Atlantic 

toward the low latitude and the equator. The progressive deepening of thermo-

cline leads to a significantly lower than observed overturning circulation with the 

increasing of the model time integration. In order to prevent an erosion of the 

stratihcation in the Southern Ocean the model time integration was no longer 

than 10 years in OCCAM 1 x 1 . 
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® OCCAM 1 x 1 using Gent and McWilliams (1990) parameteriza-

tion. 

This parameterization (Gent P.R. and McWilliams J.C. (1990)) is baaed on two 

fundamental assumptions: ^j density is conserved following a Enid particle under 

mesoscale activities and ,9̂  tracer properties mix along isopycnal surfaces rather 

than across them. The dynamical effects of eddies are represented using an along 

isopycnal diffusion of tracers and an adiabatic down-gradient diffusion of layer 

thickness. The tracer equation in the Primitive Equation have the following ex-

pression for the potential temperature: 

^ -|- ((u 4- u*) - V)^ -t- (w 4- + (^y^z)z (3 7) 

where is a diffusion operator along the isopycnal surfaces with the isopyc-

nal tracer diffusion coefficient /cf and A;y is the cross-isopycnal diffusion coefB-

cient. In this equation the effective advection velocity is the sum of the mean 

velocity (u, w) and the eddy-induced transport velocity (u*,w*). The eddy in-

duced transport velocity is nondivergent and is deAned by u* = (A;/V/)//)z)z and 

tu* = —V - (kjVp/pz), where /c/ = lO^m^s" .̂ An analogous equation for the 

salinity completes the set of equations. 

The GM parameterization has the advantage of flattening the isopycnal slope 

maintaining the vertical stratification and reducing the spurious along-coordinate 

mixing. Danabasoglu et al. (1994) and Danabasoglu and McWilliams (1995) com-

pared the caae of conventional parameterisation of momentum and tracers with 

the case of GM parameterisation implemented for a global model. In the hrst 

case they found an unrealistic extensive upwelling near 60 S that weakens the 
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density stratiScation and enhances convection. In the second case the upwelling 

waa weaker and there waa much less convection. Moreover, in the standard pa-

rameterization case all oceans were warmer than observed by about 2°C at 1000 

m depth and by about 1°C in the deeper levels. The GM pajrameterization im-

proved the global distribution of potential temperature and gave northward heat 

transport in the North Atlantic consistent with the estimate values (about 1 

PW). However, this parameterization gives unrealistic representation of the flow 

in frontal regions where baroclinic instability is not the major process. Also the 

globally averaged potential temperature is colder (3.3°C) than the climatology 

(3.6°C) (Danabasoglu et al. (1994)). Moreover, if the thickness diffusivity is not 

tuned adequately the abyssal water properties may not be realistic (England and 

Rahmstorf (1999)). 

3.4 Parallel Ocean Program Model (POP) 

POP is a global high-resolution numerical model (Smith et al. (1992), Smith 

et al. (1993) and Dukowicz and Smith (1994)) that extends the MOM simulations 

performed by Semtner and Chervin (1988) and Semtner and Chervin (1992). It 

is adapted to parallel calculation and it uses an implicit free-surface formulation 

of the barotropic mode (Dukowicz and Smith (1994)). It covers the whole ocean 

from 77 S to 77 N using a Mercator grid (Maltrud et al. (1998)). The horizontal 

resolution varies with the latitude using a constant zonal size of the grid which 

is equal to about 0.28 degree. The meridional grid size spans from about 6.8 km 

at 77 N or S to 31.25 km at the Equator. The horizontal grid size is 15.6 x 
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15.5 km at 60 S. There are 20 depth levels and they are spaced from 25 m at 

the top to 550 m at the bottom. The POP topography is the global topography 

available at NCAR (National Center for Atmospheric Research). The horizontal 

mixing of momentum and tracers is accomplished using biharmonic operators 

with viscosity and diEusivity varying as the cube of the grid length. At the bottom 

