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1 Introduction 

Roughly 30% of the world ocean volume has temperatures below 2°C. 
Paleoceanographic data have revealed that this was not always the case. 
Before the Drake Passage opened due to continental drift about 30 Myr 
BP the climate of the ocean was considerably warmer. In the course of the 
establishment of the Southern Ocean in its present shape the difference 
between surface and bottom temperatures in equatorial regions changed 
from about 7°C to its present value of about 26°C (Berger 1981). The 
polar climate of the southern hemisphere got increasingly colder by the 
growth of glacial ice on the Antarctic continent and the gradual devel­
opment of the sea ice cover around it. Today the seasonal cycle changes 
the sea ice extent in the Southern Ocean from about 3 ·106km2 in austral 
summer to 20· 106km2 in austral winter, an area which is roughly as big 
as the N orth Atlantic Ocean. 

The general cooling of the southern high latitudes of our planet was 
accompanied by a corresponding development of the present cold water 
sphere in the entire world ocean. The production of the cold water takes 
place in the polar regions. The coldest and heaviest water masses - com­
bined under the name Antarctic Bottom Water (AABW) - are formed 
in the Southern Ocean a11 around Antarctica, predominantly adjacent to 
the continent in the subpolar seas - the Wedde11 and Ross Seas. The for­
mation is a consequence of a complex chain of interactions between the 
ocean, sea and shelf ice and the atmosphere. Ventilation processes origi­
nating from heat transfer across the air-ocean interface and brine release 
due to sea ice production generate meridional overturning of the world 
ocean which carries passive tracers such as oxygen and carbon dioxide 
into the deep ocean. These deep ventilation processes are believed to be 
responsible for the anomalously cold state of the modern ocean. 

The opening of the Drake Passage also established the strongest 
current system in the world ocean, the Antarctic Circumpolar Cur­
rent (ACC) , with mass transport of roughly 130Sv (lSv = 106m 3 8-1). 
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Though primarily driven by the wind the ACC contains a strong thermo­
haline driven component originating from the deep-reaching convection 
under the sea ice. As the most important link between the ocean basins 
of the Atlantic, Pacific and Indian Oceans, it serves as a conduit of all 
active and passive tracers which affect the climate, notably heat and salt 
which strongly influence the oceanic mass stratification and consequently 
the ocean circulation, and the greenhouse gas carbon dioxide. 

The strong circulation of the ACC acts as barrier to the meridional 
exchange of properties between the Southern Ocean and the oceans to 
the north. Unlike other oceans where the poleward transfer of heat is 
mainly carried by the mean geostrophic currents, the Southern Ocean 
circulation has to establish the he at transfer in frictional boundary layers 
and by transient motions. The vigorous meso-scale eddy field originating 
from internal instabilities of the ACC is the main carrier of heat poleward 
to the south. This meridional heat transport is intimately related to the 
dynamical balance of the ACC which can only establish the observed size 
of the current by downward flux of moment um due to the eddy action 
and subsequent loss by pressure action at submarine topography. 

The remote location and the hostile climate of the Southern Ocean is 
mostly responsible for our lack of knowledge of many important processes 
which act in the area of the Southern Ocean and influence other ocean 
regions and ultimately our climate. Models of the sea ice cover, water 
mass formation and ocean circulation thus constitute an important tool to 
investigate and interrelate these processes. In the following we will discuss 
the processes involved in the he at transport across the Polar Front, the 
dynamical balance of the ACC, and formation of bottom water in the 
Weddell Sea. A broader view of the subject is given by Gordon (1988), 
Nowlin and Klinck (1986) and Whitworth III (1988). 

2 The heat link: the transport of heat across the 
polar front 

The Southern Ocean is bounded to the north by a circumpolar system 
of fronts, the Polar Front (PF) and the Subantarctic Front (SAF) which 
separate the cold Antarctic water from the warmer waters to the north. 
The area south of this frontal boundary is exposed to the cold polar air 
masses which leads to substantial cooling of the surface waters. Gordon 
and Owens (1987) have estimated that on average about O.3PW (lPW = 
1Petawatt= 1015W) leave the ocean to the atmosphere in the region south 
of the Polar Front. This loss of heat must be compensated by a meridional 
net southward heat transport across the front. It is customary to separate 



207 

the total heat transport into different components which are associated 
with different components of the velocity field such as the time mean 
flow or the eddy field (see e.g. Bryan 1982). The aim of course is to 
identify different physical mechanisms which have an effect on the mean 
he at transport and its possible variations in space and time. 

2.1 The components of he at transport 

For this purpose we consider the heat balance of the piece of ocean 
bounded to the south by the Antarctic continent (with coast line f s) 
and to the north by a circumpolar belt (a surface f with circumpolar 
outcrops f N at the sea surface and f B at the bottom). Different shapes 
of the surface f will be specified later. The mass and heat balance of this 
piece of ocean may be expressed as 

MF 1 dapw = (MF)ICE - :tMS 

(1) 

HF = 1 dapcpTw = QSURF - L(MF)ICE - %t HS 

where w is the velocity component normal to f, (M F)ICE the mass flux of 
ice across f s , L the latent heat of fusion of ice, da the area element on f, 
and Q SU RF the net heat flux across the ocean surface to the atmosphere 
(about 0.3PW if f N is identified with the Polar Front). The storage 
terms for mass and heat are denoted by M Sand H S, respectively. The 
density p and specific heat cp will be treated as constant for the sake of 
simplicity. 

The mass flux of icebergs (M F)ICE is in fact a fairly small con­
tribution to any mass flux (and hence L(MF)ICE to any heat flux) 
considered in this problem. According to estimates of the mass bal­
ance of the Antarctic ice shield (e.g. Warrick and Oerlemans 1990) 
we find (M FhcE ::::; 1O-7kgs- 1 corresponding to 1O-4S v and hence 
L(MF)ICE ::::; 1O-3PW. We therefore neglect the ice flux across f s . 
Furthermore, we split the circulation into its time mean (denote by an 
overbar) and deviation (denoted by a dash), i.e 

q = q+ q' (2) 
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for any quantity q. The part q' is identified with the transient eddies. 
The time mean mass and heat balance then is written in the simple form 

MF 0 
(3) 

HF QSURF' 

N otice that the heat fiux HF across the circumpolar belt r only de­
pends on the shape of the surface outcrop r N , all possible subsurface 
shapes must yield the identical normal heat transport equal to Q SU RF' 

As a consequence of the vanishing of the net mass fiux M F we further 
leam that HF is independent of the zero of the temperature scale, i.e. 

(4) 

for any constant To. In fact this property enables us to identify HF as 
the fiux of heat. 

Our aim is now to identify the role of different physical mechanisms 
contributing to HF such as the heat transport by the time-mean fiow 
and the transient eddies, by geostrophic and ageostrophic motions, by 
the barotropic and baroclinic fiow or standing and transient eddies. It is 
quite obvious that any such separation must sum up to the same value 
QSURF for any given r N . We willlearn further that the importance of 
almost any of the mentioned components of the fiow in carrying heat 
across rN is highly dependent on the shape of r. In fact there is no sense 
in attributing specific magnitudes to any heat fiux component in general. 

The time mean heat fiux may be expressed as sum of the heat fiux 
H Fm due to the time mean fiow and the contribution H Fe by the tran­
sient eddies 

Further separation concerns the time mean current w. I t may again be 
split into the geostrophic and ageostrophic parts 

(6) 
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implying 

(7) 

The ageostrophic motion is associated with the Ekman transport con­
fined to the planetary boundary layers at the ocean surface and possibly 
frictionally controlled fiow near the ocean bottom. Since vertical varia­
tions of the temperature are small in each of these boundary layers the 
heat fiux by ageostrophic motion is fairly well approximated by 

(8) 

for the surface layer and correspondingly for the bottom part. Here 

(9) 

is the local Ekman transport established by the wind component Ts which 
is parallel to r N . In contrast to HF or H Fm the Ekman contribution 
HF::; is not independent of the temperature constant To (since the net of 
Vag does not vanish). We may thus obtain any desired va~ue by suitably 
choosing To, e.g. H Fa'; = 0 for a circumpolar path along Tsu RF = To· 

A corresponding arbitrariness is attached to the geostrophic part 

(10) 

by different choices of Ta but also for different circumpolar belts r . Split­
ting wg into the horizontal and vertical components we have 