boundary there is a quadratic bottom friction. In this study the third run of POP 

experiments was used. The output used in this study was initialised from the final 

state of the previous experiments. The surface heat fluxes are based on Barnier 

et al. (1995) formulation in the third run but the sea surface temperature values 

were restored to 2°C with 1 month timescale in areas covered by sea ice. The 

surface salinity was restored to the monthly Levitus (1982) climatology. At the 

high latitudes temperatures and salinity were relaxed to the annual Levitus (1982) 

climatology in the top 2 km with a relaxation time scale of 3 years. The wind 

stress is the 3-day average ECMWF from 1985-1995. In POP the total volume 

transport at the Drake Paasage wag 134 Sv. 



F R A M OCCAM 1 / 4 POP 

Geographic coverage 24°S-79°S global global 

Grid spherical spherical Mercator grid 

Horizontal resolution 

Ion. X lat. (degrees) 0.5 X 0.25 0.25 X 0.25 0.28 X 0.14 ( a t 60S) 

Vertical resolution 

top-bottom levels 

32 levels 

21m - 233m 

36 levels 

20m - 255m 

20 levels 

25m - 550m 

Initialization -2°C,36.69%o 

zero velocities 

Levitus 1994 

zero velocities and 

free surface height 

from Semtner and 

Chervin's run 

Time integration 16 model years 12 model years 11 model years 

Surface condition rigid lid free surface 

explicit 

free surface 

implicit 

Boundary condition zero velocity, 

S and T gradients 

zero velocity, 

S and T gradients 

from Semtner and 

Chervin's run 

Bottom drag 

coeGicient 

quadratic 

1 X 10"^ 

quadratic 

1 X 10-^ 

quadratic 

1.225 X 10-^ 

Topography smoothed 

1x1 resolution 

non-smoothed 

model resolution 

non-smoothed 

model resolution 

Forcing H-R 

annual mean 

1993 

ECMWF 

3 years mean 

1986-88 

ECMWF 

10 years mean 

1985-95 

Volume Transport at 

Drake Passage 

South-Australia 

184 

184 

152 

165 5't; 

134 

139 

32 
Table 3.1: Mam c/iorac^ertg^tcs OCCAM aW f C f modek 



Chapter 4 

Dynamical Controls on the ACC 

in O G C M s 

4.1 Introduction 

Three OGCMs (FRAM, OCCAM 1/4 and POP) are used in order to investi-

gate the ACC dynamics at the Drake Passage latitudes (ACCB : 63.5 S - 55 S), 

where the ACC Hows with no continental barriers. In order to describe the ACCB 

dynamics all factors are considered in the Primitive Equations. The comparison 

between FRAM, OCCAM 1/4 and POP allows the understanding of the eEects 

of improved topography representation, higher resolution and diSFerent wind held 

on the ACC Aow. These are general circulation models, which are able to display 

eddies and they are diSFerent not only because of resolution but also because of 

forcing and topography. Consequently, they represent differently the ACC flow 

and ACC volume transport (Figure 4.1 and Figure 4.2). 
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streamfunction, Sv - FRAM 

150 200 
longitude 

250 300 350 

Streamfunction, Sv - OCCAM 

150 200 
longitude 

Streamfunction, Sv - POP 

150 200 
longitude 

Figure 4.1: Time mean streamfunctions (Sv) in FRAM, OCCAM 1/4 and POP 
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Volume Transport at Drake 

FRAM 
OCCAM 

- 6 1 - 6 0 - 6 9 
latitude 

68 - 5 7 -66 -66 

Figure 4.2: Accumulated time mean volume transport in FRAM, OCCAM 1/4 

and POP across Drake Passage 

4.2 Momentum Budgets 

The zonal character of the ACC suggests to focus the following momentum anal-

ysis on the eastward component of the motion (Appendix A.l). 