(11) 

where u and v are zonal and meridional velocities, respectively, and a is 
the vector resulting from couterclockwise rotation of a by 7r /2. We may 
rewri te (10) as 
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(12) 

where (nh' n v ) is the unit vector which is locally perpendicular to f. The 
magnitude of the horizontal part is roughly estimated to be of order 
1PW (with 6.T '" 1I<, vg '" 0.01ms-1, ocean depth h '" 4000m and 
a circumpolar path of length 20000km) while the contribution of the 
vertical part is usually much smaller ( by a factor ßB / f '" 0.05 where B 
is the horizontal width covered by the belt f). However we easily find 
a belt for which the horizonal part vanishes identically and H Fgm thus 
becomes very small of order 10-2 PW . We may choose f as defined by 
the relation 

p(x, z) - p(xo, z) = 0 (13) 

for any point Xo on a circumpolar surface isobar. Then nh . ug = 0 and 
only the small vertical part of (12) remains, 

(14) 

Here T and wg are evaluated on r but the integration extends over the 
horizontal projection of it. Notice that f is vertical at x = Xo but is 
generally tilted at other locations. Obviously, transient eddies and fric­
tional flow must carry the heat (at the required rate Q SU RF) across the 
corresponding circumpolar path. 

In quasigeostrophic scaling the above vertical contribution would not 
appear in the lowest (geostrophic) order of the theory. A further point to 
make in this context concerns the separation of the time mean fields into 
the zonal average and the deviation, called the standing eddy part (fol­
lowing atmospheric notation). Then the question of relative importance 
of the standing versus transient eddies in carrying heat across latitudes 
arises. However answers cannot be general if one extends the concept 
of standing eddies to other circumpolar paths. Obviously, there are no 
standing geostrophic eddies for the geostrophic streamline stack consid­
ered above . 

Another peculiar belt was chosen by DeSzoeke and Levine (1981) in the 
only attempt (known to the author) made so far to estimate the heat flux 
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H Fm from oceanic observations. To circumvent the well-known problem 
of determining the absolute geostrophic current from hydrography they 
took r defined by the vertical belt of constant vertically integrated po­
tential temperature 

r: jO dzT(x, z) = Tl = constant. 
-h(x) 

(15) 

Separating the geostrophic velocity (which is now horizontal) into the 
barotropic and baroclinic components 

Ug = Ubt(S) + Ube(S, z) 
OUbe 9 op -- ---oz f Os 

(16) 

jo dZUbe = 0 
-h(x) 

it is found that the unknown barotropic contribution cancels from the 
heat fiux 

if To = Tl. 

1 ds jO dZUbe(T - To) 
Ir -h(x) 

2.2 An estimate from hydrographie data 

(17) 

DeSzoeke and Levine (1981) applied this concept to a circumpolar path 
of constant vertically integrated potential temperature Tl = 1.3°C which 
is dose to the Polar Front. It was found that the Ekman transport carries 
28Sv and O.15PW (with respect to 1.3°C) across this path to the north. 
They further showed that the geostrophic he at transport is negligibly 
small, H F'; ~ 0 with a minimum error of O.05PW (assuming that data 
at different levels are totally uncorrelated) and a worst error of O.23PW 
(assuming perfect correlation which is highly unlikely). The heat balance 
then reads 
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Hr: + HFa"d + HFe + HFmiss = QSURF 

o + 0.15 + ? + ? = -0.30PW 

where H Fmiss stands for possibly overlooked contributions, perhaps asso­
ciated with frictional flow near the bottom, inertial flows in deep canyons 
or unresolved geostrophic motion. This latter problem may particularly 
concern Antarctic Bottom Water (AABW) escaping the course station 
spacing dose to the bottom. The transport of the cold AABW is not 
wen known, values between 2 and 25Sv are given by various authors (see 
e.g. Fahrbach et al. 1992). The lower range of these values applies to 
more southerly latitudes dose to the formation regions around Antarc­
tica. Further north the definition of AABW is widened to indude waters 
entrained by mixing processes. We will discuss one of the most important 
formation processes of AABW in chapter 4 in more detail and suggest 
that 10Sv is a realistic upper bound for the formation rate an around 
Antarctica. With a volume transport of 10Sv, at -0.5°C, the AABW 
would transport 0.07 PW (with respect to 1.3°C) to the south. 