4.2.1 T ime m e a n zonally averaged d e p t h in tegra ted mo-

m e n t u m budge t 

In order to describe the ACCB dynamics all terms are considered in the prim-

itive equations (Coriolis term, momentum flux divergence, bottom form stress, 

horizontal mixing, wind stress, bottom form stress).The Right hand side (RHSM) 
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represents the total rate of change of momentum and it is calculated as a residual 

from the other terms in OCCAM 1/4. RHSM is considered zero in POP assuming 

a steady state following Maltrud et al. (1998), who affirmed that in the last 5 

year of POP integration the model was in a state of quasi-equilibrium. The as-

sumption of steady state was made in order to calculate the bottom form stress 

as a residual because these values were not available. The hypothesis of steady 

state does not compromise the following analysis on the leading terms in the 

momentum budgets. Without this hypothesis the RHSM value is expected to be 

at least one order of magnitude less than the leading terms in POP, as it is in 

FRAM and OCCAM 1/4. 

The zonal momentum budget is a standard diagnostic in a zonal open chan-

nel. The time mean zonally averaged depth integrated momentum budget in the 

ACCB in FRAM was calculated by Stevens and Ivchenko (1997). In that case 

the time mean was over the last 6 years of the 16-years FRAM run. The time 

mean zonally averaged depth integrated momentum balance waa calculated in 

OCCAM 1/4 and POP in the ACCB and then compared with FRAM. The time 

meein is over 4 years of OCCAM 1/4 model run (from year 8 to year 12) and over 

the last 5 years of POP model integration. 

In OCCAM 1/4 and POP the leading terms in the budgets are bottom form 

stress and wind stress while the other terms are small (Table 4.1). Also in FRAM 

the balance waa mainly between wind stress (about 70 x 10"^7Vm"^) and bottom 

form stress (about —65 x 10"^jVm"^) and the contribution to the budget from 

the other terms was small. 

The balances in the three models present important differences. The values of 

the leading terms are almost double in OCCAM 1/4 compared to FRAM and 
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OCCAM 1 / 4 P O P 

Coriolis term - 2.510 3.280 

momentum flux divergence - 0.843 - 6.877 

bottom form stress -122.035 - 89.636 

horizontal mixing 0.017 0.019 

wind stress 117.733 93.493 

bottom stress - 0.298 - 0.279 

RHSM - 7.936 0.000 

Table 4.1: Tzme mean area at/empecf dep̂ A m êgrâ erf momeM^um 6u(f̂ ê  m OC-

CAM f Of m Âe ACCB 

signiScantly higher than those in POP. 

It is well known that H-R and ECMWF wind fields are diEerent in the South-

ern Ocean (Glowienka-Hense et al. (1992)). The ECMWF eastward wind stress 

component is stronger than the H-R eastward wind stress component in all sec-

tors of the Southern Ocean, in particular in the Southern Indian Ocean. In the 

ACCB the zonally averaged wind stress is twice as strong in OCCAM 1/4 than 

in FRAM. However in POP the ECMWF zonally averaged wind stress is lower 

than in OCCAM 1/4 by about 21%. This difference is due to a diSFerent method 

of calculating the wind stress in the two models. The OCCAM 1/4 wind stress is 

the Siefridt and Barnier (1993) climatology. This monthly climatology was cor-

rected using Killworth (1996)'s linear interpolation in time. The POP wind stress 

climatology is obtained by averaging the wind held over 3 days. 

Over the ACCB the wind stress is balanced mainly by bottom form stress in 
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OCCAM 1/4 and POP (Figure 4.3) and the contribution from the momentum 

Sux divergence is small compared to the two leading terms (Figure 4.3 and Fig-

ure 4.4). The eastward wind stress is a source for the momentum at the surface 

and increases almost linearly northward through the ACCB. The main sink of 

momentum is the bottom form stress, which decreases northward balancing the 

wind stress. The bottom form stress presents oscillations which are mainly in op-

posite phase to the latitudinal variations of the momentum Aux divergence. This 

kind of modulation is more clearly pronounced in POP, vyhich is the model with 

the highest horizontal resolution. In this case the retarding eEect on the flow due 

to the bottom form stress is affected by eddy activity in the model. 