The above balance thus requires a substantial contribution from the 
turbulent eddy field which is known from satellite altimetry and other 
in-situ observations to be particularly vigorous in this part of the world 
ocean. To dose the heat balance of the Southern Ocean south of the 
Polar Front the eddies must carry about O.4PW to the south (the uncer­
tainty of this estimate is quite large, possibly ±0.2PW). Bryden (1983) 
has estimated the heat of an individual eddy in the Drake Passage area 
as 0.013PW so that about 20 to 30 eddies of this size are required at 
any time around the circumpolar belt to accomplish the O.4PW. This 
appears to be a reasonable number. Nowlin and Klinck (1986) support 
this magnitude of the heat flux due to single eddies by other observations. 

We can also support this magnitude by results from consideration of 
the momentum balance of the ACe. We will show below in chapter 3 
that lateral transport of heat and the vertical transfer of momentum 
through the water column are mutually dependent. It is for this reason 
that the momentum balance of the flow along the Polar Front has strong 
implications for the heat transport across it. 

3 The circumpolar link: the strength of the Antarc­
tic Circumpolar Current 

The wind-driven branch of the circulation in the world ocean is structured 
in cens which are approximately confined to separate ocean basins. In 
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the thermohaline branch the basins are however connected. The deep 
ventilation is triggered by production of cold dense water masses in high 
latitudes of the North Atlantic and the Southern Ocean and penetrate 
from there into the other basins. The deep water formed in the North 
Atlantic moves south across the equator into the circumpolar region and 
is carried by the ACC into the Indian and Pacific Oceans. It spreads in 
these basins even further north with gradual upwelling all along its path 
and concentrated upwelling in the equatorial regions. The loop is closed 
by the current system in the surface layers and transport (of salinity and 
passive tracers) induced by transient motions, forming a huge conveyor 
belt (e.g. Gordon 1986) which connects all basins of the world ocean. 
The water masses formed in the Southern Ocean (see chapter 4) spread 
with and across the ACC and fill the bottom layer of all ocean basins 
(e.g. Emery and Meincke 1986). 

The ACe is thus a major conduit in the thermohaline ventilation sys­
tem. Its strength is set by the reaction of the fluid to the forcing functions 
- wind and buoyancy flux at the surface - and the geometry and topog­
raphy of the circumpolar domain. Measuring the transport and internal 
structure of the current and understanding its dynamical balance has 
long been a major task of research (see e.g. the review of Nowlin and 
Klinck 1986). The strong eastward surface wind stress in the circum­
polar belt must obviously be considered as principle driving agent. The 
problem of early concepts of the balance was to find an effective sink 
of momentum. In the latitude band of the Drake Passage there are no 
continental barriers which could support a net zonal pressure gradient as 
in the other basins and thereby oppose the acceleration of the current 
by the wind. Conventional parametrisation of friction - in the form of 
lateral or vertical diffusion of moment um or bottom friction - gave rather 
unsatisfactory results (Hidaka and Tsuchiya 1953, Gill1968 and others). 
The current amplitudes in these models are proportional to the applied 
wind stress and inversely proportional to the values of the frictional pa­
rameters, e.g. for lateral friction the mass transport scales as Ts D3 / Ah 

where Ts is the wind stress amplitude, D the current width and A h the 
lateral eddy viscosity. Hidaka thus faced the difficulty of explaining the 
observed transport values of about 100Sv with reasonable values for the 
model friction and the observed wind stress. 

In one of the earliest papers on this problem Munk and Palmen (1951) 
suggested a solution which today still appears as the only acceptable way 
out of a frictionally controlled balance of the current. Though continental 
barriers are absent, there are significant submarine ridges to build up net 
zonal pressure gradients. Munk and Palmen speculate that this could 
enable a transfer of moment um to the solid earth. A balance with the 
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wind stress can occur only if the flow establishes pressure differences 
across the ridges with the appropriate sign (higher pressure value on the 
western side for westerly winds) and magnitude. To balance a stress 
of 1O-4m2 s-2 apressure difference of only a few dynamic centimeters is 
required across a ridge of a few thousand kilometers. 