4.2.2 T ime mean zonally averaged m o m e n t u m balance 

level by level 

The vertical time mean zonally averaged momentum balance in the ACCB is 

investigated level by level in OCCAM 1/4 (Figure 4.5). The levels are grouped 

in seven parts and integrated on the depth corresponding to the sum of depths 

of each group. The criterion for grouping these levels was that the main terms in 

the budget had the same order of magnitude. In this way it is possible to identify 

at which depths the bottom form stress acts in order to balance the wind stress 

in the ACCB. 

The vertical momentum balance has a diEerent structure in OCCAM 1/4 when 

compared to FRAM (Stevens and Ivchenko (1997)). 

In OCCAM 1/4 the Ekman balance takes place in the stir/ace Zetiek (0-41 m), 



4. (TCtArziftoiJS Off irv oczcjwRS :39 

Time Mean Zonally Averaged Depth Integrated Momentum budget, OCCAM 

-0.05 

Coriolis term 
bottom form stress 
wind stress 
momentum flux diverg 
horizontal mixing 
bottom stress 

-63 -62 -60 -59 -58 -57 -56 -55 
latitude 

Time Mean Zonally Averaged Depth Integrated Momentum budget, POP 

0.15 

0.05 -

E 
z 

-0.05 -

- 0 . 1 -

-0.15 

-63 -62 -61 -60 —59 -58 —57 -56 -55 
latitude 

Coriolis term 
bottom form stress 
wind stress 
momentum flux diverg 
horizontal mixing 
bottom stress 

Figure 4.3: Time mean zonally averaged depth integrated momentum budget in 
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Figure 4.4: Mean, transient and standing contributions to the time mean zon-

ally averaged depth integrated momentum flux divergence term in the momentum 

budget in OCCAM 1/4 and POP in the ACCB 
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whereas in FRAM the balance between vertical mixing of momentum and the 

Coriolis term is conhned to the upper 21 m. 

The Zetiek are complete zonal levels not interrupted by topography. 

In the intermediate levels the balance is between the momentum flux divergence 

and the Coriolis term. Under the assumption of geostrophic balance along a line 

of constant latitude and constant depth in the barrier-free belt there is no merid-

ional circulation. The balance between momentum Eux divergence and Coriolis 

term indicates that this assumption is not valid in the intermediate levels and 

a meridional motion of water masses can occur due to eddies. In OCCAM 1/4 

this balance occurs between 41 m and 323 m. The bottom form stress appears 

to be important in the depth range of 323-1419 m at the southern boundary of 

the ACCB because of the slope of the Antarctic Peninsula. At these depths the 

barrier-free Sow is conhned between 60 S and 57 S. The OCCAM 1/4 balance 

in the intermediate levels is consistent with FRAM results above topography. 

However in FRAM the intermediate levels span a wider range of depths (between 

21 m and 2056 m). 

At the deep /ef ek the bottom form stress has the same order of magnitude of the 

wind stress in the hrst level. In OCCAM 1/4 bottom form stress is signiScantly 

higher between 1419 m and 3722 m and between 3722 m and 4989 m because 

of the topographic features (Kerguelen Plateau, southern part of the Campbell 

Plateau, Indian Ridge, South-PaciSc Ridge and Scotia Arc). In the deep levels the 

southward-flowing deep currents are associated with pressure differences across 

topography. Stevens and Ivchenko (1997) found that in FFLAM the balance be-

tween pressure gradients and southern Sow was confined to the depth range of 

2056-3874 m. 