For this balance to operate, the moment um given to the ocean at the 
surface must be transferred down to the blocked depths where the flux 
by pressure differences across topography into the solid earth - the so­
called topographie form stress or mountain drag - can be effective. This 
vertical transport of momentum must be extremely large compared to 
other oceanic areas. To transmit the wind stress of the above magnitude 
in the observed vertical current shear of about O.lms- 1 over lOOOm by 
vertical diffusion, an equivalent value of vertical eddy viscosity of 1m2s-1 

is needed. This is three or even four orders of magnitude larger than 
elsewhere (large scale oceanic models generally use 1O-4m2 S-l). However, 
inverse models of the ACC which are based on hydrographie data, fully 
support these high values of the vertical transport of momentum (Olbers 
and Wenzel 1989). 

Three-dimensional turbulence of small scale is unlikely to support such 
a large transport of momentum. However, turbulence of larger scale -
meso-scale quasigeostrophic eddies - populate the current . Generated by 
mixed barotropic-baroclinic instability of the mean flow the mesoscale 
eddies are crucial to CLchieve the balance of the current . 

3.1 The role of eddies in the dynamical balance 

Like other large-scale ocean currents the ACC is in geostrophic balance: 
the horizontal velocity component in the direction of the flow is - to 
a very good approximation - given by the pressure gradient across it. 
However, this relation does not give insight into the dynamical balance 
of the flow, asking for the principle external forces imparting momentum 
into the fluid, the mechanisms which redistribute it in the interior, and 
the sinks by which the moment um leaves the fluid, ultimately allowing 
for a steady state (possibly after averaging over the time scale of transient 
eddies) and determining the strength of the current. The answer to this 
question resides in projections of the momentum balance equations which 
are not dominated by the geostrophic relation, as e.g. the component of 
the balance along the flow. 

Introducing horizontal coordinates s along an arbitrary circumpolar 
path on the depth level z and n normal to it the s-component of the 
momentum balance reads 
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(18) 

where (u, V, w) is the velocity vector in (s, n, z )-coordinates and 'rJ and 
( are the n- and z-components of the relative vorticity, respectively. F 
denotes frictional terms and [ the terms arising from transient eddies. 
The vanishing time rate of change is included here for easier identification. 
As mentioned above, u is in approximate geostrophic balance 

0-
Ju = _--.!!.. on (19) 

and v = 0 if the path is oriented along the streamline of the time mean 
fiow (s, n then define the natural coordinates of the mean fiow). 

The external forcing by wind stress couples to the friction term F if 
(18) is integrated vertically from the surface to any depth. Thermohaline 
forcing, however, enters only indirectly via its effect on the baroclinic 
part of the pressure field. 

The geostrophic terms almost entirely cancel by averaging (18) around 
the circumpolar path, 

f ds (-(f + ()v + wfj) = f ds([ + F) - L b.(p + ~v2). (20) 
r,dges 

The only pressure forces remaining are those acting on submarine ridges 
which intersect the path at the level z. 

Terms involving vertical advection (time mean and eddies) are small, 
in quasigeostrophic (QG) scaling they do not appear in the lowest or­
der approximation of (18). Furthermore, since the circumpolar average 
of the geostrophic velo city vanishes, the Coriolis term is dominated by 
the ageostrophic velocity. Abbreviating the circumpolar integration by 
cornered brackets we have 

< Jv >~ Ja < Vag> + L b.Pg (21 ) 
ridges 

and in QG scaling (20) then reads 
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-fa< Vag> - < vig >=< F> + < E > - L 6.(Pag + ~v;). (22) 
ridges 

Considering a geostrophic streamline as a circumpolar contour (so that 
vg vanishes) it becomes clear at this stage that eddy and frictional effects 
must be important at levels where the path is not interrupted by to­
pography. Below such levels the pressure force on submarine mountains 
may come into play. We will substantiate the importance of these terms 
below. 

In the circumpolar average the term E representing the direct effect of 
transient eddies becomes 

< E >=< v'e' > - ~ 6.( ~VI2) L.- 2 . 
ridges 

(23) 

There are however indirect effects of transient eddies buried in the 
ageostrophic Coriolis force. Integrating the mass conservation equation 
over the horizontal area enclosed by the circumpolar path and the coast­
line of Antarctica and utilizing the buoyancy balance in the adiabatic 
form, it is found that the ageostrophic flow across the path is related to 
the lateral (mean and eddy) flux of buoyancy in the form 