jCry]\L4JVffG/lZ, C7OAfGrft0I,S (CUXT TIRns vACTC lAT OCZCTAdRS 'kg 

level 1,0-20m 

-60 -58 -56 
latitude 

levels 3-10, 41-323m 
0.02 

E 0 

- 0 . 1 

-0 .2 

0.02 

0.01 

-0.01 

-0.02 

-60 -58 
latitude 

levels 20-29, 1419-3722m 

-62 -60 -58 -56 
latitude 

levels 35-36, 4989-5500m 

0.02 

0.01 

level 2, 20-41 m 

E 
z 

-0.01 

-0.02 

0.02 

0.01 

-0.01 

-0 .02 

-62 -60 -58 -56 
latitude 

levels 11-19, 323-1419m 

62 -60 -58 -56 
latitude 

levels 30-34, 3722-4989m 

- 6 2 -60 -58 -56 
latitude 

Coriolis term 
form stress 
vertical mixing 

— hor momentum flux diverg 
horizontal mixing 
vertical mom flux diverg 

- 6 2 -60 -58 
latitude 

-56 
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In the (feep Zez;ek the bottom form stress is one order of magnitude less 

than the deep levels. In FRAM those levels were between 3874 m and 5499 m. In 

FRAM the Coriolis term was negative in the ACCB indicating the presence of a 

northward How and the bottom form stress wag positive providing an acceleration 

to the Sow. The problem of overestimated velocities in the South Atlantic has 

been pointed out recently also by Stevens and Stevens (1999). Unlike FRAM, in 

OCCAM 1/4 the very deep levels are between 4989 m and 5500 m. There is no 

northward Sow in the ACCB in these levels and the bottom form stress is not 

acting to accelerate the Sow. It is positive only between 58 S and 58.5 S and be-

tween 57.5 S and 56.7 S whilst elsewhere it is negative and therefore acts as a drag. 

4.3 Reynolds Stresses 

The Reynolds stress can be decomposed in to 

where it and f are separated in i/' = « — %, — n and it* = E — 

f* = [fjgona/. The overbar indicates the time mean over 4 years in OCCAM 1/4 

and over 5 years in POP. The Srst term on the right hand side is the mean over-

turning term, the second term is the standing eddy contribution to the Reynolds 

stresses and it represents the departure of the time mean Sow from the zonal 

mean Sow, the third term is the transient eddy contribution to the Reynolds 

stresses and it is due to the variations in time of the Sow. 

Both OCCAM 1/4 and POP show transient and standing Reynolds stresses de-

creasing from the surface to the bottom, with standing Reynolds stresses in OC-
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CAM 1/4 greater than those in POP (Figure 4.6). At the surface the transient 

Reynolds stresses have comparable values (2.5 in OCCAM 1/4 and 

1.7 in POP) whereaa standing Reynolds stresses are double those in 

OCCAM 1/4 (7.9 x l O - W s - ^ ) than POP (3.7 In OCCAM 1/4 

and POP the greatest part of the eddy activity is above the major topographic 

structures in the ACCB (above 2000 m). FRAM standing Reynolds stresses were 

calculated by Stevens and Ivchenko (1997). They were comparable to POP at the 

surface and mainly concentrated in the upper levels (above 2000 m). FRAM tran-

sient Reynolds stresses were one order of magnitude less than standing Reynolds 

stresses at the surface and negative and they showed that the poleward transfer 

of eastward momentum concentrated momentum into the ACCB Sow. 

Most interesting are the transient and standing components of the area aver-

aged momentum Hux divergence on the RHSM of the momentum equation 

G cos y a cos y; 

and 

Po po ^-u'l^'cosi/) y X 
(4.2; 

Po po cos yp 
a cos ^ 9A o cos y 

These terms represent also the Reynolds stresses divergence. The momentum 8ux 

divergence was calculated in OCCAM 1/4 and POP in the ACCB (Figure 4.7). 

Positive values of momentum Sux divergence in Figure 4.7 indicate that the Sow 

is being accelerated by eddies. Transient eddies act in order to accelerate the 

flow at the surface and in the upper 1000 m in POP. A small deceleration of the 

Aow occurs in the deepest levels. OCCAM 1/4 shows an opposite behaviour to 

POP at the surface and in the upper 1000 m depth where the transient eddies 
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Figure 4.6: Area averaged Reynolds stresses in OCCAM 1/4 and POP in the 
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Figure 4.7: Area averaged momentum flux divergence in OCCAM 1/4 and POP 

in the ACCB 
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Figure 4.8; Zonally averaged transient momentum flux at level 3 in OCCAM 1/4 

(64 m) and POP (75 m) in the ACCB 

decelerate the flow, in agreement with Hughes and Ash (2001)'s observations. A 

small acceleration of the flow occurs between 1000 m and 2737 m, but at depths 

greater than 2737 m transient eddies continue to decelerate the flow. Hence, in 

OCCAM 1/4 transient eddies tend to decelerate the mean flow, whereas in POP 

transient eddies accelerate the flow. The transient components of the momentum 

flux divergence are difl'erent in the ACCB because of the geographical represen-

tation of the momentum flux in the two models (Figure 4.8). In the upper levels 

OCCAM 1/4 momentum flux shows a peak in the northern part of the ACCB (57 
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S) whereas in POP the highest value of momentum Sux occur at 59.5 S. In OC-

CAM 1/4 and POP standing eddies act to accelerate the Aow in both models at 

the surface. However, immediately below the Ekman layer OCCAM 1/4 presents 

a strong standing eddy activity which decelerates the How. POP standing eddies 

start to decelerate the mean Aow below 2200 m. Regarding FRAM, Stevens and 

Ivchenko (1997) concluded that transient eddies were a forcing factor in the mo-

mentum balance and standing eddies a dragging factor in the ACCB at all depths. 

4.4 Kinetic Energy 

The role of eddies has been investigated in the kinetic energy field in the ACCB. 

The zonally averaged Kinetic Energy (KE) in POP shoves that the highest con-

tribution to the total KE comes from the transient eddies and the lowest from 

the standing eddies (Figure 4.9 and Figure 4.10). In OCCAM 1/4 the eddy KE 

contribution to the total energy is lower than the standing contribution (Figure 

4.9 and Figure 4.10) as it was in FRAM (Best et al. (1999)). FRAM was able to 

reproduce the general distribution of eddy KE in the ACC but it failed to esti-

mate the observed eddy KE because of the low resolution and showed eddy KE 

values lower than about 25% of observational estimates (Stevens and Killworth 

(1992)). Despite the fact that the OCCAM 1/4 and POP present similar depth 

averaged eddy KE (Table 4.2), the KE due to the transient eddies is remarkably 

different in the two models at the surface in the ACCB (Figure 4.11). The 

POP top layer eddy KE is in agreement with the TOPEX estimation (Best et al. 

(1999)) whereas in OCCAM 1/4 it is 32% of that in POP. Transient KE in POP 
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Figure 4.9: Zonally averaged total and mean KE for each level in OCCAM 1/4 

and POP in the ACCB 
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Figure 4.10: Zonally averaged transient and standing KE for each level in OCCAM 

1/4 and POP in the ACCB 
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Figure 4.11: Area averaged mean, transient and standing KE in OCCAM 1/4 and 

POP in the ACCB 
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OCCAM 1/4 P O P 

transient eddy KE at the surface 

transient eddy KE depth averaged 

32.78 

9.54 

103.25 

12.91 

standing eddy KE at the surface 

standing eddy KE depth averaged 

65.86 

17.08 

50.55 

7.83 

Table 4.2: etfd?/ ond ecZff?/ AlB ZM OCCMM onc( f Of 

m (/le v4CCB 

is concentrated in the upper part of the water column and it decreases rapidly to 

reach 10% of the surface value at 2000 m. The greatest values of KE are in the 

levels above topographic structures. At levels deeper than 2000 m the transient 

and standing KE values are similar in OCCAM 1/4 and POP, indicating that at 

the deepest levels the KE values are not strongly affected by resolution. 