{) +0 --
1; - - JI - b + 'b' o < Vag >- {)z N2 < Vg V > (24) 

where b is the buoyancy and N the Brunt-Väisälä frequency. The av­
eraged momentum balance (22) may then conveniently be rewritten in 
terms of the lateral (mean and eddy) flux of the QG potential vorticity 

The flux due to transient eddies is given by 

< V'Q' >=< v'e' > +~A < v'b' > 
{)z N2 

(25) 

(26) 
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The thermal wind relation allows to commute v with the vertical deriva­
tive. A corresponding expression holds for < v/:J >. The balance (22) 
then becomes 

-« vi) > + < v'Q' » =< F > - ?= ~ (ßag + ~(v; + v'2)). (27) 
rtdges 

This equation expresses the dynamical balance of the ACC as the inter­
play of three distinct physical processes: those arising from eddies, fric­
tion and the time-mean pressure field. The frictional force F sterns from 
the transfer of moment um due to mechanically driven three-dimensional 
small scale turbulence limited to the near-surface layer which is directly 
stirred by the wind. The terms on the lhs represent the lateral fluxes 
of potential vorticity. Notice that the first term describes the flux due 
to stationary standing eddies (evaluated with respect to the given ar­
bitrary circumpolar contour). The second term is the flux of potential 
vorticity due to the transient eddies in the current. This flux is thus 
achieved by meso-scale turbulent motion which is quasi-two-dimensional 
and geostrophically balanced. 

The eddy flux of potential vorticity consists of two parts. The lateral 
eddy relative vorticity flux < v'C' > represents the convergence of eddy 
momentum fluxes. We show below that this is just the familiar (negative) 
meridional divergence of the Reynolds stress < u'v' > if the path is 
oriented zonally. The physics of the second part may be more easily 
understood if the buoyancy b' is replaced by the vertical displacement 
z' = -b' / N 2 of the mean isopycnals by the eddies. The eddy buoyancy 
flux 

- - N 2 op' N 2 ---azt 
< v'b' >= _N2 < v'z' >= -- < z'- >= - < p'- > (28) 

Ja os Ja os 

is then related to the eddy interfacial form stress < z' op' / 0 s >. It de­
scribes the acceleration of fluid by horizontal pressure forces op/ os on 
the eddy scale across the tilted interface z' = const of a material fluid 
volume thus establishing a vertical transport of horizontal moment um 
(see e.g Rhines and Holland (1977) or Johnson and Bryden (1989)). In 
this Lagrangian framework the eddy buoyancy flux represents a vertical 
transfer of momentum through the water column. A similar reasoning 
applies to the contribution due to standing eddies. 
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The third process - the pressure forces on submarine mountains -
acts only when the circumpolar contour hits submarine ridges. In the 
ACC belt this occurs at levels below about 2000m depth. This pressure 
force is a property of the time mean flow; it results by adjustment of the 
mass field to wind and thermohaline forcing and to the geometry and 
topography of the ocean basin (see e.g. Olbers et al. 1993). 

The moment um balance for any layer of fluid is obtained by vertical 
integration. If the layer extends from a level z = Zo to the bottom 
z = -h(s) on the contour, the ageostrophic pressure force converts to a 
stress 

j' ZO oh 0-
_ dz I: tlpag = - < Pag os >=< h ;;g > 

hmax ridges 

(29) 

The corresponding geostrophic part of this stress results from the integra­
tion of the stretching term of the potential vorticity flux of the standing 
eddies 

(30) 

The stress< hop/os > is known as the bottom form stress or mountain 
drag. It transfers momentum from the fluid to the earth (or vi ce versa, 
in this case it is not a drag) by the time mean horizontal pressure force at 
the bottom. Apparently, this can work only if the ocean depth and the 
bottom pressure are out of phase. To lowest order in geostrophic scaling 
the bottom form stress may be evaluated using the geostrophic pressure 
field at the bottom. 

The standing eddy contribution vanishes identically if the contour is a 
geostrophic streamline. In this case the flux of potential vorticity due to 
transient eddies remains to balance the frictional stress divergence and 
the pressure force. We see again - as discussed above for the heat flux -
that the importance of contour-averaged flux terms depends very much 
on the shape of the contour. At levels which are not constrained by 
topography we then get the dynamical balance in the simple form 

-- o<f> 
- < v'Q' >=< F >= --=--OZ (31) 
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