Beckmann et al. (1994) pointed out that for a realistic simulation of eddy KE in a 

numerical model the grid spacing should be smaller than the local internal Rossby 

radius. The local internal Rossby radius R has been calculated in OCCAM 1/4 

and POP 

A = y N(z)<iz/7r/ (4.4) 

where jV^(z) = ^ P / P o ^ is the buoyancy frequency, the potential density 

is referred to level 1 in the two models). Both OCCAM and POP do not fully 

resolve the internal Rossby radius in the ACCB (Table 4.3). 

Energy can be lost by the mean held through the instability processes (barotropic 

and baroclinic processes). The transfer of energy from the mean horizontal Aow 
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O C C A M 1 / 4 P O P 

Rossby radius 

at 55 S 12.3 11.6 

at 59 S 10.1 9.0 

at 63.5 S 7.6 6.4 

Horizontal resolution dx x dy 

at 55 S 15.9 X 27.8 17.8 X 17.9 

at 59 S 14.3 X 27.8 16.0 X 16.1 

at 63.5 S 12.4 X 27.8 13.9 X 13.9 

Table 4.3: jZoagA?/ mdmg oMcf Aonzon^a/ reaoZutzon m OCCAM oncf 

f Of m Âe ACCB 

to the transient and standing eddy How 

and 

o 

«*?;* an 
a 

(4.6) 

(4.6) 

has been calculated in OCCAM 1/4 and POP in each level following Best et al. 

(1999), Ivchenko et al. (1997), Boning and Budich (1992). In Figure 4.12 positive 

values indicate an energy transfer from mean KE to eddy KE and negative values 

an energy transfer from eddy KE to mean KE. In OCCAM 1/4 in the upper levels 

(< 779 m) the energy transfer due to transient eddies is negative indicating that 

eddies transfer KE to the mean Sow. This could be a baroclinic instability, which 

is triggered by topography (Best et al. (1999), Ivchenko et al. (1997), Johnson 

and Bryden (1989)). However, at the deepest levels KE is transferred from the 



CffAf TER 4. DYNAMICAl CONTROLS ON THE ACC IN OGCMS 54 

mean Row to the eddy How (barotropic instability). The barotropic instability 

can be interpreted as the work of Reynolds stresses on the mean Eow. In this case 

Reynolds stresses extract energy from the horizontal shear decelerating the zonal 

How. Between 2737 m and 3722 m the energy transfers due to transient eddies 

suggest that the instability becomes baroclinic again. In POP the barotropic in-

stability is concentrated in the upper 2750 m. Below 2750 m the sign of energy 

transfer due to transient eddies changes indicating a baroclinic instability. 

4.5 Vorticity Budgets 

In order to explore the non-sverdrup character of the ACC Sow all terms in the 

vorticity budgets were calculated (Appendix A.2). 

4.5.1 T ime mean area averaged d e p t h i n t e g r a t e d vort ici ty 

budge t 

The time mean depth integrated vorticity budget was calculated in FRAM, OC-

CAM 1/4 and POP (Appendix A.2) in the ACCB. In FFLAM the time mean is 

over 6 years, in OCCAM 1/4 the time mean involves the 4 years averaged data set 

and in POP it is over 5 years. All components in the budgets were area averaged 

over the ACCB. The leading terms in the budgets (Table 4.4) are wind curl and 

bottom pressure torque, whilst non-linear advection is a major term only in the 

highest resolution model. In OCCAM 1/4 wind curl and bottom pressure torque 

values are almost double those in FRAM. POP and OCCAM 1/4 bottom pres-
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Figure 4.12: Area averaged transient and standing energy transfer in OCCAM 1/4 

and POP in the ACCB (values < 0, barodinic instability - values > 0, barotropic 

instability) 


